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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 one in a series of reports which document the seismic stability

evaluations of the man-made water retaining structures of the Folsom Dam and

Reservoir Project, located on the American River in California. 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 Investi-

gator and Research Team Leader was Dr. Mary Ellen Hynes, of the Earthquake

Engineering and Geophysics Division (EEGD), Geotechnical Laboratory (GL), WES.

The Primary Engineer on the WES team for the portion of the study documented

in this report was Mr. Ronald E. Wahl, EEGD. Engineering support was also

provided by Mr. Dave-Sykora and Mike Sharp. Geophysical support was provided

by Mr. Jose Llopis, EEGD.

Professors H. Bolton Seed, Anil K. Chopra and Bruce A. Bolt of the Uni-

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

Institute of Technology; and Professor Ralph B. Peck, Professor Emeritus of
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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, Chief, GL.

COL Dwayne G. Lee, EN, is Commander and Director of WES. Dr. Robert W.

Whalin is Technical Director.
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SEISMIC STABILITY EVALUATION OF FOLSOM DAM AND RESERVOIR PROJECT

Report 5: Seismic Stability Evaluation of Dike 5

PART I: INTRODUCTION

General

1. This report is one of a series of reports that document the investi-

gation and results of a seismic stability evaluation of the man-made water

retaining structures at the Folsom Dam and Reservoir Project, located on the

American River in Sacramento, Placer, and 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 Engineer District

Sacramento (SPK). Professors H. Bolton Seed, Anil K. Chopra, and Bruce A.

Bolt of the University of California, Berkeley, Professor Clarence A. Allen

of 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 the seismic stability

studies of Dike 5, one of eight earthfill saddle dikes at the Folsom Project.

A location map and plan of the project are shown in Figures I and 2.

2. Figure 2 shows the location of each of the eight saddle dikes.

Their total crest length is 10,887 ft. Each has an essentially homogeneous

cross section constructed of compacted saprolite and is founded on weathered

bedrock. Dike 5 is the largest of the eight dikes and has a crest length of

1,920 ft and a maximum height of approximately 110 ft. As the largest, Dike 5

is most likely to have water on the upstream slope and have saturated zones

within its interior. Consequently, Dike 5 was determined to be the most crit-

ical dike and was selected for detailed analysis. Plan and cross sectional

views of Dike 5 are shown in Figures 3 and 4.

3. The seismic stability investigation of Dike 5 includes a review of

construction records, field and laboratory investigations, and analytical

studies which evaluate the potential for liquefaction of the compacted soils

and permanent displacements within the embankment due to the design earthquake
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motions. These studies and the conclusions drawn concerning the seismic sta-

bility of Dike 5 are documented in this report.

4. Based on these studies it has been concluded that Dike 5 will remain

stable if subjected to the motions of the design earthquake. An analysis of

the liquefaction potential of the embankment soils showed that liquefaction

will not occur. A Newmark-type permanent displacement analysis indicated that

the maximum potential displacements will be less than about 0.8 m (2.5 ft).

The conclusions also hold for the other seven dikes at the project which were

constructed of similar materials and have cross-sections and foundation condi-

tions which are similar to Dike 5.

Project History

5. The Folsom 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 pro-

ject 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

as well as flood protection for the Sacramento 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 maintain fish-runs in the American River

below the dam, and to help maintain navigation along the lower reaches of the

Sacramento River.

Hydrology and Pool Levels

6. Folsom Lake impounds the runoff from 1,875 square miles of rugged

mountainous terrain. The reservoir has a storage capacity of 1 million acre-

feet 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. These structures are the Right and Left Wing Dams, the Concrete Grav-

ity Dam, Mormon Island Auxiliary Dam, and eight Saddle Dikes. At gross pool,

Elevation 466, there are 14.5 ft of freeboard. This pool level was selected

for the safety evaluation, based on a review of current operational procedures
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and hydrologic records (obtained for a 29-year period, from 1956 to 1984) for

the reservoir which shows that the pool typically reaches Elevation 466 ft

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 Elevation 466 ft.

Hydrologic records show that situations which would cause the pool to exceed

Elevation 466 are rare events.

Site Geology

7. 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 Keirsch and Treasher (1955) are the

sources for the summary of site geology provided in this section.

8. 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. Topographic

relief ranges from a maximum of 1,242 ft near Flagstaff Hill located between

the upper arms of the reservoir, to 150 ft near the town of Folsom just down-

stream of the Concrete Gravity Dam. The North and South Forks once entered

the confluence in mature valleys up to 3 miles wide, but further downcutting

of the river channel resulted in a V-shaped inner valley 20 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 f low hills. The upper arms of the reservoir, the North and South

Forks, are bounded on the north and east by low foothills.

9. 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 pre-

sent American River Channel.

10. 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 I through 7; metamorphic rocks of the Amador group which underlie
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Saddle Dike 8 and the foundation at Mormon Island Auxiliary Dam; the Mehrten

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.

11. Weathered granitic or metamorphic rock is present throughout the

area. Figure 2 shows a geologic map of the project area. The Concrete Gra-

vity Dam, the Wing Dams, the retaining walls, and Dikes 1 through 7 are

founded on weathered quartz diorite granite. Between Dikes 7 and 8 there is a

change in the bedrock. Dike 8 and Mormon Island Auxiliary Dam are underlain

by metamorphic rocks of the Amador group. The Amador group consists predomi-

nately of schists with numerous dioritic and diabasic dikeb.

Description of the Eight Saddle Dikes

12. Figure 2 shows a plan of the 8 dikes, which have a total length of

10,887 ft. Each of the eight saddle dikes spans topographic saddles. A sum-

mary of the crest lengths and maximum height of each dike is listed in

Table 1. Dike 5 is the largest of these compacted earthfill saddle dikes, all

founded on weathered rock. As the largest, Dike 5 is more likely to have

water against its upstream slope and have saturated zones than the other

dikes, which are typically dry. Since all the dikes are essentially homogene-

ous in section, composed of compacted saprolite, Dike 5 is typical of the sec-

tions for all the other dikes. Consequently, Dike 5 was selected for study to

represent the most critical case for all the dikes. Plan and cross-sectional

views of Dike 5 are shown in Figures 3 and 4, respectively.

13. Dike 5 has a crest length of 1,920 ft and a maximum height of

110 ft near Station 180+00. The embankment is located in a relatively steep-

walled topographic saddle. Two basic types of foundation conditions are pres-

ent beneath the embankment. The portion of the embankment whose foundation is

above elevation 450 is founded on the Mehrten formation, which is composed of

cobbles and gravels in a cemented clayey matrix. The remainder of the embank-

ment is founded upon a weathered quartz diorite granite. The embankment is

essentially homogenous and is constructed of compacted decomposed granite

scraped from the weathered granite in borrow areas located in what is now the

reservoir. The compacted decomposed granite, a saprolite, classifies as Silty
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Sand (SM) according to the Unified Soil Classification System (USCS). The

construction specifications required that the central portion of the embank-

ment, Zone C, receive a higher compactive effort than Zone D located in areas

directly under the upstream and dowi 3tream slopes. Seepage is controlled by a

downstream gravel drainage blanket. The upstream side of the embankment has

slopes of 3.25 horizontal to I vertical below Elevation 466 ft and 2.25 to 1

between Elevation 466 and 480.5 ft (crest elevation). The downstream side has

one continuous slope of 2.25 horizontal to 1.0 vertical.

14. Dikes 1, 2, 3, 4. 6, 7, and 8 span low topographic saddles and are

much lower in height than Dike 5. Dikes 1, 2, 3, 4, 6 and 7 are located on

the western boundary of the project. These six dikes all have foundations

conditions similar to those at Dike 5 in that they are founded directly on

granite which is intensely to moderately weathered. Dike 8 is founded

directly on metamorphic rocks crer its entire length. Each of the saddle

dikes is essentially homogeneous and constructed of compacted decomposed

granite similar to that of Dike 5.

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, Incor-

porated to assess the potential for earthquakes in the vicinity, to estimate

the magnitudes these earthquakes might have, and to assess the potential for

ground rupture at any of the water-retaining structures (see Tierra Engineer-

ing, Inc., 1983 for a comprehensive report). A 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, geologic

mapping, and detailed fault capability assessment. In addition, studies by

others relevant to the geol-gy 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 Geologic 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. It was determined
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that no capable faults underlie any of the water-retaining structures or the

main body of the reservoir at the Folsom Project. The tectonic and seismicity

studies also indicated that it is unlikely that the Folsom Lake can induce

major seismicity. Since the faults that underlie the water retaining struc-

tures at the Folsom Project were found to be noncapable, seismic fault dis-

placement in the foundations of the water retaining structures is judged to be

highly unlikely.

16. The closest capable fault is the East Branch of the Bear Mountains

fault zone which has been found to be capable of generating a maximum magni-

tude M - 6.5 earthquake. The return period for this maximum earthquake is

estimated to exceed 400 years (Tierra Engineering Inc. 1983). Determination

that the East Branch of the Bear Mountains Fault Zone is a capable fault came

from the Auburn Dam earthquake evaluation studies. The minimum distance

between the East Branch of the Bear Mountains Fault Zone and Mormon Island

Auxiliary Dam is 8 miles, the Gravity Dam is 9.5 miles, and Dike 5 is 9 miles.

The focal depth of the earthquake is estimated to be 6 miles. This hypotheti-

cal maximum magnitude earthquake would cause more severe shaking at the proj-

ect than earthquakes originating from other known potential sources.

Selection of design ground motions

17. The seismological and geological investigations summarized in the

Tierra report were provided to Professors Bruce A. Bolt and H. B. Seed to

determine appropriate ground motions for the seismic safety evaluation of the

Folsom Dam Project. The fault zone has an extensional tectonic setting and a

seismic source mechanism that is normal dip-slip. The slip rate from historic

geomorphic and geological evidence is very small, less than 10- 3 centimeters

per year with the most recent known displacement occurring between 10,000 and

500,000 years ago in the late Pleistocene period.

18. Based on their studies of the horizontal ground accelerations

recorded 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 (a a 0.05 g) - 16 sec
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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 2 accelerograms that are representative of the

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

M - 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 km from the site. It has the following

characteristics:

Peak accelerations - 0.35 g

Peak velocity - 25 cm/sec

Duration - 16 sec

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

84-percentile level of ground motions that could

be expected to occur as a result of a Magnitude

6-1/2 earthquake occurring 15 km from the site.

It has the following characteristics:

Peak acceleration = 0.35 g

Peak velocity = 19.5 cm/sec

Duration - 15 sec

Figure 5 shows plots of acceleration as a function of time for the two design

accelerograms and Figure 6 show response spectra of the motions for damping

ratios of 0, 2, 5, 10, and 20 percent damping.

11



PART II: REVIEW OF CONSTRUCTION RECORDS

General

19. Detailed construction records were kept to document the initial

site reconnaissance, selection of borrow areas, foundation preparation and

construction sequence for the eight dikes. Pertinent information from these

construction records are summarized in this chapter. This information pro-

vides key background data used in development of an idealized section for

analysis and detailed descriptions for the foundation and embankment mate-

rials. The information gathered was also used to demonstrate the similarity

in embankment and foundation conditions for each of the eight dikes on the

Folsom project.

Foundation Conditions

20. The discussion of foundation conditions in the following paragraphs

are based upon the foundation reports of each of the eight dikes (US Army

Engineer District, Sacramento 1953, 1954, and 1955). The foundation condi-

tions and site geology noted in the foundation reports were based on study of

samples taken from numerous drill holes and test pits made prior to construc-

tion, as well as from observations made from the shallow cutoff trenches exca-

vated along the centerlines of the dikes during construction.

Dike 5

21. Dike 5 spans a relatively steep walled saddle as shown in the plan

view of Figure 3. The dike, which is 1,920 ft long at the crest, has two

basic types of foundation conditions. At the higher elevations, Above Eleva-

tion 450 ft, the embankment is founded on the Mehrten Formation at both the

left abutment (between Station 174+00 and Station 175+20) and right abutment

(between Station 186+20 and Station 193+00). At the lower elevations of the

saddle, between Station 175+20 and Station 186+20, the embankment is founded

on weathered granite.

22. The Miocene-Pliocene Mehrten formation was deposited under fluvia-

tile conditions upon the underlying granite surface. This formation consists

of well sorted and rounded cobbles, gravel and sand which are tightly cemented

by clay. The minerals are predominately andesitic.
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23. The granite foundation is characterized by two major sets of

closely spaced structural joints. The first set trends N 600 E to S 70* E and

dips between 52° and 650 SE to SW. These joints trend in a direction which is

parallel to the lineation of the minerals of the rock and were considered to

be shrinkage joints. They were filled with the products of the weathering

process. The joints of the second set trend from N 32° E to N 580 E and dip

from 50* to 890 NW. Many individual joints of this group were open by a frac-

tion of an inch. In the lowest portion of the saddle, near Station 181+40,

the joints trend N 60* E to N 800 E and dip 510 to 680 NW. All of these were

open and were receptive to the flow of ground water. The open joints appear

to have controlled the geomorphic development of the saddle. Ground water

transportation of weathering agents through the joints has had a profound

effect in the upper 30 to 80 ft of the foundation granite where the degree of

weathering varies from moderate to intense. Thus, almost all of the surface

rock is intensely weathered to irregular depths.

24. A cutoff and grout curtain were installed along the centerline of

Dike 5 to cutoff seepage through the foundation. As per specification, in the

granite foundation, the core trench was excavated to firm weathered material

using ordinary excavating equipment. At Dike 5 a Lorain L-50k power backhoe

was used to excavate the core trench. The depths of the core trench increases

toward the ends of the dike. A maximum depth of 15 ft was reached near the

top of the right abutment. The grout curtain was installed in drill holes

which were up to 100 ft deep.

25. Outside the cutoff trench at the lower elevations of the topo-

graphic saddle the foundation was stripped of vegetation and loose soil to

expose a firm weathered granitic surface. Stripping was achieved using DW-20

and twin engine 20 yd Euclid power scrapers. The thickness of the stripped

material was typically between 6 in. and 2 ft.

Dikes 1, 2, 3, 4, 6, 7, and 8

26. Dikes 1, 2, 3, 4, 6, 7, and 8 have foundation conditions which are

similar to Dike 5 in that they are all founded directly upon weathered rock.

Dikes 1, 2, 3, 4, 6, and 7 are constructed upon weathered granite for their

entire lengths. Like Dike 5, the weathered granite beneath these dikes was

observed to be jointed and moderately to intensely weathered. The foundation

report indicated that grout curtains were constructed only beneath Dikes 1, 4,

6, and 7. The contact between the granite and the metamorphic series of rocks

13



(Amador) is located at a point approximately 100 ft east of the left abutment

of Dike 7. The entire length of Dike 8 is founded directly on these metamor-

phic rocks which are composed of amphibolitic schists. The foundation report

indicated that the foundation is firm and impervious and that bonding between

the foundation rock and the embankment materials was very good. No grout cur-

tain was installed beneath Dike 8.

Embankment Materials

27. Basic data on the embankment materials of Dike 5 and the other

7 saddle dikes were obtained from record samples recovered during construction

and from disturbed and undisturbed samples recovered during the field investi-

gations performed by WES and SPK for the seismic stability study. Discussions

of the recent field investigations associated with this study are provided in

the next chapter of this report.

28. The eight saddle dikes have essentially homogeneous sections con-

structed of compacted decomposed granite obtained from Borrow Areas 1, 2,

and 4 which were located in the reservoir near the axis of the dam. Figure 4

shows typical cross sections of Dikes 1, 4, 5, 6, 7, and 8.

29. The central impervious core and the shells of Dike 5 are con-

structed of Zone C and D material, respectively. Both zones are compacted

decomposed granite, a saprolite, excavated from Borrow Area 2 (see Figure 2).

The material from Borrow Area 2 classifies as Silty Sand (SM) according to the

Unified Soil Classification System. The average gravel, sand, and fines con-

tents are 7, 65, and 28 percent, respectively. The fines are nonplastic and

have a liquid limit of approximately 25 percent and a plasticity index of

about 3 percent. The basic difference between the two zones is that Zone C

was placed with a slightly higher compactive effort than Zone D. Details of

the placement requirements used for the different zones are given in Table 2.

Table 2 also lists the material source and placement requirements for the

downstream blanket drain in Dike 5.

30. Zones G and H, the materials of Dikes 7 and 8, are compacted decom-

posed granite obtained from Borrow Area 1. Construction records show that the

material in Borrow Area I is very similar to that in Borrow Area 2. This

material classifies as Silty Sand (SM). The gradation of Borrow Area 1 mate-

rials indicates that the average gravel, sand, and fines contents are about
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10, 60, and 30 percent, respectively. The fines are nonplastic and have a

liquid limit of 25 percent and an average plasticity index less than 5 per-

cent. Zone G was placed with more compactive effort than Zone H as shown in

Table 2.

31. Dikes 1, 2, 3, and 4, were constructed of compacted decomposed gra-

nite (SM) obtained from Borrow Area 4. Borrow Area 4 not shown in Figure 2,

is located in the reservoir adjacent to Dikes 1, 2, and 3. Construction rec-

ords show that the materials in Borrow Area 4 are similar to those in Borrow

Areas I and 2. The gradation j' this material indicates average gravel, sand,

and fines contents of 10, 65, and 25 percent, respectively. The fines are

nonplastic.

32. A summary of the gradations expressed in terms of the gravel, sand,

and fines contents and the Atterberg limits for the materials in each of the

borrow areas used in constructing the dikes is listed in Table 3. Table 3

shows that the materials from each of the borrow pits are similar having

approximately the same amounts of gravel, sand, and fines and similar plastic-

ity characteristics. In general, the decomposed granite has approximately

10 percent gravel, 65 percent sand, and 28 percent fines (percent passing the

No. 200 sieve). The fines content has a liquid limit of about 25 percent and

a plasticity index of about 4 percent. The material classifies as Silty

Sand (SM) according to the USCS. Analysis of data given in Table 2 indicates

that the compaction requirements for the compacted decomposed granite of

Zones C and G and Zones D and H of Dikes 5, 7, and 8 are similar. The mate-

rial from Borrow Area No. 4 used to construct Dikes 1, 2, 3, 4, and 6 required

greater compactive effort and thinner lift thickness to achieve the desired

degree of compaction than did the materials from Borrow Areas I and 2 used to

construct Dikes 5, 7, and 8.

33. Record samples were obtained from each embankment during construc-

tion as a quality control measure. A summary of the densities obtained trom

record samples taken during construction for each of the eight dikes are given

in Table 3. The dry densities range from 122 pcf to 136 pcf. The average dry

density of Dike 5 based on seven samples was estimated to be 127 pcf. A plot

of the gradation of the Dike 5 record samples is shown in Figure 7. The gra-

dations, Atterberg limits, and USCS soil classification (SM) for these samples

match those given for Borrow Area 2 which are listed in Table 4.
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34. Based on examination of the data pertaining to gradation, Atterburg

limits, densities, and compaction requirements of the compacted decomposed

granite it is concluded that each of the eight dikes are essentially homogene-

ous and that the compacted decomposed granite in each is essentially the same.

35. The properties of the compacted decomposed granite selected for use

in the initial design of the dikes were based on laboratory tests performed

prior to construction. The design dry density was 123.4 pcf based on 95 per-

cent Modified AASHO density. The saturated unit weight was 140 pcf. The

effective shear strength parameters of cohesion and tangent of the friction

angle were 0 and 0.70 (*' - 35°), respectively.
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PART III: FIELD INVESTIGATIONS CONDUCTED FOR THIS STUDY

General

36. As part of the seismic stability study, field investigations were

conducted at Dike 5. The field investigations included Standard Penetration

Test (SPT) soundings, disturbed and undisturbed soil sampling, and geophysical

testing. The field tests were conducted on or downstream of the dam center-

line. In view of the symmetry indicated in construction drawings, this infor-

mation is assumed to be representative of the materials located upstream of

the centerline as well. A plan view of the borehole locations is shown in

Figure 3. A plan view of the geophysical test locations is shown in Figure 8.

Undisturbed Samples

37. Undisturbed samples of the embankment and foundation were retrieved

from borings US-i and US-10 at Dike 5. Boring US-i was located near Sta-

tion 180+00 at the centerline and drilled to a depth of 120 ft. The top of

US-i was at the crest elevation of 480.5 ft. Boring US-10 was located near

Station 180+00 on the downstream slope and drilled to a depth of 90 ft. The

elevation of the top of US-10 was approximately 423 ft.

38. Two sampling techniques were used in each boring. In the compacted

decomposed granite of the embankment, 5-in. diameter undisturbed samples were

obtained using a modified Denison sampler. The weathered granite in the foun-

dation was sampled using a rock core barrel. In US-i, the foundation was

encountered at a depth of 97 ft and in US-10 the foundation was encountered at

a depth of 42 ft. After drilling, the holes were cased with 4 in. polyvinyl-

chloride (PVC) pipe and subsequently used for crosshole testing. Undisturbed

samples recovered from the embankment were subsequently used in laboratory

testing.

Standard Penetration Tests

39. Standard Penetration Tests (SPT) were performed in borings SS-1 on

the centerline and SS-10 on the downstream slope. Both borings were located

near Station 180+00. The top of Boring SS-1 was located on the crest

17



(Elevation 480.5 ft) approximately 10 ft south of US-I. Boring SS-I was

drilled to a depth of 120 ft. The SPT soundings were performed in the com-

pacted decomposed granite, the upper 97 ft of the boring. Between depths of

97 and 120 ft the foundation granite was sampled using a rock core barrel.

The top of Boring SS-10 was on the downstream slope at approximately Eleva-

tion 423 ft about 10 ft south of US-10. SS-10 was approximately 60 ft deep.

The SPT soundings were performed in the embankment soils, the upper 42 ft of

the boring. The weathered granite foundation between 42 and 60 ft was sampled

using a rock core barrel.

40. The SPT soundings in Borings SS-1 and SS-10 were performed using a

WES trip hammer and a 2-in. split spoon sampler. The SPT measurements were

made at 5-ft depth intervals in holes stabilized with drilling mud. Jar sam-

ples retrieved from the SPT holes were saved for laboratory classification by

the SPD laboratory. After the drilling was completed, the holes were cased

with 4-in. PVC pipe and the casing was grouted in place with a grout that sets

up with a consistency similar to that of sol!. These borings were later used

for geophysical testing.

41. Energy-corrected blowcounts, N6 0 , were determined from the blow-

counts measured in Boreholes SS-1 and SS-10. Experience with the WES trip

hammer shows that it provides 1.3 times more energy than the recommended

standard energy level of 60 percent of the theoretical free fall (Seed 1986).

Therefore, all field blowcounts were multiplied by 1.3 to adjust the trip ham-

mer blowcounts to their standard energy level equivalent, N60

42. A second adjustment was made to correct the N60 blowcounts to

their equivalent at an effective overburden stress of I tsf. The resulting

energy and overburden-corrected blowcount is designated (N )60' The (N )60

blowcount was computed with Equation 1:

(N1)6 0 ' Cn x N60 (1)

where C is the overburden correction factor. The relationship between Cn n|
and effective overburden stress is shown in Figure 9. Figures 10 and 11 are

plots of N60 and (N1)6 0 versus depth for Borings SS-1 and SS-10. The mean

(N1)6 0 values obtained from Borings SS-1 and SS-10 are 64 and 48 blows per

foot, respectively. (The combined average (N1)6 0 value for the compacted

decomposed granite is 60.) The N 60 and (N )60 values are used to determine

18



the cyclic strength of the compacted decomposed granite in the liquefaction

analysis discussed in Part V.

Geophysical Testing

43. The geophysical investigation conducted at Dike 5 consisted of sur-

face refraction seismic, surface vibratory, and crosshole tests. The objec- w

tive of these tests was to determine the in-situ variation of compression wave

(p-wave) and shear wave (s-wave) velocities with depth for the embankment and

the foundation. This information was used in developing idealized soil pro-

files and determining soil moduli for input to the dynamic analysis discussed

in Part V. The layout of the geophysical tests is shown in Figure 8. The

geophysical tests were reported by Llopis 1983 and 1984.

Surface vibratory tests

44. The surface vibratory test is used to measure the surface

Rayleigh-wave velocity which is typically about 10 percent (or less) slower

than the shear wave velocity. Rayleigh waves are generated by a surface

vibrator which is swept through a range of discrete frequencies and arrival

times are measured by geophones placed at selected intervals along a straight

line on the surface of the ground. Wave velocities are approximately average

values for an effective depth of one-half the wave length corresponding to the

vibrator frequency (Ballard 1964). The locations of the surface vibratory

tests are shown on Figure 8.

45. Rayleigh-wave velocities along the crest of the dam were deter-

mined, by means of four 200 ft long surface vibratory lines V-5 through V-8,

as functions of depth and to search for anomalous zones. Lines V-5 and V-6

were conducted with the vibrator positioned at the highest section of the dam,

Station 180+50. The R-wave velocities measured for both lines are shown in

Figure 12. The velocities measured by the two lines are similar and both

range from about 800 fps near the surface to about 925 fps at a depth of about

60 ft which was the maximum depth of R-wave penetration. The velocities over

the depth range of 0 to 60 ft, were influenced entirely by the compacted

decomposed granite. No anomalous velocity zones were detected over the area

covered by lines V-5 and V-6.

46. Surface vibratory lines V-7 and V-8 were investigated with the

vibrator in position at about Station 190+00. These lines were located along
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the portion of the dike founded on the Mehrten formation. The average embank-

ment height in this area is about 15 ft. The R-wave velocities measured by

V-7 and V-8 are shown in Figure 13. The velocities increase from about

800 fps at 10 ft to about 1,050 fps at 20 ft in depth and remain essentially

constant from 20 ft to about 60 ft, which was the maximum depth of R-wave pen-

etration. The R-wave velocities measured by lines V-7 and V-8 were influenced

by the relatively shallow depth to the Mehrten foundation in this location.

The results indicate that the Mehrten formation has a higher R-wave velocity

than the overlying embankment and is therefore a stiffer material. No anoma-

lous zones were detected by lines V-7 and V-8.

Crosshole testing

47. Two sets of crosshole tests were conducted in pairs of boreholes on

the crest of the dam and on the downslope near Station 180+50. Boreholes SS-1

and US-i, each 120 ft deep and spaced 10 ft apart on the centerline, were used

for the crosshole tests labeled CIA and CIB in Figure 8, and Boreholes SS-10

and US-10, each 60 ft deep and spaced 10 ft apart on the downstream slope,

were used for the crosshole tests labeled SlA and SIB. Both P- and S-wave

velocities were measured in each crosshole set. In both cases the boreholes

extended through the embankment and into the underlying weathered granite

foundation.

48. 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 one that pro-

pagated well through the soil and which transmitted the highest amplitude sig-

nal to the receiver. Borehole deviation surveys were performed to minimize

the source to receiver distance errors in the reduction of the data. Explod-

ing bridge-wire detonators were used as the source for the P-wave crosshole

tests. Measurements were made at 5 ft depth intervals for each type of test.

49. Figure 14 shows the P-wave velocity zones interpreted from both

croashole sets superimposed on the section of Dike 5 at Station 180+50. The

interpretation indicates that the velocity of the compacted decomposed granite

in the embankment ranges from 1,650 fps to 4,550 fps. Zones with velocities

approaching 4,800 fps are saturated or nearly saturated. The results indicate

that at the time of testing probably only the portions of the embankment just

above the foundation upstream of the centerline had high degrees of
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saturation. The p-wave velocity of the weathered granite foundation was mea-

sured to be about 10,000 fps.

50. The shear wave velocity zones interpreted from the crosshole sets

are shown in Figure 15. In the compacted decomposed granite of the embank-

ment, the shear wave velocities generally increased with depth. The measured

velocities ranged from 950 fps to 1,600 fps. The s-wave velocities measured

in the weathered granite foundation were 2,300 fps at the centerline and

2,900 fps under the slope. A measure of shear modulus, independent of confin-

ing stress, is the value of K2 . It is computed as follows:

K- G (2)1,000(am)05

where

G - the shear modulus in psf

' = the effective mean normal pressure in psfOm

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

velocity measurements, V , as follows:S

G 2 Vs  x p (3)

K2 - (4)
1,000(am)° '5

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

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

the field measured shear-wave velocities in Dike 5 and the Wing Dams (where

compacted decomposed granite formed the impervious core), it was estimated

that a representative average value of K2 for the compacted decomposed

granite was 120.
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PART IV: LABORATORY TESTING OF COMPACTED DECOMPOSED GRANITE
PERFORMED FOR THIS STUDY

General

51. A laboratory testing program was conducted using disturbed and

undisturbed samples of the compacted decomposed granite to determine charac-

teristics and properties required for the liquefaction and seismic stability

analyses. Index tests were performed on samples to determine soil classifica-

tions, Atterberg limits, and gradations of the embankment soils. Addition-

ally, undrained triaxial compression tests with pore pressure measurements

(I tests) were conducted on undisturbed samples to determine representative

shear strength parameters for use in the stability analysis. The test results

reported in this chapter were performed by SPD Laboratory and are reported in

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

Index Tests

52. Gradation and index tests were performed on samples recovered from

the borings located at the centerline and downstream slope. Basic information

acquired from the laboratory tests is summarized in Tables 5 and 6 for the

samples from the centerline and downstream slope, respectively. Gradation

ranges obtained from mechanical sieve analysis for the centerline and down-

stream slope samples are shown in Figure 16. As expected, the gradation range

of these samples matches the data obtained from the record samples presented

in Figure 7. The mean grain size is about 0.50 mm, the fines content is about

15 percent, the liquid limit is about 25 percent, and the plasticity index is

about 4 percent. Most of the samples classified as Silty Sands (SM) according

to the USCS, which matches the construction data.

Triaxial Tests

53. Shear strength parameters for the compacted decomposed granite were

determined from a series of anisotropically consolidated undrained triaxial

tests with pore pressure measurements (R tests). The tests were performed on

undisturbed samples acquired from Dike 5 and the impervious cores of the Left
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and Right Wing Dams which were also constructed of decomposed granite com-

pacted to the same specifications as Dike 5. Each sample tested had a nominal

4-in. diameter and 9-in. height. The failure envelopes for total (R) and

effective stress (R) conditions are shown in Figures 17 and 18. Also shown on

each figure are the consolidation stress ratios, K , and the post-c

consolidation dry densities. The failure envelopes were determined by favor-

ing the tests which had a dry density of approximately 127 pcf which was the

average dry density of Dike 5 as determined from record samples taken during

construction. Figure 17 shows that the consolidated-undrained Shea- jtrength

envelope has a cohesion intercept of about 4 tsf and a friction angle of

30.60. Figure 19 shows that the compacted decomposed granite has a cohesion

intercept of zero and a friction angle of 380. These results are also listed

in Table 7.
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PART V: ONE-DIMENSIONAL DYNAMIC RESPONSE ANALYSIS AND
EVALUATION OF LIQUEFACTION POTENTIAL OF DIKE 5

General

54. A dynamic response analysis and an evaluation of the liquefaction

potential were performed on two idealized one-dimensional soil profiles. The

two profiles are representative of conditions at the centerline and upstream

slope near Station 180+50. The locations of the two profiles in relation to

Dike 5's cross section are shown in Figure 19. The dynamic response o each

profile to the design ground motions was computed using the compute- prugram

SHAKE. The liquefaction evaluation was performed using the field-performance

based techniques developed by Seed et al. (1984) in which the cyclic strengths

are estimated from the SPT blowcounts. Safety factors against liquefaction

were then computed by dividing the cyclic strength by the dynamic shear

stresses determined with SHAKE.

Dynamic Response Analysis and Liquefaction

Analysis of Centerline Profile

Description of SHAKE

55. SHAKE is a one-dimensional wave propagation code developed at the

University of California, Berkley by Schnabel, Lysmer, and Seed (1972). SHAKE

uses a total stress approach to calculate the dynamic response of a soil col-

umn and solves the wave equation through use of the Fast Fourier Trans-

form (FFT). The equivalent linear constitutive model is used to handle the

nonlinear stress-strain characteristics of soil behavior. As a one-

dimensional model, it is assumed that the ground surface is level and that all

soil layers In the profile are horizontal and infinite in lateral extent.

Each soil layer is assigned a total unit weight and the strain-dependent shear

modulus (or shear wave velocity) and damping. The dynamic shear stresses and

peak accelerations for each soil layer are the key output sought from SHAKE in

the analysis of each soil profile.

Inputs to dynamic

response of centerline profile

56. The idealized centerline profile used for the SHAKE analysis is

shown in Figure 19. The profile was subdivided into 17 layers. The top
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16 layers represent the compacted decomposed granite embankment soil whose

combined thicknesses total 97 ft. The unit weight for each of these layers

was assumed to be 127 pcf in the computations. The low strain amplitude shear

wave velocities input to SHAKE are listed for each layer and were determined

from the geophysical tests. Other information in Figure 20 includes SPT blow-

counts and data from the index tests performed in the laboratory. The strain

dependent modulus degradation and damping curves used for each of the top six-

teen layers are those recommended by Seed (1970) for sands and are shown in

Figure 21. The weathered granite foundation baserock is represented by

layer 17.

57. The centerline profile was excited by both Accelerograms A and B to

determine which caused the stronger response. The accelerograms are shown in

Figure 5. The design accelerograms were input to SHAKE as rock outcrop

motions with a peak acceleration of 0.35 g.

Results of SHAKE analysis

58. Peak accelerations of selected layers and dynamic stresses were the

key values sought from the SHAKE calculations. Figure 22 shows the peak

accelerations in the centerline profile in response to Record A. The plot

shows that the peak baserock acceleration of 0.24 g is amplified by a factor

of 1.63 at the ground surface where the peak acceleration is 0.39 g. Fig-

ure 23 shows the peak accelerations in the centerline profile in response to

Record B. In this case, the peak baserock acceleration of 0.31 g is magnified

by a factor of 1.48 at the ground surface where the maximum acceleration was

0.46 g.

59. The effective dynamic shear stresses induced by Records A and B are

compared in Figure 24. The effective dynamic shear stress represents the

average dynamic shear stress acting over eight equivalent cycles (the recom-

mended number of equivalent cycles for a Magnitude 6.5 event). The effective

dynamic shear stress is 65 percent of the peak dynamic shear stress in the

dynamic shear stress history of a soil layer. The plot shows that the dynamic

shear stresses induced in the centerline profile by Record A are typically

slightly larger than those by Record B; therefore the stresses of Record A

were used in the liquefaction potential analysis.
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Evaluation of liquefaction

potential of centerline profile

60. The liquefaction potential of the embankment soils was evaluated

using the field-performance-based technique developed by Seed et al. (1984).

Liquefaction potential is determined by comparing the dynamic stresses induced

by the earthquake with the cyclic strength of the soil. The dynamic shear

stresses were computed with SHAKE and the cyclic shear strengths were deter-

mined from SPT blowcounts.

61. The cyclic strengths of the compacted decomposed granite were

determined using Seed's chart in Figure 25 and the SPT blowcounts obtained in

the field. This chart relates measured (N1)60 values to estimated cyclic

stress ratios at several sites which have been subjected to earthquake shaking

from a M - 7.5 seismic event. The lines on the chart distinguish safe combi-

nations of (N1)60 from unsafe combinations based on whether or not surface

evidence of liquefaction was observed in che field. This chart is interpreted

to relate (N1)60 to the cyclic stress ratio required to generate 100 percent

residual excess pore pressure. The chart provides data for clean and silty

fines contents, expressing the cyclic stress ratio for a confining pressure of

about 1 tsf and level ground conditions and for earthquakes with M - 7.5, as a

function of the NI value of a soil corrected to a 60 percent energy level,

(N1)60. Seed's work (Seed et al. 1983, and Seed et al. 1984a) shows that for

M = 6.5 events, the cyclic strength is about 20 percent higher, for any value

of (N1)60, than for M = 7.5 earthquakes. Figure 26 is a chart showing the

cyclic strengths versus (N1)60 for soils with varying fines contents for Mag-

nitude 6.5 earthquakes. This chart was used in this study.

62. As discussed in Part III, the average (NI)60 values obtained from

the SPT measurements performed in the field in the compacted decomposed

granite were 48 blows/ft in the downstream slope and 64 blows/ft at the cen-

terline. Entering the chart on Figure 26 at a value of 48 and using the curve

for 15 percent fines content indicates that the cyclic strength of the soil is

indeterminately high since this curve approaches an (N1 )6 0 value of about 25

as an asymptote. Since the strengths were indeterminate it was not possible

to compute safety factors against liquefaction. Hence, the liquefaction

potential of te embankment soils was evaluated using an alternate approach.

In this study, liquefaction potential was evaluated by comparing field mea-

sured N60 blowcounts with the N60 blowcounts required for a safety factor
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against liquefaction of one. For a safety factor of one the earthquake

induced stresses are equal to the cyclic strength of the soil. The required

values of N60 for a safety factor of one were computed from the SHAKE

stresses and the magnitude-adjusted chart in Figure 25 with the curve for a

fines content of 15 percent. Since the chart was developed for a vertical

stress of 1 tsf, and because the increase of cyclic strength with confining

pressure is nonlinear, the SHAKE stress ratios were adjusted using Equation 5:

(T/c') = K x (T/')
vO , 1 tsf a vo0  - I tsf

v v

Ka was determined from the vartical stress and the chart developed by Harder

and Seed (1985) shown in Figure 27. The 15 percent fines content curve on

Figure 25 was then entered at the ordinate for the earthquake induced stress

ratio computed from Equation 4 to determine the (N1)6 0 value required for a

safety factor of one. The (N1)60 value was then corrected to field overburden

conditions using the relationship:

S60 ' (N) 6 0/Cn  (6)

In Equation 6, the C factor introduced earlier was determined from the ver-
n

tical effective stress and from the chart in Figure 9.

63. Figure 28 shows a comparison of the field-measured N60 blowcounts

from Boring SS-1 (from Figure 10) and the required N60 blowcounts for a

safety factor against liquefaction of one. The required N60 blowcounts were

calculated using the effective shear stresses induced from Record A shown in

Figure 24. Figure 28 shows that all measured N60 blowcounts are much larger

than the value required to give a safety factor of one, typically by a factor

of two or greater.

Dynamic Response Analysis and Liquefaction
Evaluation of Upstream Slope Profile

Inputs to SHAKE

64. The idealized profile used for the SHAKE analysis of the upstream

slope is shown in Figure 29. The top nine layers in the profile represent the
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compacted decomposed granite embankment and have a combined thickness of

42 ft. The low strain amplitude velocities measured in the geophysical test-

ing program are also listed. All layers were submerged and assigned a satu-

rated unit weight of 142 pcf. Other information shown in Figure 29 includes

SPT blowcounts (r.ot energy corrected) and data from the index tests performed

in the laboratory from samples obtained from US-10 and SS-10. The weathered

granite foundation is represented by layer 10.

65. As with the centerline profile, the upstream slope profile was

excited by both Accelerograms A and B to determine which induced the stronger

response. The design accelerograms were input to SHAKE as rock outcrop

motions with a peak acceleration of 0.35 g.

Results of SHAKE analysis

66. Figure 30 shows the peak accelerations in the upstream slope pro-

file in response to Record A. The peak base rock acceleration of 0.32 g was

amplified to 0.52 g at the surface. This results in a magnification factor of

1.62. Figure 31 shows the peak accelerations induced by Record B. At base-

rock the peak acceleration was 0.31 g which was amplified to 0.48 g at the

surface for a magnification ratio of 1.55.

67. The effective dynamic shear stresses induced by Records A and B are

shown in Figure 32. The plot shows that the stresses induced by both records

increase with depth. The stresses induced by Record A are slightly larger

than those induced by Record B, therefore the stresses induced by Record A

were used in the analysis of liquefaction potential.

Evaluation of the liquefaction

potential of the upstream slope profile

68. The evaluation of liquefaction potential of the materials in the

upstream slope profile was performed in the same way as for the centerline

profile. The measured N60 blowcounts from Boring SS-10 (see Figure 11) are

compared with the calculated blowcounts required for a safety factor of one in

Figure 33. The required N60 blowcounts were computed using the effective

dynamic shear stresses induced by Record A in Figure 32. The plot shows that

all measured N60 blowcounts from Boring SS-10 are greater than the value

required to give a safety factor of one, typically by a factor of about two.
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Summary of Liquefaction Evaluation

69. Based on the evaluation of the dynamic response of the center-line

and upstream slope profiles and the high penetration resistance of the soil,

with average (N )60 values of 48 to 64 blows/ft, it was concluded that lique-

faction of the compacted decomposed granite can not occur. Furthermore, since

the field-measured blow counts are much larger than the values required to

give a safety factor of one, no significant excess pore-pressures are expected

to develop in the embankment if it is subjected to the design ground motions.
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PART VI: PERMANENT DISPLACEMENT ANALYSIS OF DIKE 5

General

70. A permanent displacement analysis was performed to estimate the

displacements that might be expected to occur along potential sliding surfaces

during the design earthquake and to determine whether such movements would

threaten the integrity of the embankment. The downstream slope, though not

submerged, was evaluated as well as the upstream slope because it has steeper

slopes than the upstream side. The deformations were determined from yield

accelerations, the dynamic response accelerations at different levels in the

embankment, and a Newmark sliding block analysis. In the yield accelerations

calculations, it was assumed that no significant excess pore pressures would

develop in the embankment as a result of the earthquake shaking. Two similar

analytical techniques were used to estimate the permanent displacements.

These were the Makdisi-Seed and Sarma-Ambrayseys methods. The yield accelera-

tions were calculated using ARCEQS, a slope stability computer program devel-

oped by Sarma (1979).

Computation of Yield Accelerations

Inputs to ARCEQS

71. The yield accelerations, k , were calculated using ARCEQS, aY
slope stability computer program written by Sarma (1979). The yield accelera-

tion Is the pseudo-static acceleration applied at the center of gravity of a

sliding mass which will reduce the safety factor against sliding to one. The

yield accelerations for potential sliding masses at Dike 5 were calculated

with the assumption that no significant excess pore pressures would develop as

a result of the earthquake shaking. This assumption follows from the results

of the liquefaction analysis discussed in Part V.

72. The cross section selected for the ARCEQS calculations is shown in

Figure 34. The cross section shows the embankment geometry, the pool level,

and the phreatic surface. Dike 5 was modeled as a homogeneous embankment

97 ft high founded on rock. The embankment soil was assigned a unit weight of

127 pcf above and below the phreatic surface. A bilinear failure envelope was

used for the shear strength of the compacted decomposed granite as shown in
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Figure 35. It was constructed from the envelopes for drained and undrained

conditions shown in Figures 17 and 18. The ordinates of the drained and

undrained envelopes were reduced by 20 percent to account for any minor pore

pressure build-up or reduction of shear strength which might result from the

earthquake shaking. However, since the intersection between the reduced

drained and undrained envelope is at 20 tsf and since the confining stresses

in the 97 ft high embankment are much less than 20 tsf the drained shear

strength parameters only were employed in the calculations. The shear

strength parameters used for the compacted decomposed granite in the ARCEQS

analysis were a cohesion of zero and a friction angle of 32*.

Yield accelera-
tions computed by ARCEQS

73. The critical yield accelerations were determined using a search

technique for failure circles tangent to Elevations 460.5, 441.2, 421.8,

402.4, and 383 ft which correspond to dimensionless depth ratios, y/h , of

20, 40, 60, 80, and 100 percent. Critical yield accelerations and slip cir-

cles for each elevation for both the downstream and upstream slopes are shown

in Figure 36. All upstream circles emerged from the slope downstream of the

centerline and all downstream circles emerged upstream of the centerline.

Figure 36 shows that the yield accelerations on the upstream slope decrease

with depth and range from 0.287 g to 0.152 g. The downstream slip circles

have higher yield accelerations than the corresponding upstream circles.

Their values range from 0.326 g to 0.153 g.

Makdisi-Seed Method

74. The Makdisl-Seed technique was used to estimate the amount of

Newmark-type sliding that might occur along potential slip surfaces in the

embankment. The technique was developed for dams founded directly on rock and

is based on the analysis of many dynamic finite element solutions. Permanent

displacements are estimated from charts and a knowledge of the embankment's

crest acceleration, fundamental period at earthquake induced strain levels,

and yield accelerations. The crest acceleration and fundamental period were

approximated using a procedure developed by Makdisi-Seed (1979).
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Computation of fundamental

period and maximum crest acceleration

75. The simplified procedure for computing the fundamental period and

maximum crest acceleration can be carried out by hand with an iterative tech-

nique in which the solution depends upon the strain dependent soil properties

(modulus degradation and damping) and the acceleration response spectra of the

input accelerogram (Makdisi and Seed 1979). Figure 37 shows the primary com-

ponents involved in the procedure.

76. The fundamental period and peak crest acceleration were computed

for both accelerograms A and B. The computations are given in Appendix A.

The results for the Record A are given below:

Fundamental period: T = 0.34 seco

Peak crest acceleration: U m 1.27 gmax
Effective strain level: Y = 0.051 percent

The results of the Record B calculations are listed below:

Fundamental period: T - 0.32 sec

Peak crest acceleration: ma 1.11 gmax
Effective strain level: Y = 0.051 percent

The results show that the effective fundamental periods and peak crest accel-

erations induced by both records give similar values. The results indicate

that Record A will induce a slightly stronger response in the embankment than

Record B. These results are consistent with the SHAKE calculations discussed

previously in which the dynamic responses of both the centerline and upstream

slope profiles were similar for both records.

77. The fundamental period at earthquake induced strain levels obtained

by the Makdisi-Seed calculations was checked with the formula for homogeneous

embankments founded on rock from Sarma (1919):

T = 2.61 x H/V (7)
0 8
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where

H - embankment height

V 11 shear wave velocityS

According to Figure 21, at the effective shear strain level of about 0.05 per-

cent predicted by the Makdisi-Seed procedure the shear modulus will degrade to

about 43 percent of its low strain amplitude value (the modulus before shaking

starts). The shear wave velocity degradation factor is equal to the square

root of the modulus degradation factor which for Dike 5 is (0.43)1/ 2 or 0.65.

Based on the geophysical tests the average low strain amplitude shear wave

velocity in the embankment is 1,225 fps. Therefore the shear wave velocity

effective at the earthquake-induced strain levels is about

V = 0.65 x 1,225 fps = 796 fps5

Substituting H - 97 ft and V - 796 fps into Equation 7 givess

T - 2.61 x 97 ft/796 fps - 0.32 sec0

which is in very good agreement with the values of fundamental period computed

with the Makdisi-Seed method.

Permanent displacements

78. The Makdisi-Seed method was used to estimate the permanent dis-

placements for the failure masses identified in the analysis of yield acceler-

ations, k , shown in Figure 36. Displacements along upstream and downstreamY
slip circles were calculated for the motions of both accelerograms. Charts

used in the displacement analysis are shown in Figure 38. Figure 38a shows a

range of normalized maximum accelerations, kmax/Umax , versus the normalized

depth, y/h . The average curve was used to determine the relationship

between these two normalized parameters. At each of the depths investigated,

the earthquake-induced acceleration of the sliding mass, k , was deter-
max

mined by multiplying the maximum acceleration ratio obtained from the chart by

the peak crest acceleration, U . For the calculations involving Record A,max
U was 1.27 g and for Record B, U was 1.11 g as determined from themax max
previous section. The permanent displacements for each circle were determined

from Figure 38b. This chart displays the variation of displacement, U ,

(divided by k max , the acceleration of gravity g, and the fundamental period
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T ) versus yield acceleration, k (normalized with respect to k ). Theo y max

ratio k /k was computed for each sliding mass and the chart was enteredy max

on the abscissa at that point. The corresponding displacement term was

obtained from the ordinate axis using the curve for Magnitude 6.5 events. The

displacement, U in ft, was calculated by multiplying the chart displacement
2term by k , g in ft/sec , and T in seconds. This displacement inmax o

turn was multiplied by a factor, a , of 1.22 which accounts for the direction

of the resultant shearing force which comes from the solution of the equation

of motion for a sliding block on a plane (Hynes-Griffin and Franklin 1984).

The term a was computed from Equation 7:

a - cos (8 - - )/cos f (8)

where

8 = angle between the horizontal and the direction of the resultant
shear force

0 = direction of the acceleration, measured from the horizontal

f = friction angle between the block and the plane

The 8 was assigned a value of 250 based on the average direction of shearing

resistance of the circles from the ARCEQS computations; 0 was set to zero

since the applied accelerations are horizontal; and f was set to 370 which

is the effective friction angle of the compacted decomposed granite.

79. The Makdisi-Seed computations for the upstream slip circles are

summarized on Tables 8 and 9 for Records A and B, respectively. Plots of dis-

placement versus elevation are plotted in Figure 39. The plot shows that the

displacements associated with Record A are greater than those of Record B at

all elevations and that generally the displacement decreases with depth. The

maximum potential displacement for upstream circles is 1.76 ft for the slip

circle tangent to Elevation 441 ft (y/h - 40 percent).

80. The computations for the set of downstream slip circles are sum-

marized on Tables 10 and 11 for Records A and B, respectively. A plot of dis-

placement versus elevation for both accelerograms is shown in Figure 40. The

plot shows that the displacements induced by Record A are greater than those

of Record B at all elevations and that the displacements generally decrease

with depth. The maximum potential displacement expected for the downstream

set of circles is 1.11 ft for the circle tangent to Elevation 461 ft (y/h

- 20 percent).
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81. Comparison of the data in Figures 39 and 40 shows that the Makdisi-

Seed method predicts that the displacements along potential failure circles

will be larger on the upstream side than on the downstream side. This result

was to be expected since the yield accelerations on the upstream side are

lower than those at corresponding elevations on the downstream side. The

overall results indicate that the displacements will be less than 2 ft, and

that the amount of displacement of deep-seated potential failure surfaces will

be less than 0.4 ft.

Sarma-Ambrayseys Method

82. The second method used to estimate the displacements along poten-

tial failure surfaces in Dike 5 was the Sarma-Ambrayseys technique. The

results of yield acceleration, sliding block, and dynamic response analyses

are required inputs to this method. The yield accelerations and slip circles

used in the analysis were computed with ARCEQS as discussed earlier and pre-

sented in Figure 36.

Newmark sliding block analysis

83. Newmark sliding block displacements computed for various values of

N/A for Accelerograms A and B are shown in Figure 41. The term N/A is the

ratio of yield acceleration, ky , to the acceleration of the sliding mass,

k . The curves for each accelerogram were obtained by computing the dis-
max

placements for various values of N/A by numerical integration of the equations

of motion for a block sliding on an inclined plane. The displacement curves

were computed for a magnification factor of one. The results show that Accel-

erogram A will give higher displacements for all values of N/A than will

Accelerogram B.

Dynamic response
analysis using SEISCOE

84. The computer program SEISCOE, developed by Sarma (1979), was used

to calculate the dynamic response for the Sarma-Ambrayseys displacement analy-

sis of Dike 5. The dynamic response was needed to estimate the seismic coef-

ficients or ground motion amplification factors for potential failure masses

within the embankment. The program SEISCOE solves the equations of motion

(wave equation) using a one-dimensional shear beam approach. Embankment and

foundation soils are treated as linear elastic materials possessing viscous
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damping. In SEISCOE, Dike 5 was modeled as a triangular-shaped homogeneous

wedged founded directly on rock as shown in Figure 42. The embankment materi-

al was assigned a shear wave velocity of 1,225 fps, a density of 127 pcf, and

a damping ratio of 9 percent. The velocity reflects the average of the mea-

surements made in the geophysical investigation and the damping ratio was

selected based on the strain compatible damping computed with SHAKE.

85. The results of the SEISCOE calculations are shown in Figure 43.

Amplification factors are plotted versus a range of fundamental periods for

failure wedges tangent to depth ratios, y/h, of 20, 40, 60, 80, and

100 percent. The amplification factors for Records A and B are given by the

plots on the upper and lower portions of Figure 43, respectively. The proper

amplification factors for potential failure wedges at various levels in the

embankment are dependent upon the embankment's fundamental period. The

fundamental period of the embankment was determined to be about 0.33 sec for

either accelerogram based on the Makdisi-Seed calculations. The amplification

factors for Records A and B were determined by entering the respective charts

on Figure 43 at 0.33 sec. The amplification factors pertaining to each Record

are listed in Table 12. The tabulated values show that the amplifications

decrease with depth for both Records A and B. The table also indicates that

Record A induces a slightly stronger response since its amplifications are

slightly greater than those of Record B.

Permanent displacements

86. The displacements were computed using the results of the yield

accelerations, sliding block, and the dynamic response analyses. The same

slip circles were analyzed as in the Makdisi-Seed analysis at y/h levels of

20, 40, 60, 80, and 100 percent. The displacement for each was calculated

using the following procedure. The earthquake-induced acceleration of the -

sliding mass, k , was estimated as the product of the base motion, takenmax

to be 0.35 g, and the SEISCOE magnification factor listed in Table 9. The

Newmark sliding block displacement for a magnification factor of one is deter-

mined by entering Figure 41 at the appropriate value of N/A. The ratio N/A is

the ratio of yield acceleration, k , to k . This displacement is theny max

multiplied by the SEISCOE magnification factor to account for the increased

displacement resulting from the amplified ground motion. This displacement is

in turn multiplied by a (defined in Equation 7) to determine the field dis-

placement. As discussed earlier in the section on the Makdisi-Seed
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calculations, the factor a accounts for the direction of the resultant of

the shearing resistance acting on the surface of sliding. As before a was set

equal to 1.22.

87. The Sarma-Ambrayseys calculations for the slip circles on the

upstream slope are summarized in Tables 13 and 14 for Records A and B. The

displacements are also plotted in Figure 44. The figure shows that the dis-

placements for Record A are larger than those for Record B for all circles at

corresponding tangent elevations. The maximum computed potential displacement

was 2.31 ft. This displacement occurs at a y/h level of 40 percent which is

for the failure surface tangent to Elevation 456 ft.

88. The calculations for the downstream set of circles are summarized

in Tables 15 and 16 for Records A and B, respectively. The displacements for

both accelerograms are plotted in Figure 45. Again, the displacements for

Record A are larger than those for Record B along all corresponding failure

surfaces. The maximum displacement was computed to be 1.25 ft and occurs at a

y/h of 20 percent which is for the failure circle tangent to Elevation 468 ft.

Generally, the displacements decrease with increasing depth within the

embankment.

89. Due to the lower yield accelerations of the ipstream failure

masses, comparison of the results of the analysis on Figures 44 and 45 indi-

cates that the potential displacements on the upstream side are somewhat

greater than those on the downstream side. The maximum estimated displacement

of 2.31 ft predicted by the Sarma-Ambrayseys is in fairly good agreement with

the displacement of 1.76 ft predicted by the Makdisi-Seed method.

90. The displacements computed by the Makdisi-Seed and Sarma-Ambrayseys

methods represent very conservative estimates of the displacements expected in

a well compacted embankment such as Dike 5. These estimates are the outcome

of the conservatively selected shear strength parameters (c - 0, * 320) used

in the stability analysis for determining the yield accelerations. Since

earthquake induced excess pore pressures are not expected to occur, the use of

drained shear strengths and their reduction by 20 percent are very conser-

vative choices which lead to low estimates of yield acceleration and large

permanent displacements. Thus, a second set of Makdisi-Seed calculations were

performed to provide a more realistic and less conservative estimat- of the

permanent displacements. Displacements were determined for circles tangent to

the 40 and 100 percent (base) levels in the upstream portion of the
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embankment. Yield accelerations were determined using a shear strength enve-

lope situated approximately midway between the drained and undrained strength

envelopes shown on Figures 17 and 18. This resulted in shear strength parame-

ters with a cohesion intercept of 2.0 tsf and a friction angle of 310. Yield

accelerations were computed to be 1.88 g and 0.97 g at the 40 and 100 percent

levels, respectively. The calculations are summarized in Table 17. The cal-

culations result in no displacement for both circles. Since Dike 5 is a very

well constructed embankment very small displacements are considered to be a

realistic prediction of its field performance due to the design ground

motions.
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PART VII: SUMMARY AND CONCLUSIONS

91. This report documents the seismic stability evaluation of Dike 5

and the other seven saddle dikes at the Folsom Project. The investigation

included a detailed review of construction records, field investigations, lab-

oratory testing, and analytical studies aimed at evaluating the potential for

liquefaction in the embankment soils and permanent displacements in the

embankment. The design earthquake selected for the site was a Magnitude 6.5

event with a peak acceleration of 0.35 g, a peak velocity of 20 cm/sec and a

bracketed duration of about 16 sec.

92. Review of construction records revealed that the total crest length

of the eight saddle dikes is 10,887 ft. Each embankment is founded directly

on bedrock, is essentially homogeneous in cross section, and is constructed

of a compacted decomposed-granite saprolite. The material classifies as a

Silty Sand (SM), and has a gravel content of about 10 percent, a sand content

of 65 percent, and a fines content of about 25 percent. Compaction require-

ments were similar for each of the eight embankments. Dike 5 was determined

to be the most critical dike, and was selected for detailed analysis because

it is the tallest (maximum height of about 110 ft) and the most likely to have

water on the upstream slope and saturated zones within its interior. Dike 5

is typical of the sections for all the dikes.

93. Field investigations were performed at Dike 5 to obtain data rele-

vant to the seismic analysis. The field investigations included Standard

Penetration Tests (SPT), undisturbed soil sampling, and geophysical testing.

The SPT measurements and undisturbed sampling were performed at the centerline

and on the downstream slope of the embankment near Station 180+50. The aver-

age of the (N1)60 blowcounts from the SPT measurements performed in the com-

pacted decomposed granite was about 64 blows/ft at the centerline and

48 blows/ft in the downstream slope. These blowcounts were used to determine

the cyclic strength of the embankment soil. Undisturbed samples were tested

in the laboratory to determine the drained and undrained shear strength param-

eters for the permanent displacement analysis. Geophysical studies were used

to measure the shear wave velocities in the foundation and embankment for the

dynamic response analysis.

94. An evaluation of the liquefaction potential of the embankment soils

was performed using the Seed-Idriss field-performance-based procedure which
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relates SPT blowcounts to the cyclic strength the soil. The dynamic response

of the embankment was evaluated using two one-dimensional soil profiles and

the wave propagation code, SHAKE. The results indicate that the embankment

has sufficient cyclic strength to preclude any possibility of liquefaction.

Typically, the blowcounts measured in the field exceeded by a factor of two

the values needed for a safety factor against liquefaction of unity. Also,

due to its high penetration resistance, no significant excess pore pressures

are expected to develop in the compacted decomposed granite embankment as a

result of the design earthquake.

95. A permanent displacement analysis was performed to evaluate the

seismic stability of Dike 5. Two similar approaches based on the Newmark

sliding block approach were used to estimate the displacements along potential

sliding masses in the upstream and downstream portions of the embankment as a

consequence of the earthquake shaking. The approaches selected were the

Makdisi-Seed and the Sarma-Ambrayseys methods. The results obtained from both

were in good agreement. The maximum potential displacements are expected on

the upstream side and will be less than 2.5 ft in magnitude. This estimate is

conservative since it was made using conservatively selected shear strength

parameters. Even so, this amount of displacement is not considered excessive

and should not effect the embankments ability to impound the pool. Since the

embankment is constructed of well compacted material the expected field dis-

placements will probably be very small and will not exceed more than a few

inches.

96. Based on the foregoing analysis, Dike 5 is expected to perform well

during and after the design earthquake. This conclusion also applies for the

other seven dikes of the Folsom Project since they are lower than Dike 5, and

since their embankment materials and foundation conditions are similar to

those of Dike 5, and since they are typically dry and are not likely to have

saturated zones during the design earthquake. Remedial measures are not rec-

ommended for any of the eight dikes at the Folsom Project.
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Table I

Crest Lengths and Maximum Heights of the Eight Saddle

Dikes on the Folsom Project

Crest Maximum
Length, Height,

Dike ft ft

1 1,980 26.5

2 1,765 17.5

3 1,100 14.5

4 1,325 20.5

5 1,920 110.0

6 1,418 48.5

7 740 55.0

8 639 18.5

Total 10,887



Table 2

Placement Requirements for Embankment Materials of

Dikes 1, 2, 3, 4, 5, 6, 7, and 8

No. of Maximum
Passes or Lift

Zones Source Equipment Coverages Thickness

C Borrow area Sheepsfoot roller 12 12
No. 2 Pneumatic-tired 6 18

roller

D Borrow area Sheepsfoot roller 8 12
No. 2 Pneumatic-tired 4 18

roller

G Borrow area Sheepsfoot roller 12 12
No. 1 Pneumatic-tired 6 18

roller

H Borrow area Sheepsfoot roller 8 12
No. 1 Pneumatic-tired 4 18

roller

In core trench
Dikes 1, 2, 3, Borrow area 42-kip sheepsfoot 15 8
4, and 6 No. 4 roller Outside core trench

10 8

Minus 2 in. 5A D-8 Caterpillar 12* 12
sand and
gravel drain

Specification requires 3 complete coverages. It was assumed that 3 com-

plete coverages correspond to 12 passes with a D-8 caterpillar tractor.
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Table 3

Dry Densities Obtained During Construction from Record

Samples of the Eight Dikes at the Folsom Project

Average Dry Density (pcf)
Inside Outside

Dike Core Core Other
No. Trench Trench Zones Remarks

1 125 123 ....

2 124 124 ....

3 125 123 ....

4 122 123 --.

5 -- -- 130 Zone C (3 samples)

5 -- -- 125 Zone D (4 samples)

6 124 122 --

7 -- -- 130 Zone G (3 samples)

7 ...-- Zone H (no samples)

8 .-- 136 Zone H (1 sample)

Note: Densities for Dikes 1, 2, 3, 4, and 6 were obtained from Condition
Report for these dikes.
Densities for Dikes 5, 7, and 8 were obtained from Report of Soil Tests
or Record Samples.

Table 4

Gradation and Atterberg Limits of Decomposed Granite in

Borrow Areas 1, 2, and 4 Used in Construction of

the Eight Dikes at the Folsom Project

Borrow Gradation Atterburg Limits

Area Dike Z Gravel % Sand Z Fines LL PI

1 7,8 10 60 30 25 5

2 5 7 65 28 25 3

4 1,2,3,4,5 10 65 25 -- NP



Table 5

Summary of Classification Tests Performed on Samples Taken

from Borings on Centerline (US-i and SS-1)

D Percent
Depth 50 Passing LL PI

Hole ft Description Classification mm No. 200 Percent Percent

SS-1 6.0 Silty clayey

sand SP-SC 0.25 12 32 10

SS-1 16.0 Clayey sand SM-SC 0.60 17 26 6

SS-1 25.5 Silty sand SM 0.60 13 22 2

SS-1 35.0 Silty sand SM 0.75 15 20 1

SS-1 46.0 Silty sand SM 0.48 20 23 2

SS-1 56.0 Silty sand SM 0.48 24 24 2

SS-1 65.0 Silty sand SM 0.62 15 22 1

SS-1 76.0 Silty sand SM 0.38 27 20 1

SS-1 85.0 Clayey sand SM-SC 0.40 21 24 4

SS-1 96.0 Silty sand SM 0.42 21 23 1

US-i 51.0 Clayey sand SC 0.55 19 35 14

0.50 18 25 4



Table 6

Summary of Classification Tests Performed on Samples Taken

From Downstream Slope Borings (US-IO)

D Percent
Depth 50 Passing LL PI

Hole ft Description Classification mm No. 200 Percent Percent

US-10 7.0 Silty sand SM 0.44 21 19 1

US-10 10.0 Clayey sand SC 0.75 12 29 9

US-1O 11.0 Clayey sand SC 0.33 25 29 9

US-1O 12.3 Silty sand SM 0.75 15 22 1

US-1O 16.7 Silty sand SM 0.65 16 23 2

US-1O 22.1 Silty sand SM 0.61 13 22 2

US-10 27.1 Silty sand SM 0.74 12 23 2

US-1O 36.1 Clayey sand SM-SC 0.65 12 25 4

US-10 32.0 ... 1.1 11 -- --

Averages 0.67 15 24 4

Table 7

Shear Strength Parameters for Compacted

Decomposed Granite

Cohesion Friction
Drainage Intercept Angle
Conditions tsf to

Undrained 4.06 30.6

Drained 0.0 38.0



Table 8

Makdisi-Seed Method Dike 5 Permanent Displacement Analysis

Upstream Slip Circles Record A

U/k
k .x k/ k kyi max

Crest y Ua max k gxT 0  U U x a
Y/H 9 _ max g max sec f_t a ft

20.00 1.27 0.287 0.88 1.12 0.26 0.09 1.09 1.22 1.33

40.00 1.27 0.191 0.70 0.89 0.21 0.15 1.44 1.22 1.76

60.00 1.27 0.176 0.52 0.66 0.27 0.08 0.57 1.22 0.70

80.00 1.27 0.162 0.41 0.52 0.31 0.07 0.37 1.22 0.45

100.00 1.27 0.152 0.34 0.43 0.35 0.06 0.26 1.22 0.31

T - 0.336 sec.
0

Umax = 1.27 g.

Table 9

Makdisi-Seed Method Dike 5F Upstream Slip Circles Record B

max k k / k/ max

Crest y mx max k o U UX
Y/H a m max sec ft a ft

20.00 1.11 0.287 0.88 0.98 0.29 0.08 0.82 1.22 1.00

40.00 1.11 0.191 0.70 0.78 0.25 0.19 0.73 1.22 0.88

60.00 1.11 0.176 0.52 0.58 0.30 0.07 0.42 1.22 0.51

80.00 1.11 0.162 0.41 0.46 0.36 0.05 0.25 1.22 0.30

100.00 1.11 0.152 0.34 0.38 0.40 0.04 0.16 1.22 0.19

T - 0.322 sec. k
0

um crest - 1.11 g.max

U



Table 10

Makdisi-Seed Method Dike 5 Permanent Displacement Analysis

Downstream Slip Circles Record A

U U/kma
max k k/ m ax

Crest k y max k max k xgxT u U x a
Y/H 9 9 u max g max sec ft a ft

20.00 1.27 0.326 0.88 1.12 0.29 0.08 0.91 1.22 1.11

40.00 1.27 0.245 0.70 0.89 0.28 0.08 0.77 1.22 0.94

60.00 1.27 0.215 0.52 0.66 0.33 0.06 0.43 1.22 0.52

80.00 1.27 0.192 0.41 0.52 0.37 0.05 0.27 1.22 0.45

100.00 1.27 0.153 0.34 0.43 0.35 0.06 0.26 1.22 0.31

T = 0.366 sec.
0
U may crest f 1.77 g.

Table 11

Makdisi-Seed Method Dike 5 Downstream Slip Circles Record B

u U/k"

max k / k/ Umax
Crs k max k y x g x T 0Crest y .. max k o U Ux a

Y/H . . max g max sec ft a ft

20.00 1.11 0.326 0.88 0.98 0.33 0.06 0.61 1.22 0.74

40.00 1.11 0.245 0.70 0.78 0.32 0.07 0.52 1.22 0.64

60.00 1.11 0.215 0.52 0.58 0.37 0.05 0.29 1.22 0.35

80.00 1.11 0.192 0.41 0.46 0.42 0.04 0.17 1.22 0.21

100.00 1.11 0.153 0.34 0.38 0.41 0.04 0.15 1.22 0.18

T - 0.322 sec.
o
U crest - 1.11 g.
max



Table 12

Amplification Factors Computed with SEISCOE from

Records A and B for Dike 5

Amplification Factors For
Y/H Record Record
Percent A B

20 3.9 3.6

40 3.2 3.0

60 2.7 2.3

80 2.4 2.4

100 1.9 1.8
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Table 17

Makdisi-Seed Method Dike 5 Permanent Displacement Analysis for

Upstream Slip Circles Computed Using Record A and Shear

Strengths Midway Between the Drained and Undrained

Envelopes for Compacted Decomposed Granite

vU/k
max k / k y/ max

Crest k y Umx kmax k y x g xT0 UXret y fimax k o U U x
Y/H 9 9 max 9 max sec ft a ft

40.00 1.27 1.88 0.70 0.89 2.11 0 0 1.22 0

100.00 1.27 0.97 0.34 0.43 2.25 ' 0 0 1.22 0
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Figure 5. Acceleration histories used in the analysis.



RECORD A RESPONSE SPECTRA
CURVES FOR 0.'2. 5. 10. AND 20 PERCENT DAMPING

2-

.n
z

0

2 4
PERIOD. sac

RECORD'B RESPONSE SPECTRA
CURVES FOR 0, 2. 5. 10. AND 20 PERCENT DAMPING

z3-

0
w

00

PERIOD. sec

Figure 6. Response Spectra of Records A and B.
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Figure 10. N 60 and (Ni) 60 blowcounts from boring SS-1.
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Figure 11. N60 and (NJ)60 blowcounts from boring SS-10.
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and V-6, on crest of Dike 5.
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Figure 22. Peak accelerations in the centerline profile

due to Accelerogram A.
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Figure 23. Peak accelerations in the centerline profile due

to Accelerogram B.
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Figure 24. Effective dynamic shear stresses in the centerline

profile induced by Records A and B.
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Figure 30. Peak accelerations in the upstream slope profile

due to Record A.
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Figure 31. Peak accelerations in the upstream slope profile

due to Record B.
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Figure 32. Effective dynamic shear stresses in the upstream

slope profile induced by Records A and B. -.
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MAKDISI-SEED DISPLACEMENT ANALYSIS
DIKE 5 - UPSTREAM SUP CIRCLES
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Figure 39. Potential Displacements for upstream slip circles calculated

using the Makdisi-Seed technique.



MAKDISI-SEED DISPLACEMENT ANALYSIS
DIKE 5 - DOWNSTREAM SLIP CIRCLES
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Figure 40. Potential Displacements for downstream slip circles

calculated using the Makdisi-Seed technique.
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Figure 43. SEISCOE amplification factors for Dike 5.



SARMA-AMBRAYSEYS PERMANENT DISPLACEMENTS
DIKE 5 - UPSTREAM SLIP CIRCLES
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Figure 44. Sarma-Ambraysyn displacements for upstream slip circles.
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Figure 45. Sarma-Ambrayseys displacements for downstream slip circles. A



APPENDIX A: COMPUTATIONS USING THE MAKDISI-SEED SIMPLIFIED
PROCEDURE FOR ESTIMATING THE CREST ACCELERATION

AND FUNDAMENTAL PERIOD OF DIKE 5



1. The peak crest acceleration, u , and fundamental period, T 0max o

of Dike 5 were estimated using a simplified procedure developed by Makdisi and

Seed (Makdisi and Seed 1979a). The technique was developed for homogeneous

embankments founded on rock. The solution employs an iterative technique

which uses the strain dependent properties of the embankment soils (see Fig-

ure 21 in main text) and the acceleration response spectra of the input

accelerogram. The response spectra for Records A and B are shown in Fig-

ure 6 of the main text. The iterations are carried out until the strain

dependent damping and shear modulus are compatible.

2. The properties used to model Dike 5 are listed below.

Height, h 97 ft

Unit weight, Y 127 pcf

Mass density, P 3.94 slugs/ft

Maximum shear wave velocity, v 1,225 fpsmax122fp

Maximum shear modulus, G 5,920 ksfmax5,2kf

Estimate U and To Using Record Amax

Iteration No. 1

3. Initial guess:

v W 900 fps

(vs/vmax) = (900 fps/1,225 fps) - 0.735

and

(G/Gmax) - (vs/vmax) 2 - 0.540

4. From Figure 21 for (G/G max) - 0.540

Effective dynamic shear strain, (Y ave)eq 0.029 percent

and

Damping, A - 9.7 percent

A2



5. The first three natural frequencies are given by:

* = 2.40 x vs/h - 2.40 (900/97) = 22.3 rad/sec ;T 0.282 sec

S2 =M 5.24 x v /h - 5.52 (900/97) = 51.2 rad/sec ; T2 = 0.123 sec

3 = 8.65 x v s/h - 8.65 (900/97) = 80.3 rad/sec , T3 = 0.078 sec

6. The maximum crest acceleration for the first three modes are given

by:

Ul1max = 1.60 x Sal 1.60 (0.70) 1.12 g

U12max f 1.06 x Sa2 ' 1.06 (0.83) = 0.88 g

U 3max = 0.86 x S = 0.86 (0.51) - 0.44 g

The spectral accelerations, S , Sa2 , and Sa3 in the above computations

were obtained from the response spectra chart on Figure 6 by entering the

abscissa at T1 , T2 , and T3 , for 12 percent damping. The maximum crest

acceleration (0 ) is obtained using the following equation:
Tax

[ fi 2 ] = ( g)2  + (0.88 g)
2  + (0.442

max n 8 4g)

n=1

f 1.49 g

7. The new shear strain is computed using:

(Yave )eq = 0.65 x 0.3 x h 2 Sal
s

(Ya) = 0.65 x 0.3 x t(97 f 2 x 0.70 x 32.2 ft/sec
ave eq k(900 fps)/

= 0.053 percent
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8. Another iteration is required since the initial estimate for

dynamic shear strain (0.029 percent) is not within 5 percent of the new esti-

mate of 0.053 percent.

Iteration No. 2

9. From Figure 21 for (y ave) eq f 0.0526 percent

(GIGa) = 0.41

= 12.7 percent

vs/v = /VGma1/2max  1 0.64

and

v = 0.64 x 1,225 fps = 784 fpsmax

The first three natural frequencies are:

W = 2.40 x 7 . 19.4 rad/sec ; T1 = 0.324 sec1 97

784
2 = 5.52 x --8 = 44.6 rad/sec ; T2 f 0.141 sec

w3 - 8.65 x 7 - 69.9 rad/sec ; T3 = 0.090 sec
3 973

10. The maximum crest accelerations for the first three modes are

determined using the response spectra for Record A and 12.7 percent damping as

follows:

max - 1.60 x 0.61 - 0.98 g

i2 max - 1.06 x 0.79 - 0.84 g

ai3 max - 0.86 x 0.56 - 0.48 g
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The peak crest acceleration is computed as follows:

Umax - (0.982 + 0.842 + 0.482) 1/2 . 1.37 g

11. The new dynamic shear strain is:

(yave)eq - 0.65 x 0.3 x 97 x 0.61 x 32.2 - 0.0604 percent
7842

Still another iteration is required since the new dynamic shear strain of

0.0604 percent is not within 5 percent of the effective dynamic shear strain

(0.0526 percent) used in this iteration.

Iteration No. 3

12. From Figure 21 for y - 0.0604 percent

(G/G ma) 0.38

and

X = 13.5 percent

1/2
v s/V max  (0.38) 1 0.62

Hence,

v - 0.62 x 1,225 fps - 755 fps

Repeating the same calculations for iteration No. 3 as for the preceding

iterations yields the following results:

U -1.27 g

Fundamental period, T1 - T W 0.336 sec

(Y = 0.0620 percentave eq k
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G = 2,249 ksf

X - 13.5 percent

Estimate im and To Using Record B
max

13. The peak crest acceleration and effective fundamental period were

also computed using Record B. The calculations were performed in the same

manner as for Record A. The results are given below:

maxg

Fundamental Period, To - TI = 0.322 sec

(ya) = 0.0528 percent
ave eq

G - 2,249 ksf

A = 12.6 percent

A6
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