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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 documenting 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 I: Summary

Report 2: Interface Zones

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

coordinators. Messrs. Gil Avila and Matthew Allen, of the Soil Design Sec-

tion, Geotechnical Branch, Engineering Division at SPK, made critical geo-

technical contributions to field and laboratory investigations. Support was

also provided by the South Pacific Division Laboratory. Personnel of the

US Bureau of Reclamation, especially Mr. Steven Herbst, provided flow rate

data and onsite assistance during visits by WES personnel. The WES Principal

Investigator and Research Team Leader was Dr. Mary Ellen Hynes of the Earth-

quake 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. David W. Sykora, EEGD, GL. Additional

engineering contributions to the study were made by Messrs. Richard H.

Ledbetter and Michael K. Sharp (EEGD) and Professor N. Y. Chang, University of

Colorado, Boulder. Messrs, William Hanks and Charles Schneider (SMD),

Mr. Bennie Washington (EGRD), and personnel of Information Products Division,

Information Technology Laboratory, WES, provided drafting services'.
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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 California
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, Chief, GL.

COL Dwayne G. Lee, EN, was Commander and Director of WES. Dr. Robert W.
Whalin was Technical Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

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

ric) units as follows:

Multiply Abbreviation By To Obtain

feet ft 0.3048 metres

inches in. 2.54 centimeters

inches in. 25.4 millimeters

miles (US statute) mi 1.609 kilometers

pounds lb 4.448 newtons

pounds per square psf 47.880 pascals
foot

tons per square foot tsf 95.761 kilopascals

gallons per minute gpm 0.0038 cubic metres per minute

4



SEISMIC STABILITY EVALUATION OF FOLSOM DAM AND RESERVOIR PROJECT

Report 2: Interface Zone

PART I: INTRODUCTION

General

1. This report is one in a series documenting the investigations and

results of a seismic stability evaluation of the man-made water retaining

structures at the Folsom Dam and Reservoir Project, located on American River

in Sacramento, Placer and El Dorado Counties, California, about 20 air-miles*

northeast of the city of Sacramento. A location map and plan of the project

area are shown in Figures 1 and 2, respectively. This seismic safety evalua-

tion was performed as a cooperative effort between the US Army Engineer

Waterways Experiment Station (WES) and the US Army Engineer District, Sacra-

mento (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 Special-

ists for the study.

2. This report summarizes a safety assessment for the seismic perfor-

mance of interface zones. Interface zones are defined as the fill materials

in the general vicinity of contact between the Concrete Gravity Dam (CGD),

upstream and downstream retaining walls, and flanking zoned embankment Right

and Left Wing Dams (RWD and LWD, respectively). Plan and profile views of the

CGD, retaining walls, and embankment fill are shown in Figure 3.

3. Evaluation of seismic safety for interface zones was treated

separately from the portions of the RWD and LWD that could reasonably be

analyzed with plane-strain approximations described in Report 6 of this

series. A feasibility study to assess the usefulness of numerical techniques

applied to the problem at the interface zones was conducted. Professor N. Y.

Chang on sabbatical from the University of Coloradc was a member of the WES

* A table of factors for converting US customary units of measurement to

metric (SI) units is presented on page 4.
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feasibility study team. The findings of the feasibility study are described

below.

4. The interface zones present a dynamic soil-structure interaction

problem involving complex three-dimensional geometries and three different

primary media: soil, concrete and rock. To apply the principles of contin-

uum mechanics, equations of motion, constitutive relations, and strain-

displacement continuity relations must exist and be satisfied as the mass is

subjected to inertial forces with surface tractions or displacements specified

along all segments of the boundary.

5. An approximate solution to this problem is difficult to determine.

Exact analytical solutions are unavailable. Numerical methods such as the

Finite Element Method (FEM) or Boundary Element (Integral) Method (BEM) are

available to provide approximate solutions in three-dimensional space but

considerable judgement is required in the application of these results because

of problem idealization, numerical model limitations and the lack of extensive

field verification. Use of these methods is restricted also by the high costs

involved in their application. The boundary conditions that exist between

soil and jagged rock in the field and the complex non-linear soil behavior of

the embankment fill cannot be modeled accurately with existing constitutive

models. Most importantly, the results of these methods, applied to a problem

such as this one, cannot be verified by field measurements or analytical solu-

tions. Steps toward verification through model studies using a device such as

a centrifuge would be very expensive, and would not eliminate the need for

judgement in the application of numerical results. Following the feasibility

study, WES, SPK, and the Technical Specialists concluded that the results of a

three-dimensional numerical analysis would not be fruitful from the standpoint

of practical safety decision making.

6. Because of the lack of observations of field performance of inter-

face zones in other projects subjected to earthquakes and the technical dif-

ficulties listed above, the course of assessing safety in the RWD and LWD

interface zones evolved into a more qualitative approach that consisted of the

following steps:

a. Examine interface geometry and fill materials.

b. Anticipate potential modes of failure.

c. Identify key elements that control stability.

d. Study these elements to assess adequacy of performance.

6
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7. The potential modes of failure that required study were narrowed to

the three modes listed below:

a. Cracking and separation of the embankment core and the CGD.

b. Slope instability resulting in sufficient deformations to allow
overtopping, either by sliding of the embankment shell to expose
the core to erosion by the reservoir pool, or sliding involving
liquefaction of the core materials.

c. Liquefaction of the core, piping of liquefied core material
into downstream shell and progressive development of internal
erosion.

8. The key elements that control stability for these potential failure

modes were identified as follows:

a. The presence of defensive design measures built into the proj-
ect, in particular the large volume of cohesionless fill in
shell and filter zones available to fill cracks if they occur.

b. The liquefaction resistance and post-earthquake strength of

shell and transition gravels.

c. Retaining wall stability and stability of shell backfill if
retaining walls slide or overturn.

d. The liquefaction resistance of core materials and the presence
of downstream filter zones to prevent piping and progressive
internal erosion.

9. Stability studies indicated that, during and after the earthquake,

adequate performance of the interface zones is controlled primarily by ade-

quate performance of the gravel shell, filter and transition zones because of

the role these zones play in slope stability, defensive design, and prevention

of internal erosion. Detailed studies of the performance of these zones dur-

ing and after the desisa earthquake are documented in Report 6 of this series,

which examines the seismic stability of the Wing Dams. It was concluded in

Report 6 that:

a. The Wing Dams would perform satisfactorily during the design
seismic event.

b. The embankment shell, filter and transition gravels had more
than adequate cyclic strength and would not develop significant
residual excess pore water pressures.

c. The embankment shell, filter and transition materials would
have more than adequate post-earthquake strength.

d. No significant deformations would occur in the Wing Dams as a

result of the design seismic event.

10. Another key element in the adequate seismic performance of the

interface zones is the sensitivity of slope stability in this zone to movement

7
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or failure of the two downstream retaining walls and Upstream Retaining Wall B

which protects the intake ports for the power plant in the RWD wrap-around

area. Report 7 of this series documents the study of the retaining walls and

the sensiti.,ty of slope stability to retaining wall movement or overturning.

It was concluded in Report 7 that:

a. None of the retaining walls will undergo sufficient
seismically-induced movement to result in slope instability.

b. Even complete failure and removal of the walls would not result
in slope instability of the interface zones sufficient to allow
loss of the pool.

11. The remaining key element that controls seismic stability of the

interface zones is the potential for liquefaction of the core materials. This

report examines in more detail the geometry and materials in the immediate

vicinity of the contact between the Wing Dams and the CGD, the procedures used

during construction in this area, and the results of field and laboratory

investigations performed during construction and more recently as part of this

study, with a view toward closer examination of liquefaction potential of the

core materials in this zone. On the basis of these studies and those docu-

mented in Reports 6 and 7 of this series, it was concluded that the interface

zones will perform satisfactorily during and immediately after the design

earthquake and no remedial action of any kind is indicated for this project

feature from a seismic stability viewpoint.

Project History

12. 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

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 supplies water for

irrigation, domestic, municipal, industrial and power production purposes. It

also provides flood protection for Sacramento and the surrounding area and

extensive water-related recreational facilities. Releases from the Folsom

Reservoir are also used to provide water quality control for project diver-

sions from the Sacramento-San Joaquin Delta, to maintain fish runs in the

8

4i



American River below the dam, and to help maintain navigation along the lower

reaches of the Sacramento River.

Hydrology and Pool Levels

13. Folsom Lake impounds the runoff from 1,875 square miles of moun-

tainous terrain. The reservoir has a storage capacity of one 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 mean sea

level. These structures are the RWD and LWD, the CGD, Mormon Island Auxiliary

Dam, and 8 Saddle Dikes. At gross pool, elevation 466 ft, there are 14.5 ft

of freeboard. This pool level was selected for the safety evaluation on the

basis of a rev-ew 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 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 emergency situations which would cause the pool to exceed eleva-

tion 466 ft are rare events.

Site Geology

14. At the time of construction, the geology and engineering geology

concerns at the site were carefully detailed in the founlation reports by

US Army Engineer District, Sacramento (1953). These foundation reports 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. Figure 4

shows a geologic map of the project area.

15. The Folsom Dam and Reservoir Project is located in the low,

westernmost foothills of the Sierra Nevada in central California, at the con-

fluence of the North and South Forks of the American River. Relief ranges

from a maximum elevation 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 once entered the con-

fluence in mature valleys 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

9



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.

16. 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 present

American River Channel.

17. The important formations at the dam site are: a quartz diorite

granite which underlies the CGD, RWD, and LWD and Saddle Dikes I through 7;

metamorphic rocks of the Amador group which underlie 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.

Bedrock geology is indicated on the plan in Figures 2 and 4.

18. Material for the impervious core of the RWD and LWD was obtained

from the residual soil stratum derived from quartz diorite. This saprolitic

material typically classifies as a silty to clayey sand according to the Uni-

fied Soils Classification System (USCS). In general, this material is consid-

ered to be resistant to liquefaction because of its origin, high percentage of

fines (material passing the No. 200 sieve), presence of clay fines, angularity

of its grains, and well-graded particle distribution. Sowers (1979) indicates

that residuum of granite generally is a silty sand to sandy silt containing

varying amounts of kaolinite and typically is good construction material.

Seismic Hazard Assessment

Seismological and

geological investigations

19. 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

10



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 investigated extensively using

techniques such as aerial imagery analysis, ground reconnaissance, geologic

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 geologi-

cal and seismological studies published through the years, beginning with the

"Gold Folios" published by the US Geological Survey in the 1890's, the engi-

neering 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 graduate student theses and county planning studies.

20. It was determined that no capable faults underlie any of the water-

retaining structures of the main body of the reservoir at the Folsom Project.

The tectonic and seismicity studies also indicate it is unlikely that Folsom

Lake can induce major seismicity. Since the faults that underlie the water

retaining structures at the Folsom Project were found to be noncapable, seis-

mic fault displacement in the foundations of the water retaining structures is

judged to be highly unlikely.

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

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

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

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

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

from earthquake evaluation studies conducted for nearby Auburn Dam. The mini-

mum distance between the East Branch of the Bear Mountains fault zone and Mor-

mon Island Auxiliary Dam is 8 miles, and the minimum distance between this

fault zone and the CGD 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

22. Professors Bruce A. Bolt and H. B. Seed used the results of the

seismological and geological study to determine appropriate ground motions for

the seismic safety evaluation of the Folsom Dam Project. This fault zone has

an extensional tectonic setting and a seismic source mechanism that is normal

11
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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 Pleistocene

Epoch.

23. Bolt and Seed (1983) recommend the following design ground motions

on the basis of 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:

Peak horizontal ground acceleration - 0.35 g

Peak horizontal ground velocity = 20 cm/sec

Bracketed Duration (a 0.05 g) a 16 sec

It is expected that the earthquake accelerations might be relatively rich in

high frequencies due to the presence of granitic plutons at the site.

24. Bolt and Seed (1983) provided 2 accelerograms that are representa-

tive of the design ground motions expected at the site as a result of a maxi-

mum magnitude M - 6.5 earthquake occurring on the East Branch of the Bear

Mountains fault zone. The accelerograms are designated as follows:

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 acceleration - 0.35 g

Peak velocity z 25 cm/sec

Duration a 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 km from the site. It has the following

characteristics:

12
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Peak acceleration - 0.35 g

Peak velocity ; 19.5 cm/sec

Duration 15 sec

Plots of acceleration as a function of time and response spectra for two

design accelerograms are shown in Figures 5 and 6, respectively.

Report Presentation

25. This report begins with a review of construction records to achieve

an understanding of the complex geometry of the interface zone and the partic-

ular construction practices used in this area. The review follows a chrono-

logical progression from initial foundation excavation to compaction of

embankment fill in the interface zones near completion of this project. The

section following the review of construction records presents and examines the

results of field and laboratory tests performed during construction and, more

recently, as part of this seismic stability study. The information in these

two sections and from Reports 6 and 7 of this series is then used to evaluate

the seismic stability of interface zones in the next section. Conclusions

drawn from the results of this study are provided in the last section. The

terms interface zone, wraparound areas and envelopment areas are used inter-

changably throughout this report to refer to the materials in the general

vicinity of the contact between the ends of the CGD and the embankment Wing

Dams that envelop them.

13
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PART II: REVIEW OF CONSTRUCTION RECORDS

General

26. Seed, Makdisi and De Alba (1978) reviewed observed performance of

earth dams during earthquakes and concluded that:

a. "Virtually any well built dam can withstand moderate earthquake
shaking, say with peak accelerations of about 0.2 g and more,
with no detrimental effects."

b. "Dams constructed of clay soils on clay or rock foundations
have withstood extremely strong shaking ranging from 0.35 g to
0.8 g from a magnitude 8.25 earthquake with no apparent
damage."

c. "The fact that a number of dams have failed in periods up to
24 hr after an earthquake suggests that piping through cracks
resulting from earthquake shaking may well have been responsi-
ble for the failure. This fact reemphasizes the need to pro-
vide an adequate system of filter materials in constructing
dams in seismic regions to ensure that progressive erosion
through continuous cracks cannot occur."

These conclusions were used in the review of construction records to focus

attention on aspects of design and construction that control seismic

stability.

27. A comprehensive review of construction records for the Folsom Proj-

ect was undertaken to achieve an understanding of the complex geometry of the

interface zone, the fill materials located there, the methods of placement and

compaction of these materials, and particular construction practices used in

this area. The purposes of this study were:

a. To examine the care with which core and other embankment mate-
rials were placed and compacted since quality construction is
an indicator of good seismic performance, as stated above.

b. To examine the fine-grained fraction of the core materials in
the interface zone since clayey materials perform well during
extremely severe seismic events (addressed in more detail in
Part III).

c. To observe the embankment zone design to demonstrate that
large, cohesionless filter and transition zones exist upstream
and downstream of the core to prevent progressive piping of
core materials if cracks were to develop as a result of earth-
quake shaking.

d. To examine the geometry of rock and concrete boundaries at the
bases of the concrete monoliths, since the presence of such
rigid boundaries inhibits the development of cyclic shear
strains necessary to cause the development of high,
seismically-induced residual excess pore water pressures.

14



e. To assist in the planning of field investigations described in

Part III of this report.

28. Records of design, site conditions, and various aspects of con-

struction of the Folsom Dam and Reservoir Project were available for the

review: foundation reports, specification documents, engineering daily logs,

design memoranda, design drawings, and approximately 2,500 photographs were

examined. In addition, Mr. John Ott, who was Materials Engineer in charge of

the Folsom Dam Project Laboratory during construction, was interviewed as part

of this study. A summary of his comments is contained in Appendix A.

29. Pertinent information for the above sources is summarized in this

chapter. First, the embankment design, materials and foundation geology are

described. Then, the construction sequence is stepped through with the assis-

tance of construction photographs and applicable excerpts from construction

specifications. Finally, conclusions are drawn from this information.

Description of Win& Dams, Interface Zone, Retaining Walls
and Concrete Gravity Dam

Right and Left Wing Dams

30. The Wing Dams are zoned embankment dams founded on weathered quartz

diorite granite. Plans of the Wing Dams are shown in Figures 2 and 7. The

Right Wing Dam has a crest length of approximately 6,700 ft, and has a maximum

height of approximately 195 ft. The core consists of well-compacted decom-

posed granite and suitable fine-grained materials from the American River

channel. Gravels excavated from the American River channel were used as

upstream and downstream transition zones. An uncompacted rock-fill shell was

constructed on the upstream and downstream slopes over most of the length of

the dam. The upstream slopes are 2.25 horizontal to I vertical, and the down-

stream slopes are 2 horizontal to 1 vertical. Typical sections are shown in

Figure 8.

31. The Left Wing Dam is approximately 2,100 ft long and 167 ft high.

The core consists of well compacted decomposed granite and is flanked upstream

and downstream by 12-ft wide filters. The upstream and downstream shells are

constructed of gravels, which come from dredged tailings in the Blue Ravine.

The filters are the -2-in. fraction of the Blue Ravine gravels. The slopes

are the same as the Right Wing Dam. A plan of the Left Wing Dam is shown in

Figure 2 and typical sections are shown in Figure 9.
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Concrete Gravity Dam

32. The Right and Left Wing Dams flank the Concrete Gravity Dam. The

Concrete Gravity Dam consists of twenty eight 50-ft-wide monoliths founded on

hard granodiorite rock. The overall length of the concrete structure is

1,400 ft, the maximum height is 340 ft measured from the foundation to the

crown of the roadway, elevation 480.5 ft (3.5 ft below the top of parapet,

elevation 484.0 ft), and the crest width is about 32 ft. Monoliths are

numbered consecutively (I through 28) beginning at the right abutment. Plans

and elevations are shown in Figures 10 and 11.

33. A gated central overflow spillway section with a crest elevation of

418.0 ft was constructed in the Concrete Gravity Dam. This section consists

of eight gated sluice outlets, 5 ft-by-9 ft. Three 15 ft-6 in. diameter pen-

stocks are located through the right nonoverflow section of the Concrete Grav-

ity Dam. An 84-in. intake conduit was constructed through the right abutment

nonoverflow section to furnish water to the Folsom Power Plant, located imme-

diately downstream of the Right Wing Dam envelopment area on the north side of

the river.

Interface zone and retaining walls

34. Concrete Dam Monoliths 1 through 6 interface with the Right Wing

Dam and are fully to partially embedded in the Right Wing envelopment fill.

Monoliths 22 through 28 interface with the Left Wing Dam and are partially to

fully embedded in the Left Wing envelopment fill. Typical envelopment sec-

tions are shown in Figures 12 and 13. Three retaining walls were constructed

in the vicinity of the Concrete Gravity Dam in the wrap-around area parallel

to the river. Downstream retaining walls were constructed on both the Right

and Left wrap-around areas. Upstream, only the Right wrap-around area

required a retaining wall, denoted Retaining Wall B in Figure 3.

35. Retaining Wall B prevents the earth fill of the Right Wing Dam

envelopment section from blocking the penstock and powerhouse inlets. During

construction, Retaining Wall B also protected the diversion tunnel inlet chan-

nel. Plans and sections of the wall from US Army Engineer (1955) are shown in

Figure 14. The wall is 406 ft long and consists of 12 monoliths. The crest

elevation varies between elevation 310 and 350 ft and is controlled by the

intersection of the wall with the designed slope of the earth-fill envelop-

ment. The elevation of the base of the wall varies between elevation 270 and

290 ft. The elevation of the base of individual monoliths was adjusted
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according to the existing topography and the quality of the foundation rock.

The maximum height of the wall is 82 ft, near wall axis Station 0+29, at the

juncture of the wall with Monoliths 6 and 7 of the Concrete Gravity Dam. The

minimum height of the wall is 27 ft at wall axis Station 4+35. A two-lane

construction road exists at the base of the riverward face of the wall.

36. Retaining Walls A and E provide support to the Right Wing and Left

Wing envelopment areas, respectively. Retaining Wall A is 173 ft long and

about 54 ft tall at maximum section. This is a combination gravity and canti-

lever structure connected to the Concrete Gravity Dam at Monolith 7. Retain-

ing Wall E is 239 ft long and 60 ft tall at maximum section. This is a

gravity type wall and adjoins the left edge of the flip bucket in Monolith 20.

The surface of the backfill behind both walls, the downstream Right and Left

envelopment shells, is sloped at I vertical to 2 horizontal at the contact

with the Concrete Gravity Dam. Foundation conditions and preparation for both

walls were similar to those for Retaining Wall B.

Foundation Conditions at Wing Dams, Interface Zo .e
and Retaining Wall B

Wing Dams and interface zone

37. The foundation rock beneath the Right and Left Wing Dams is a

weathered granite. The degree of weathering decreases with depth and with

distance away from the joint planes. The primary joint set strikes generally

N 450 E and dips NW 400 - 45%. Stripping removed organic material and loose,

wet soils to expose firm decomposed granite. At the Right Wing Dam, the depth

of stripping ranged from 0.5 ft where hard rock was close to the original

ground surface, to as much as 18 ft in soft, mucky areas. The average depth

of core trench excavation at the Right Wing Dam ranged from about 2 to 3 ft

near the right abutment to about 10 ft near the envelopment area. No major

faults were encountered in the foundation rock during stripping and excavation

of the core trench of the Right Wing Dam.

38. At the Left Wing Dam, stripping depths ranged from 1 to 5 ft, and

the depth of excavation for the core trench reached a maximum of 20 ft. A

fault striking N 88 E and dipping steeply SE was encountered in the core

trench near Station 303+00. No special treatment of this zone was considered

necessary. The foundation rock in the core trench was slush grouted as neces-

sary, and outside the core trench the decomposed granite was scarified (where
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possible) to a depth of about 6 in. and compacted with either sheepsfoot or

pneumatic rollers. Areas immediately adjacent to hard, bouldery masses were

hand-tamped.

39. The foundation rock was grouted with a single line of grout holes

along the entire length of both Wing Dams. Staged-grouting methods were used.

The grout curtain at the Right Wing Dam extended to a depth of about 60 ft,

and at the Left Wing Dam the grout curtain extended to a depth of about 75 ft.

The grout curtain beneath the Wing Dams was tied in with the grout curtain

beneath the Concrete Gravity Dam at the envelopment areas. Identification and

treatment of faults encountered in the envelopment areas are described in more

detail by Sharp (1988) in Appendix A of Report 3 of this series.

Retaining Wall B

40. The foundation rock is quartz diorite with varying degrees of

weathering. Several faults and shears were encountered in the foundation.

The most significant were two parallel faults that strike northeast (about

N 450 E) and dip northwest (roughly N 450 W), near wall axis Stations 1+65 and

2+17. The fault near wall axis Station 1+65 contained a 0.3- to 8.0-ft wide

zone of weathered, brecciated rock, and was exposed in the foundation for Wall

Monoliths I through 4. The second fault, near wall axis Station 2+17, was

exposed in the foundation for Wall Monoliths 5 and 6. No brecciated zone was

present where the fault near wall axis Station 2+17 passed beneath the retain-

ing wall. After excavation and cleanup were completed, the foundation rock

exposure consisted of sharp, irregularly blasted surfaces, terminating at

joint planes. Where the two northwest dipping faults crossed the foundation,

V-shaped excavations were used to remove the soft, brecciated, and weathered

rock. Between the heel of the Concrete Gravity Dam and wall axis Sta-

tion 1+20, the brecciated fault zone is at maximum width. Loose material was

hand-excavated and the breccia zone was cut vertically to minimize its adverse

effect on the foundation. No springs or seeps were present in the mapped

area. Eight-inch diameter vitrified-clay pipe drains were installed at the

heel (rear face) of Retaining Wall B. The foundation was leveled with

1,811 cu yd of grout and concrete to facilitate forming and placement of sub-

sequent lifts.
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Embankment Materials

41. The Right Wing Dam consists of 3 zones, as shown in Figure 8.

Zone A is constructed of a fairly dirty rockfill and forms the upstream and

downstream shells over most of the length of the dam. Zone B is a transition

zone constructed of gravel from the American River. Zone C is the impervious

core constructed of compacted decomposed granite from Borrow Area No. 2.

(Borrow area locations are indicated in Figure 2.) The Left Wing Dam also

consists of 3 zones, as shown in Figure 9. Zone E consists of compacted

gravel dredged tailings from the Blue Ravine and forms the upstream and down-

stream shells. Zone F is the -2-in. fraction of the Zone E gravel and was

used as a filter zone between the impervious core and the gravel shells.

Zone G, the impervious core, is constructed of compacted decomposed granite

from Borrow Area No. 1. The embankment zones, their use in the dams, and the

borrow sources are listed in Table 1. The specifications for placement of

these materials are listed in Table 2. Gradations for the embankment mate-

rials are shown in Figures 15 and 16. Gradations for recent samples in Fig-

ure 15 were obtained from US Army Engineer (1986); gradations for record sam-

ples were obtained from US Army Engineer (1957). Material properties used in

initial design, based on laboratory tests performed prior to construction, are

listed in Table 3.

42. The Zone A rockfill was originally planned to contain less than

10 percent sand sizes or smaller (passing No. 4 sieve) and to be placed in the

same manner as the Zone B gravels. The source materials for Zone A were found

to typically contain about 30 percent passing the No. 4 sieve. The construc-

tion records indicate that an effort was made to place the cleaner materials

in the upstream shell. The decision was made to place the Zone A material in

12-ft dumped lifts. No additional compaction was applied to these materials.

In the design of the Right Wing Dam, the Zone A rockfill was assumed to have

the same properties as the Zone B gravel.

Construction Sequence for Foundation Preparation,
Concrete Placement, and Embankment Fill Placement

and Compaction

43. This section contains a chronological summary of the construction

sequence used in the interface zones. The summary begins with foundation
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excavation, preparation, and initial placement of concrete, steps through

backfilling of core materials near the bases of the concrete monoliths, and

ends with the placement and compaction of embankment fill. Applicable

excerpts from construction specifications and information from engineering

daily logs that help elucidate construction procedures, problems that occurred

and their solution, and other changes made during construction of the envelop-

ment areas, are incorporated in the text. The construction photographs were a

particularly useful tool for assessing subsurface conditions at the interface

and for observing construction sequence and procedures. The construction

photographs made it possible to do the following:

a. Examine the geometry of areas between placed concrete and exca-
vated rock slopes from various vantage points.

b. Observe the type, placement and compaction of backfill in con-

tact with monoliths.

c. Observe the extent of concrete placed beyond monoliths at the
foundation level.

However, although the photographs were most descriptive, they represent only a

brief moment in time. Remaining questions regarding construction procedures,

compliance with specifications, and the implementation of solutions to prob-

lems that arose during construction were addressed in the interview with

Mr. Ott.

Foundation excavation

44. The interface zones include the areas downstream of Monolith Nos. 1

through 7 and 20 through 28, upstream of Monolith Nos. 1 through 6, and mate-

rial retained by Retaining Walls, A, B, and E as shown in Figure 3. The foun-

dation conditions for these structures are discussed in this section.

45. Foundation conditions in interface zones were well documented in

Foundation Reports (US Army Engineer 1952, 1953, 1954a-e) and construction

photographs. Foundation reports included detailed plan and sectional drawings

of faults, joints, and top-of-rock profiles observed following excavations. A

detailed summary of the foundation conditions encountered for each CGD mono-

lith was reported by Sharp (1988), and can be found in Appendix A of Report 3

of this series. Pertinent excerpts from this summary are presented in this

section.

46. The excavation for foundations of the CGD monoliths and interface

zones was conducted in two phases. The first phase involved an initial exca-

vation for the CGD. This excavation allowed access to and exposure of
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foundation bedrock for more detailed geological studies. This excavation

occurred prior to any diversion of the American River. The extent of the ini-

tial excavation is depicted in Figures 17 and 18 which show photographs taken

on 2 January 1951.

47. The second phase of excavation encompassed the foundation areas for

the RWD, LWD, and retaining walls. The extent of this phase is apparent in

Figure 19 taken on I April 1952. The jagged protrusions and slope of remnant

bedrock is also noticeable. However, these conditions were changed somewhat

prior to placement of fill at those locations as noted in later photographs.

48. Much of the foundation preparation for monoliths of the CGD was

conducted in the summer of 1952. During this time, detailed geological stud-

ies and further explorations were performed. A photograph documenting the

progrees in the area of the CGD as of 26 September 1952 is shown in Figure 20.

49. Some important information is contained in the photograph shown in

Figure 20. Visible in this photograph is the outline of Monolith No. 28, the

end monolith of the CGD at the left abutment. One point of interest in this

photograph is the height of rock slope at the right abutment adjacent to the

end of the CGD. The height varies from about 35 ft at the core trench to an

estimated maximum of 100 ft located downstream of the centerline of the dam.

Also, a railway is under construction on the downstream side of the area of

Monolith 28 construction. The presence of this railway is of interest because

it impeded placement of fill until construction of the CGD was completed.

There were requirements placed upon the contractor to maintain the elevation

of fill around the CGD at a minimum distance above the lowest concrete mono-

lith of the CGD. Specifically, the embankment was to be kept "50 to 70 ft

above the lowest concrete block" (Engineering Daily Log (EDL) 26 October

1953). This clause provided for protection against unexpected flooding which

could overtop the concrete sections. It was assumed that this provision

expired at the time the concrete spillways were completed.

50. A close-up view of the excavation at the end of the CGD at the

right abutment is provided by the photograph shown in Figure 21. Grouting

operations were underway at the time of the photograph. Grout pipes were

located along the centerline of the dam and perpendicular to the centerline

about 10 ft from the end.of the monolith (US Army Ergineer 1953). This photo-

graph provides a good view of the excavated rock surfaces in the interface

zone.
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51. Four faults were encountered during the first phase of excavation.

Three of these were found in the right abutment; a fourth, the largest, was

found in the left abutment. Of the faults in the right abutment, one trends

through Monolith No. I (US Army Engineer 1954a), dipping northwestward (essen-

tially away from the river channel). Two other faults that trend to the

northwest exist in the foundations of Monolith Nos. 4, 5, and 6 (US Army Engi-

neer 1954b). It was concluded from these investigations that the three faults

did not pose a stability problem for the CGD or RWD.

52. The fault located in the left abutment was more extensive than

originally expected at the design stage. This fault is located between

Monolith Nos. 22 and 23, has a trend of north-northeast, and dips 20 to 300

below the horizontal towards the northwest, essentially towards the river

channel (US Army Engineer 1954c). As a consequence of the extent of the fault

at foundation level, an extensive exploration program was conducted using

16 standard NX core drill holes and five drifts accessed by timber-reinforced

shafts. About 45 percent of the estimated total amount of gouge material that

existed beneath Monolith 23 was removed in the process of exploration. Fol-

lowing detailed examination by SPK geologists, the exploration holes were

backfilled with 2,264 cu yd of concrete. The rock above the fault and fault

gouge material in the foundation area of Monolith No. 22 were removed to avoid

potential problems with stability that could result from lower strength and

seepage pressure in the fault zone.

53. The impact of the fault located in the left abutment was assessed

by Tierra Engineering Consultants, Inc. (1983) as part of the overall Folsom

study. They concluded:

...no faults or lineaments striking toward or extend-
ing through the main dam (CGD)...were found... Fault-
ing and shearing observed in the main dam foundation
excavations (unpub. Corps construction records,
Kiersch and Treasher, 1955) may perhaps be related to
the intrusion of the pluton. In the absence of strong
lineaments of pre-reservoir or recent imagery, mapped
fault zones or geomorphic indicators of faulting near
Folsom Reservoir impoundment structures, it is con-
cluded that the possibility of fault displacements
within the foundations of these structures is
extremely remote.

Foundation preparation

54. The preparation of foundation rock for placement of concrete
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monoliths and embankment fill was very thorough to provide a good contact

between rock, concrete and fill material, as indicated in the construction

documents and photographs. An example of a foundation area prior to placement

of concrete is shown in Figure 22. This photograph of the foundation for

Monolith No. 28 shows several workers hand cleaning and preparing the rock.

Extensive use was also made of dental techniques.

Initial placement of

concrete in monoliths

55. Construction of concrete monoliths progressed more rapidly at the

left abutment than at the right abutment. In Figure 23, a photograph taken on

22 July 1953 indicates the progress made as of that day. The monoliths are

numbered for convenience. This photograph provides additional insight into

the condition of excavated rock slopes downstream at the right abutment and

upstream at the left abutment. For the right abutment, the rock slopes are

near-vertical and as yet very jagged. For the left abutment, the slopes

appear to be much less steep. This photograph also shows concrete extensions

constructed at the bases of some monoliths. Figures 24 indicates the loca-

tions of these extensions, particularly in interface zones, as compiled from

drawings in US Army Engineer (1954a-e).

56. At the right abutment, concrete extensions were utilized on the

downstream side of all monoliths in the interface zone. The concrete exten-

sions provided a more positive contact between soil, rock, and concrete in

these locations. It can be observed in Figure 24 that the concrete monolith

extensions on the downstream side at the right abutment were sufficiently long

that core material, Zone C, was compacted against a large, flat surface. The

concrete extensions were long enough that a wide portion of the adjacent

Zone B gravel filter was also compacted against concrete extensions as shown

for the transverse section of Monolith No. 3 in Figure 24. The concrete

extensions were stopped short of the downstream rock face (see transverse sec-

tion of Monolith 3 in Figure 24) only where Zone B gravel filter and Zone A

*rockfill materials would fill the trench formed by the end of the concrete

extension and the foundation rock.

57. Concrete extensions at two different elevations were constructed

parallel to the dam axis at the right end of the CGD, Monolith No. 1, and are

indicated in Figures 25 and 26. The photograph in Figure 25 shows the loca-

tions of these lateral extensions, as well as the downstream extension. These
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lateral concrete extensions provided relatively flat surfaces, about 20 ft

wide or more, upon which core material could be compacted and tied in well

with the steep, blocky foundation rock slope to the right of Monolith No. 1.

One of the two lateral concrete extensions had a surface elevation of 298 ft

(formed by lift 298 indicated in Figure 26), and was constructed from approxi-

mately the centerline to the upstream edge of Monolith No. 1, as shown in

Figure 25.

58. The other lateral extension had a surface elevation of 288 ft

(formed by lift 288); it extended from the centerline to the downstream

foundation rock face, and tied into the downstream concrete extension which

had a surface elevation of 293 ft (formed by lift 293). The downstream

extension of Monolith No. 1 can be seen in Figure 25. The lateral extension

at elevation 288 ft cannot be seen clearly in Figure 25 because of construc-

tion debris present in this area on the day the picture was taken. As dis-

cussed in the next section, this debris was cleared prior to placement of fill

in this area. The design of this area did not call for the construction of

concrete extensions on the upstream side of the envelopment monoliths, except

at Monolith No. 6, as shown in Figure 24.

59. At the left end of the CGD, Monolith No. 28, lateral concrete

extensions were not constructed. It can be seen in the photograph of the

foundation preparation for Monolith No. 28, Figure 22, and the longitudinal

sections in Figure 26, that a fairly wide, relatively flat rock foundation

surface existed in this area upon which the embankment fill could be compacted

for a positive contact between soil, concrete and foundation rock. Downstream

concrete extensions were constructed at the bases of Monolith Nos. 24

through 27, as shown in Figure 24. (These extensions can be seen in the back-

ground of the photograph in Figure 30.) The foundation rock in this area

sloped steeply towards the river channel, and also formed a fairly steep,

blocky slope face downstream (see photographs in Figures 19 through 23).

These downstream concrete extensions (shown in Figure 22) were sufficiently

long to provide a large, flat surface upon which the Zone G core, Zone F

gravel filter, and Zone E gravel shell materials could be compacted. Fig-

ure 24 shows that concrete extensions were constructed upstream for Monolith

Nos. 24 through 26.

60. As described in a previous section, the excavation for Retaining

Wall B, located in the upstream right envelopment area, exposed sharp, blocky
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rock surfaces and a number of faults. Figure 27 shows a photograph of the

exposed foundation for the upstream retaining wall prior to clean-up. The

fault zones received careful treatment to minimize their adverse effect on the

foundation. A drainage system was installed along the base of the wall, and

eight drainage ports were installed normal to the dam axis to drain retained

water into the river channel. This drainage system would relieve high pore

pressures that could otherwise develop behind the wall in the event of rapid

drawdown. As shown in the sections of the wall in Figure 14, only Zone A

rockfill and Zone B gravels are in contact with the wall, not core material.

After excavation and clean-up were completed, the foundation was leveled with

grout and concrete to facilitate forming and placement of subsequent lifts.

The photograph in Figure 28 shows progress of construction of the wall and the

shape of the bedrock behind the wall.

61. The photograph in Figure 29 shows the progress of construction in

the vicinity of the CGD as of 29 July 1953. This photograph shows the rise in

the rock foundation behind Retaining Wall B and the rock foundation boundary

conditions at the bases of most of the CGD monoliths. The support structure

for the railway used to transport concrete for monoliths is shown under

construction downstream of the right envelopment monoliths. Envelopment

embankment fill was not placed and compacted in this area until the support

structure was removed. The excavated rock face downstream of Monolith Nos. I

through 6 was steep and blocky as of the date of this photograph. The verti-

cal relief from the base of Monolith No. I to the foundation level for the

Right Wing Dam (where the cars are parked in Figure 29) is approximately

100 ft. In the background in Figure 29, the foundation conditions upstream of

the bases of the left envelopment monoliths can be seen.

62. The photograph in Figure 30 was taken on 15 October 1953 and shows

the downstream area of the right envelopment monoliths in the foreground. The

exposed rock face downstream is less steep and smoother in this photograph

than in previous shots. This smoothing and flattening of the rock face made

it possible to achieve a more positive contact between the foundation rock and

the embankment fill in this area.

63. In the background of Figure 30, a crib wall can be seen on the

upstream side of the CGD at the left abutment. Engineering Daily Log dated

3 August 1953 documents the contractor's request to construct this crib wall

to retain fill to facilitate construction of monoliths of the CGD. Permission
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was granted to use the crib wall provided that it and the fill were removed

completely prior to placement of specified backfill. Later construction

photographs show that the crib wall and temporary fill were indeed removed.

Backfilling near the bases of monoliths

64. As stated in the beginning of this chapter, Seed et al. (1978) con-

cluded, on the basis of observations of performance of many dams during earth-

quakes that virtually any well-built dam will perform safely under moderate

earthquake shaking. One aspect of well-built earth dams is careful placement

and adequate compaction of the embankment fill materials. It was concluded in

Report 6 of this series that the embankment materials in all zones of the Wing

Dam were well placed and adequately compacted and would not develop signifi-

cant residual excess pore pressures if subjected to the design earthquake

ground motions. In the interface zones, placement and compaction of earth

materials were complicated by: (a) the mixed-face conditions, concrete and

rock, against which positive contact needed to be achieved, particularly with

core materials, and (b) the geometry of this mixed-face surface, namely the

blocky and sometimes steep nature of the exposed foundation rock, the sharp

angles of the ends of the CGD and the extensions at the bases of the mono-

liths, and the somewhat narrow spaces formed by the rock foundation and the

concrete faces near the bases of the monoliths. In some cases, these condi-

tions made it necessary to work by hand in the placement and compaction of

fill and prevented the use of heavy compaction equipment.

65. The presence of a continuous zone of loose core material would not

necessarily result in inadequate seismic performance of the interface zones,

because of the defensive design of the section: wide, cohesionless filter and

transition zones were constructed upstream and downstream and would prevent

piping if high pore pressures developed or cracking occurred in the core or at

the contact of the core with the concrete or rock. Also, the rigid boundary

conditions formed by the concrete structure and the sloped foundation rock

face at the bases of the monoliths would inhibit the development of

seismically-induced shear strains necessary to result in significant residual

excess pore pressures. Nevertheless, consistently well compacted core and

cohesionless materials in the interface zones are the preferred condition.

66. In the interface zones at the Folsom Project, particular care was

taken in the design of the section and during construction to carefully place

and compact earth materials to achieve a positive contact between the
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embankment fill, especially core materials, the concrete monoliths, the con-

crete extensions at the bases of the monoliths, and the rock foundation.

Particular care was also taken in the placement and compaction of the differ-

ent embankment zones to prevent fouling of filter and transition zones with

core materials. This section presents pertinent excerpts from specification

documents; these documents, engineering daily logs, and the construction moni-

toring observations provided by Mr. Ott, demonstrated the care with which fill

was placed and compacted in the interface zones. A number of construction

photographs are included to help illustrate the procedures used in the

envelopment areas.

67. Two specification documents apply to the interface zones: Specifi-

cation No. 1532 (US Army Engineer 1950a) which prescribed construction proce-

dures covering embankment, borrow and backfill for the Wing Dams in general,

and Specification No. 1359 (US Army Engineer 1950b) which specifically

addressed procedures to be used in the right envelopment area. Four excerpts

from these documents that address backfilling procedures are printed below.

68. Specification document No. 1359 (US Army Engineer 1950b),

Section 4-03d, states:

After the foundation for embankment and cut-off trench
has been stripped and excavated in accordance with the
provisions of Section 2, the Contractor shall fill all
holes and depressions by placing, moistening and com-
pacting approved materials with ramping rollers or
pneumatic tampers, all as directed. The entire foun-
dation area shall then be graded, moistened and com-
pacted as directed. When ordered, prior to placing
material for the embankment proper, the foundation
shall be roughened by discing or scarifying and moist-
ened, to provide a satisfactory bond. The entire
foundation area shall be approved prior to placing of
any fill thereon. Fill placed below the tolerance
limits, specified for required excavation, will be at
the expense of the Contractor.

69. Specification document No. 1532 (US Army Engineer 1950a),

Section 4-03q (6), states:

Loose thickness of layers shall be 4 in. Layers shall
be compacted to a density equivalent to that obtained
by the specified rollers. Hand operated pneumatic
tampers shall be similar and equal to the Ingersoll
Rand backfill tamper, size 34, having a butt or tamp-
ing surface area of approximately 25 sq in., operated
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at an air pressure ranging from 80 to 100 lb/sq in. at

all times.

70. Sections 4-08 and 4-10 of Specification document No. 1532 state:

(4-08) EMBANKMENT CONSTRUCTION OF ENVELOPMENT OF ENDS
OF MAIN CONCRETE DAM: Where the Right and Left Wing
Dams envelope the ends of the Main Concrete Dam*, the
Zone C and Zone G materials immediately adjacent to
the concrete shall be sloped up against the concrete,
if necessary, to permit the contact surfaces of the
compaction equipment to work within 2 in. of the sur-
face of the concrete. Extreme care shall be exercised
in controlling all placing operations in Zone C and
Zone G immediately adjacent to the concrete dam to
insure uniform required moisture content and uniform
required compaction in a manner which will obtain the
highest quality embankment construction.

(4-10) BACKFILLING STRUCTURES: Concrete structures
ihall be backfilled with approved materials of the
types indicated on the drawings. No backfill shall be
placed against concrete work until concrete is at
least 7 days old and all forms and bracing have been
removed. Backfilling on opposite sides of concrete
structures shall be kept at approximately the same
elevation to equalize the loading. Care shall be
exercised at all times during backfilling operations
to prevent any damage to the concrete. Where backfill
is to be placed on concrete, the backfill shall be
completed to a height of 4 ft over the concrete before
heavy construction equipment will be allowed thereon.
Placing, watering, and compacting backfill for the
Embankment Retaining Walls A, B, C, and D shall be as
specified in paragraph 4-03.

71. The language and detail in these excerpts from construction speci-

fications indicate the high degree of attention paid by the designers to

assure well-built interface zones. It is usual US Army Corps procedure to

inspect carefully the construction of such key design features and to enforce

stringently specifications and modifications thereto regarding construction.

Attention to detail mentioned in the engineering daily logs and the observa-

tions of Mr. Ott (see Appendix A) confirmed that Corps personnel closely

monitored these areas to assure the construction of well-built envelopment

zones. Although photographs of the placement and compaction of the first few

* Concrete Gravity Dam.
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lifts of backfill at the bases of the envelopment monoliths were not available

among the construction records, Mr. Ott confirmed that:

a. Cleanup before placement of embankment material was thorough.

b. Areas not accessible to heavy compaction equipment were com-
pacted using hand tampers on material placed in 4-in. lifts.

c. Tests were made to ensure that materials were properly
compacted.

d. Temporary fill materials previously placed by the contractor
for his benefit were removed and replaced in approximately
horizontal lifts. This included materials with substantial
height differentials that may have existed at the ends of the
CGD, upstream and downstream of the envelopment monoliths, and
behind retaining walls.

72. Figures 31 through 33 show photographs of fairly early stages of

fill placement in the right envelopment area. The lower left corner of the

photograph in Figure 31 shows core material placed at the landward end of

Monolith No. 1. This photograph was taken on 28 April 1953. The elevation of

the top of this fill was estimated to be 308 ft, which corresponds to 10

and 20 ft above the surface elevations of the two landward end extensions at

the base of Monolith No. 1. These extensions are shown in Figures 25 and 26.

In view of the steepness of the upstream side of this fill indicated in Fig-

ure 31, it was estimated that equipment carrying core material for this fill

accessed this area, at least after the first few lifts, by the core trench of

the RWD. Two photographs dated 15 October 1953, Figures 32 and 33, show that

the elevation of fill upstream at the right end of the CGD (Monolith No. 1) is

high enough (estimated elevation 310 ft) that the gap between the CGD and
foundation rock is wide enough to allow passage of heavy vehicles for place-

ment and compaction of backfill. At this stage of construction, it was possi-

ble to use in the interface zones many of the same procedures and equipment

used to haul, prepare, place, and compact fill used in the RWD and LWD. Also

evident in Figure 33 is the placement of Zone B material in the background.

Placement of embankment fill

73. Specification documents provided details regarding excavation of

borrow materials, moistening, material placement and compactive effort in

addition to many other aspects of construction. A portion of specification

document 1532, Section 4-03a, pertinent to placement of embankment fill is

printed below:
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a. General: The embankments shall be con-

structed to establish gross dimensions with approved
materials obtained, as previously specified, from
required excavation, from stockpile areas, and from
borrow areas. All materials placed in the embankments
shall be free from roots, brush, rubbish, and other
objectionable materials. In all cases, the Contract-
ing Officer will determine the moisture content, pro-
cessing of material, and additional compaction
rolling. The Contracting Officer will at all times
direct the location where the material is to be placed
in the embankment. During construction, the Contrac-
tor shall suitably identify the limits of the various
embankment zones and equipment transporting materials
thereto to insure placement of the various materials
in their proper zones and facilitate the necessary
inspection therefor. The construction of the various
zones constituting the embankments shall be carried on
concurrently as follows:

(1) Right Wing Dam: Except for Zone A,
the various zones comprising the Right Wing Dam shall
be constructed in such a manner that at no time will
the difference in elevation of adjacent zones exceed
5 ft. Zone A may be constructed following completion
of Zone B. Zone B materials will be permitted to
encroach upon or into Zone A, but in no case will they
be permitted to encroach upon or into Zone C. Zone C
materials will be permitted to encroach upon or into
Zone B.

(2) Left Wing Dam: The various zones com-
prising the Left Wing Dam shall be constructed in such
a manner that at no time will the difference in eleva-
tion of adjacent zones exceed 5 ft. However, no
encroachment of Zone E materials upon or into Zone F,
and of Zone F materials upon or into Zone G will be
permitted. Zone G materials will not be permitted to
encroach upon or into Zone F.

The compactive effort required for each type of zone material is summarized in

Table 1.

74. Specification document 1532 made special provisions for the place-

ment of fill in contact with concrete and existing fill slopes. Adjacent to

concrete, the core backfill materials were to be sloped up against the con-

crete to permit compaction equipment to work within 2 in. of the concrete

(Section 4-08). Specification document 1532 also required that core materials

be sloped up on existing fill slopes so that compaction equipment could simul-

taneously compact lifts of material on the slope and on the new fill surface.
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The document further stated that a maximum lift thickness of 12 in. could be

used for core materials along with a minimum of 12 passes of a sheepsfoot

roller or six passes of a pneumatic-tired roller (Section 4-03a(b)).

75. A review of construction documents pertaining to placement of fill

in interface areas indicated that proper care was exercised in preparing,

placing, and compacting fill materials. A few important points are high-

lighted next.

76. The contractor experienced a problem in placing fill around the CGD

because of the presence of the support structure of the railway used to place

concrete in the CGD monoliths. This problem was well documented in the Engi-

neering Daily Logs. Pertinent EDLs are reprinted in Appendix B.

77. Another observation was the differential in heights of adjacent

fill zones shown in photographs of construction of the RWD. Figure 34 shows a

photograph, dated 16 April 1954, of fill placement in the right upstream

envelopment area. The differential in heights of Zone B transition and Zone C

core materials is shown in this photograph and also in the photograph in Fig-

ure 35 taken 10 weeks later. The maximum height differential between these

zones as observed in construction photographs was estimated to be about 50 ft.

The specifications required that height differentials between adjacent fill

zones not exceed 5 ft. This specification requirement was not enforced

rigidly in the field in the vicinity of the envelopment areas.

78. It was concluded that the detrimental effects of these height dif-

ferentials were considered small enough to be acceptable to the designers and

the Corps personnel in the field. It was also estimated that rigid enforce-

ment of this specification in the envelopment areas would have caused unwar-

ranted construction delays. For example, some means had to be employed to tie

in the embankment fill of the RWD which was nearly completed with the envelop-

ment fill, which lagged behind. This situation is shown in Figure 34. It was

concluded in this study that the height differentials that occurred during

construction were not significant to the seismic performance of the shell

zones. It was also noted that the cohesionless zones were built up faster

than the core zones. This procedure minimized the possibility of fouling the

filter materials with fines, and is the preferred construction sequence.

79. Once the support structure for the railway was removed, fill opera-

tions on the downstream side of the CGD caught up with the right envelopment

fill placement. In the photograph dated 11 June 1954 shown in Figure 36, this
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has occurred. This photograph also shows that a fully-loaded dump truck was

used to compact core material, particularly at the contact with the CGD.

Although this equipment was not mentioned in specification documents, (the

estimated wheel loads of this type of fully-loaded dump truck with 85-kip

capacity are only about 65 percent of the wheel load of a specified pneumatic-

tired roller with 100-kip capacity), a fully-loaded dump truck was considered

by the designers and is considered to be an acceptable means to compact the

core materials.

80. A fully-loaded dump truck has been used successfully in the con-

struction of a number of dams. For example, Low and Lyell (1967) document the

use of this equipment as a means to compact a silty to clayey sand in the

Portage Mountain Dam, Canada. Sherard and Dunnigan (1985) document the use of

this equipment to compact soil in contact with concrete to minimize seepage at

the Gur Hydroelectric Project in Venezuela. Numerous construction photog-

raphs of the process indicate that great care was exercised in using this pro-

cedure at the Folsom Project.

81. A photograph taken on I July 1954 and shown in Figure 37 shows that

the crib wall on the upstream side of the CGD at the left abutment had been

removed. The area had not yet been cleaned and consequently prepared for

backfill. Fill operations had been underway in areas just outside of this

photograph as evidenced by the photograph taken the previous Fall dated

29 October 1953, shown in Figure 38.

82. Figure 39 is a photograph dated 8 September 1954 that shows that

the railway located on the downstream side of the left abutment still

inhibited placement of downstream gravel shell material at the LWD. The

impact is more pronounced in the photograph shown in Figure 40. A view of the

completed dam following initial reservoir filling is provided in the photo-

graph shown in Figure 41.

Conclusion

83. A comprehensive review of construction records for the Folsom

Project was undertaken to achieve an understanding of the complex geometry of

the interface zone, the fill materials located there, the methods of placement

and compaction of these materials, and particular construction practices used

in this area. This review was assisted by Mr. John Ott who was the Materials
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Engineer for the Folsom Project during construction. The observations drawn

from this study were:

a. That the core and other embankment materials were placed and
compacted with more than adequate care to ensure that the
envelopment fill met or exceeded design requirements.

b. That large, cohesionless filter and transition zones exist
upstream and downstream of the core to prevent progressive
piping of core materials if cracks were to develop as a result
of earthquake shaking.

c. That the geometry of rock and concrete boundaries at the bases
of the concrete monoliths form rigid boundaries that inhibit
the development of cyclic shear strains necessary to the devel-
opment of high, seismically-induced residual excess pore
pressures.
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PART III: FIELD AND LABORATORY INVESTIGATIONS

General

84. The results of recent field and laboratory tests were combined with

data from record samples obtained and tested during construction to determine

index properties and penetration resistance of compacted core material in the

interface zones. These properties included Standard Penetration Test (SPT)

resistance, in-place density, and maximum dry density as determined by compac-

tion tests. Also, various parameters relating to grain size distribution,

soil classification, and Atterberg Limits were determined to allow comparisons

of SPT N-value, in-place density and maximum dry density at interface zones

with the same parameters at other locations in the Wing Dams. These labora-

tory and field test results are presented in this chapter, and later used in

the stability evaluation presented in Part IV.

Record Samples

85. Personnel from SPK observed fill placement and performed quality

control testing during construction. Quality control testing included

in-place density and moisture measurements, laboratory compaction tests,

Atterberg Limit tests, grain size distribution tests, and specific gravity

tests. These data are summarized in the report of soil tests on record sam-

ples (US Army Engineer 1957). Data pertaining to compacted core material in

the interface areas relevant to this study were extracted and are presented in

this section.

86. A summary of tests performed during construction on record samples

of core material from the interface zones is presented in Table 4. Average

values are provided to facilitate comparisons with recent test results. The

ranges in grain size distribution curves of record samples in the RWD and LWD

interface areas are shown in Figures 42 and 43, respectively. The results of

modified-effort compaction tests (AASHTO T99-49) of record samples from the

RWD and LWD interface areas are shown in Figures 44 and 45, respectively.

87. The results of physical property tests listed in Table 2 and shown

in Figures 42 through 45 generally indicate that the gradations, Atterberg

limits and compaction characteristics measured for core materials at interface

zones during construction are consistent with each other. The bands
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representing the ranges in grain size distribution are narrow and similar for

Zone "C" and "G" materials. The variation in Atterberg Limits is also small.

Maximum dry densities and optimum moisture contents from modified compaction

tests are more variable with densities ranging from 131.4 to 136.8 pcf and

moisture contents ranging from 6.8 to 8.7 percent. The ranges in in-place

density and moisture content are 120 to 131 pcf and 5.1 to 10.4 percent,

respectively. The average in-place density (128 pcf) corresponds to about

96 percent of the average maximum dry density (134.0 pcf). Results for only

nine record samples from the interface areas were found in construction

records. The elevations of these record samples ranged from 353 to 427 ft.

In general, record sample test results indicate that the materials were placed

in a satisfactory manner and good fill material control was maintained.

Drilling at Interface Zones

88. The full height of compacted core fill adjacent to the concrete

monoliths was of interest in this study. A drilling exploration program was

designed in order to sample the full height of fill in very close proximity to

the CGD at each end. The ends of the CGD are battered at 0.05 horizontal to

1.0 vertical, so a series of drill holes was used, with holes offset specific

distances from the soil-concrete contact at the surface, to sample core mate-

rial placed close to the CGD. As-built cross sections of the Wing Dams at the

ends of the CGD (Station 285+35 and 299+35) are shown in Figure 46 along with

the extent of drill holes at interface zones. The locations of drill holes at

interface zones are shown in Figure 47. Profiles at the ends of the dam that

show the locations of drill holes and record samples are provided in

Figures 48 and 49.

89. Five holes were advanced through eibankment fill at each interface

zone. Two holes at each end were used to obtain "undisturbed" samples.

Undisturbed samples were extracted to depths of 120 and 102 ft for the RWD and

LWD, respectively, which correspond to about 62 and 63 ft above the base of

the concrete monoliths or extensions, respectively. Three holes at each end

were used to perform the SPT and obtain samples. The SPT measurements were

performed through the full height of fill. Three different drill rigs were

used: a CME 75, a CME 550, and a Mobile B-53. Energy was delivered to the

SPT spoon using one of three systems: a rope-and-cathead-operated safety
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hammer, a wireline-operated safety hammer, and an automatic trip hammer. Hole

stability was maintained using either hollow-stem augers with no drilling

fluid or mud rotary methods. Two different diameters of hollow-stem augers

were used. A summary of drill information is contained in Tables 5 and 6.

Recent Laboratory Tests

90. Laboratory tests were performed on numerous disturbed and undis-

turbed samples extracted from drill holes at the ends of the CGD. These

include physical property tests (sieve analysis, Atterberg Limits, specific

gravity), determination of field unit weight and moisture content, engineering

property tests (compaction, triaxial compression, and unconfined compression),

and dynamic property tests. All testing was performed by the SPD laboratory

and data reported in US Army Engineer (1986) and US Army Engineer (1989).

Results of tests performed on samples from interface areas, as reported by

SPD, are reproduced in Appendices C and D, respectively.

91. Test results of most interest for this study include sieve analy-

sis, Atterberg Limits, specific gravity, unit weight, moisture content, and

maximum dry density and optimum moisture content determined in compaction

tests. Data from these tests for samples in interface zones are presented in

Tables 7 and 8 for the RWD and LWD, respectively. Soils were classified

according to USCS.

92. The ranges in grain size distribution and Atterberg Limits for

recently obtained samples from the RWD and LWD interface areas are presented

in Figures 50 and 51, respectively. Ranges for record samples for the respec-

tive areas are provided for comparison. In general, the ranges in grain size

for new samples are much broader than the ranges for record samples for both

interface areas. The expanded ranges extend in both directions (i.e. higher

gravel contents and higher fines contents). The number of recent samples from

interface zones, however, is much larger than the number of record samples

that could be found in construction records. The range in Atterberg Limits is

similar to that from record test samples.

93. The results of modified compaction tests performed recently on sam-

ples obtained from each end of the RWD and LWD are shown in Figures 44 and 45,

respectively, along with record sample data. Maximum dry densities of samples

recently obtained at the interface areas are at the upper bound of the range
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of dry densities for record samples, which have an average dry density of

134.0 pcf (Table 4). The overall average maximum dry density of all samples

determined in modified-effort compaction tests (AASHTO T-99) in the interface

areas is 134.4 pcf.

94. Measured dry densities for undisturbed samples taken from drill

holes used for undisturbed sampling (drill holes R-1, R-2, L-1, and L-2) are

summarized in Table 9. The degree of saturation corresponding to a specific

gravity of 2.72 was also calculated for each sample. The value of 2.72 is an

approximate average from record samples and recent test results performed on

core materials. There is a wide range in values of dry density, due primarily

to two anomalous values of density (110.1 at elevation 465 and 112.4 pcf at

elevation 389) which are well below the average of 124.1 pcf. The average

value corresponds to 92 percent of the average maximum compacted density of

134.4 pcf. If the two anomalous test results are excluded, the average in

situ dry density is 126.1 pcf (which is 94 percent of 134.4 pcf), with a stan-

dard deviation of 3.8 pcf. As stated earlier, the average in situ dry density

of record samples was 128 pcf, which is 95 percent of 134.4 pcf. The shearing

that a volume of soil undergoes as a sampling tube passes through it in gen-

eral causes dense soils to dilate. Consequently, it is expected that the dry

densities measured for the undisturbed samples underestimate the actual

in situ dry densities.

95. For the purposes of this study, a uniform density profile was

assumed for effective overburden computations. The moist density above the

water table was assumed to be 136 pcf, and below the water table a value of

142 pcf was selected. These values are considered to correspond to repre-

sentative measured values of dry density and moisture contents. The location

of the water table was determined from soundings made in observation wells or

inferred from soundings made during drilling operations.

Standard Penetration Resistance

96. Many variables affect the energy applied to the split spoon sampler

which has a direct effect on the N-value measured. These include the type of

drill rig, hammer shape, hammer release system, hole advancement technique,

and length of drill rod. Studies have been conducted and are underway to

quantify these effects (e.g., Kovacs et al. 1977 and McLean et al. 1975).
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Seed et al. (1985) reviewed numerous studies and recommend that N-values be

adjusted to a value corresponding to 60 percent of the free fall energy,

N60 , thereby allowing appropriate comparison of N-values measured using dif-

ferent equipment and procedures.

97. The N-values used for analysis in this study were adjusted to val-

ues equivalent to 60 percent energy efficiency. N-values measured using the

trip hammer were assumed (based on WES experience) to correspond to an energy

ratio of 80 percent and were converted to correspond to an equivalent energy

of 60 percent (N60 ) by multiplying the measured N-value (N) by a factor of 1.3

(Seed et al. 1985). N-values measured using the rope-and-cathead technique

with a safety hammer were assumed to correspond to an energy efficiency of

60 percent, N60 . The energy efficiency for N-values measured using the

safety hammer attached to a wireline is not readily apparent. Rather, some

evaluation was required as described later. There were no corrections made to

account for the type of drill rig or means of maintaining the stability of the

drill hole. The corrections are discussed in more detail later in this sec-

tion. All N-values measured at depths of 10 ft or less were multiplied by a

factor of 0.75 to account for energy loss in the drive rods (Seed et al.

1983).

98. The standard penetration resistances, N-values, measured with a

particular set of equipment and procedures within a soil deposit are affected

by the effective state of stress and relative density (Gibbs and Holtz 1957,

Marcuson and Bieganousky 1976). Vertical effective stress along a drill hole

can be estimated from the profile of unit weight and depth to the phreatic

surface (if hydrostatic conditions can be assumed and if the effect of the

presence of the CGG is ignored). The N-value corresponding to an effective

vertical stress of 2,000 psf, N I , is a convenient reference value to which

N-values for other confining stresses can be empirically related. This

correction allows an approximate evaluation of variation in relative density

for homogeneous granular soils. Correlations developed by Marcuson and

Bieganousky (1976) have been used by Seed et al. (1985) to derive correction

factors, CN , to adjust from N (or N60 ) to N1  (or (N1 )6 0) as shown in

Figure 52. These corrections are applied as follows:

N 1 - CN x N (blows/ft) (1)
or

(N1 )60 - CN x N6 0  (blows/ft) (2)
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These equations are based on the assumption that level-ground and hydrostatic

conditions exist.

99. The value of (N1)60 corresponding to clean sand (1 5 percent

fines), (N1)60 c , is a convenient reference value to which N-values for less

clean sand can be empirically related. This is obtained using relationships

such as those shown in Figure 53. Once the (N1)60 and percentage of fines are

known, a vertical segment is drawn from the value of (N )60 on the abscissa

until it intersects the curve (or interpreted curve) corresponding to the

percentage of fines. Then a horizontal segment is drawn from that point and

intersecting the curve representing S 5 percent fines. The (N1)6 0 c is

determined by drawing a vertical segment intersecting the abscissa.

100. It was necessary to derive an energy efficiency ratio that would

be appropriate for SPT N-values measured with the safety hammer regulated by

wireline (borings 7F-88-1 and 7F-88-2 shown in Figure 47). This means of

releasing the hammer is not discussed by Seed et al. (1985) who suggest energy

efficiencies for different types of systems. The energy efficiency was esti-

mated from a comparison of N values derived from the wireline and safety

hammer system with (N )6 0 derived from the rope-and-cathead and safety hammer

system at equal depths. At each interface zone, there is some overlap in the

depths of SPT sampling using the two systems. At the RWD, SPT measurements

were made in borings R-4 and 7F-88-1 in the 30-ft interval between eleva-

tions 380.5 and 350.5. At the LWD, SPT measurements were made in borings L-4

and 7F-88-2 in the 11-ft interval between elevations 380.5 and 369.0. The

holes at each end are separated by about 7 ft which minimizes the potential

effect of material variability.

101. Two potential sources of variability that could affect this com-

parison are the two methods of drill hole stabilization (hollow-stem augers

with ambient water and drilling mud) and the pronounced difference in pool

levels (about 80 ft lower during use of the wireline system), and consequently

in pore water pressures. A recent study reported by Seed et al. (1988) indi-

cated that the method of drill hole stabilization probably has an insignifi-

cant effect on measured blowcount. The difference in pool levels has little,

if any, effect on the calculation of N in this case because the effective

stress is so large at the measurement depths that C N is nearly constant.

102. The comparison of wireline blowcounts with (N) 60 from the other

two systems is shown in Figure 54. Lines of equal energy efficiency (ER) are
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also indicated in this figure for reference. The energy efficiency for the

rope-and-cathead system was estimated to be 60 percent, as described pre-

viously. If the energy efficiency of the wireline system were 60 percent, the

data should plot nearly evenly on both sides of the line representing 60 per-

cent. It is apparent from the data in Figure 54 that this does not occur and

that an energy efficiency of approximately 35 percent is more representative.

To account for the potential sources of error cited above, an energy effi-

ciency of 35 percent was selected to be representative for SPT N-values mea-

sured using a safety hammer delivered with a wireline system.

103. Values of (N1)60 determined from drill holes through embankment

fill at the ends of the CGD are presented in Figures 55 and 56 for the RWD and

LWD, respectively. One adaptation that was made for the presentation of this

data was the use of blowcounts from penetrations of less than 18 in. Most

(uncorrected) N-values measured with the wireline system were very large; many

SPT tests were halted prior to attaining full penetration when 50 blows were

obtained over a penetration of less than 6 in. Because of the larger correc-

tion (0.26) applied to N-values from the wireline system to obtain (N1)6 0,

blowcounts have much lower values of (N1)6 0. Blowcounts with 50 blows in less

than 6 in. over any segment of the 18-in. penetration can have values of

(N )60 of as low as 17 blows/ft (e.g., 6-in. blowcounts of 5,10,50/.45).

Therefore, blowcounts were extrapolated for cases where full penetration was

achieved for the first 6 in. and partial penetration existed for the last

12 in. This extrapolation consisted of taking the number of blows for the

distance penetrated beyond the initial 6 in. and dividing by the distance

penetrated beyond the initial 6 in. Estimated values of (N1)60 obtained using

this procedure are differentiated ("partial drive") from standard values of

(N1)60 ("full drive") in Figures 55 and 56.

104. The data plotted in Figures 55 and 56 indicate that there is a

relatively consistent band of (N1)6 0 values throughout the height of embank-

ment fill at both ends of the CGD. Excluding the upper reaches of fill, the

values of (N1)60 generally are between 16 and 34. The values of (N1)6 0 at

greater depths, corresponding to N-values measured using the wireline system

are slightly higher but consistent with the values measured throughout the

profile.
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PART IV: EVALUATION OF STABILITY

General

105. The evaluation of stability and adequate seismic performance of

the interface zones focussed on the following key elements:

a. The presence of defensive design measures built into the
project, in particular the large volume of cohesionless fill
in shell and filter zones available to fill cracks if they
occur.

b. The liquefaction resistance and post-earthquake strength of

shell and transition gravels.

c. Retaining wall stability and stability of shell backfill if
retaining walls slide or overturn.

d. The liquefaction resistance of core materials and the presence
of downstream filter zones to prevent piping and progressive
internal erosion.

106. The stability studies documented in Reports 6 and 7 of this series

indicated that during and after the earthquake, adequate performance of the

interface zones is controlled primarily by adequate performance of the gravel

shell, filter and transition zones, because of the role these zones play in

slope stability, defensive design, and prevention of internal erosion. It was

concluded in Report 6 that: (a) the Wing Dams would perform satisfactorily

during the design seismic event, (b) the embankment shell, filter and transi-

tion gravels had more than adequate cyclic strength and would not develop sig-

nificant residual excess pore water pressures, (c) the embankment shell,

filter and transition materials would have more than adequate post-earthquake

strength, and (d) no significant deformations would occur in the Wing Dams as

a result of the design seismic event. It was concluded in Report 7 that:

(a) none of the retaining walls will undergo sufficient seismically induced

movement to result in slope instability, and (b) even complete failure and

removal of the walls would not result in slope instability of the interface

zones sufficient to allow loss of the pool.

107. The remaining key element that controls seismic stability of the

interface zones is the potential for liquefaction of the core materials adja-

cent to the CGD monoliths. The review of constrution records presented in

Part II demonstrated that the core materials were carefully placed and well-

compacted in the interface zones and that large volumes of cohesionless
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materials exist upstream and downstream to prevent piping. Based on perfor-

mance of other dams during moderate earthquakes, Seed et al. (1978) concluded

that good design, construction and compaction of embankment dam materials are

important indicators of satisfactory seismic performance. A high degree of

compaction results in high cyclic strength of a soil. The liquefaction poten-

tial of the core materials in the interface zone is addressed in this chapter

by a comparison of the cyclic strength of these materials estimated from SPT

blowcounts and the earthquake-induced cyclic stresses.

Liquefaction Assessment of Interface Core Materials

Performance-based proce-
dure to estimate cyclic strength

108. The cyclic strength of the interface core materials was estimated

using the performance-based procedure developed by Professor H. B. Seed and

his colleagues at the University of California, Berkeley (Seed et al. 1985).

The chart used for determining cyclic strength is shown in Figure 53. This

chart relates measured (N1)60 values to estimated cyclic stress ratios at

several sites which have been subjected to earthquake shaking from a K - 7.5

seismic event. The lines on the chart distinguish safe combinations of (N1)6 0

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

face evidence of liquefaction was observed in the field. This chart is inter-

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

100 percent residual excess pore pressure. Data for clean and silty sands

with different fines contents are presented in Figure 53 along with inter-

preted relations between cyclic stress ratio causing liquefaction (for a con-

fining pressure of about 1 tsf, level ground conditions, and earthquakes with

M - 7.5) and (N)6 0. The cyclic loading resistance is 20 percent higher, with

M - 6.5 events for any value of (N1 )60 , than for M = 7.5 earthquakes.

109. The data and inferred relationships shown in Figure 53 provide a

means to establish threshold values of (N1 )60 or (N1) 60c above which liquefac-

tion will not ocLur, regardless of the magnitude of cyclic stress ratio.

These threshold values are a function of the percentage of fines. The average

fines content of the SPT samples from the RWD was 26 percent and the average

for the LWD was 42 percent. For a fines content of 26 percent, the threshold

is approximately (N1 )60 - 22. For a fines content of 42 percent, the
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threshold is about (N1)60 ' 18. These thresholds are indicated in Figures 55

and 56. The threshold for clean sands is (N1)60  ' 30.

110. Less than 15 percent of the blowcounts (including partial drives)

fell below the threshold value determined for average fines contents. How-

ever, since the empirical charts were derived for undisturbed alluvium, some

inherent conservatism was considered to exist because these relations are

applied to compacted saprolite.

Comparisons with Wing Dams

111. The (N )6 0 and (N1)60 c values measured in the interface core mate-

rials were compared with corresponding values measured in the core materials

at locations along the Wing Dams. This comparison is shown in Figures 57

and 58. The values of (Ni)60c shown in Figure 58 include partial drives

(greater than 6 in.) and were computed using fines contents measured for

individual samples.

112. It is apparent from Figures 57 and 58 that SPT values from inter-

face zones generally are lower than SPT values from Wing Dam locations. The

average value of (N1)6 0 for Wing Dams is 51 blows/ft whereas the average value

of (NI)60 c for interface zones is 30 blows/ft. About 18 percent of the values

of (NI)60 c for the interface zones fell below the threshold of 30 blows/ft.

Less than 5 percent of the (N )60c values from other Wing Dam locations fell

below the threshold value.

Conclusion

113. The core materials in the interface zone are composed of carefully

placed and compacted saprolite. Results of field and laboratory investiga-

tions showed the core materials have the following characteristics:

a. The fines content averaged 26 percent in the RWD and 42 per-
cent in the LWD.

b. The fines classified as clayey in 33 percent of the RWD inter-
face core samples and in 71 percent of the LWD interface core
samples.

c. The (N) 60 values range from 11 to about 66 and average about
30; the upper bound is not well defined due to partial
penetrations.

114. The Seed performance-based approach to assess liquefaction poten-

tial indicated threshold (N1)60 values of 18 to 22 based on average fines
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contents of core materials at interface zones. Regardless of the severity

of earthquake shaking, values of (N1)60 that exceed the threshold levels indi-

cate materials with very high cyclic strength that will not develop residual

excess pore pressures. The field measurements in the interface core materials

generally showed (N1)60 values well above the threshold levels. Values that

fell below threshold levels represent materials that are likely to be of

limited extent and do not pose a stability problem. The clayey materials are

expected to perform particularly well under earthquake loading on the basis of

excellent observed field performance of these materials under severe earth-

quake loads (Seed et al. 1978). in view of these studies, it is concluded

that the core materials in the interface zones will perform satisfactorily

with respect to liquefaction during the design earthquake event, and that the

interface zones as a whole will perform satisfactorily during the design

earthquake event.
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PART V: CONCLUSIONS

115. This report documents the study of the seismic stability evalua-

tion of the interface zones at the Folsom Dam and Reservoir Project, located

on the American River, about 20 miles northeast of the city of Sacramento,

California. The most severe earthquake shaking was determined to be likely to

come from the East Branch of the Bear Mountains fault zone, which is consid-

ered capable of producing a maximum magnitude earthquake of M - 6.5. The

minimum distance between the fault zone and the CGD at the Folsom Project is

15 km. The design ground motions for the site are amax - 0.35 g , Vmax

- 20 cm/sec and duration (k 0.05 g) - 16 sec.

116. A feasibility study was performed to assess the practicality of

using numerical methods to investigate the response of the interface zones.

It was concluded that numerical methods now available were not useful for

practical seismic stability decision making in this case because of the

extremely complex geometry of the interface areas and the limitations of

existing numerical methods. On account of the lack of observations of field

performance of interface zones in other projects subjected to earthquakes and

the technical difficulties listed above, the course of assessing safety in the

RWD and LWD interface zones evolved into a more qualitative approach that con-

sisted of the following steps:

a. Examine interface geometry and fill materials.

b. Anticipate potential modes of failure.

c. Identify key elements that control stability.

d. Study these elements to assess adequate performance.

117. The potential modes of failure that required study were narrowed

to the three modes listed below:

a. Cracking and separation of the embankment core and the CGD.

b. Slope instability resulting in sufficient deformations to
allow overtopping, either by sliding of the embankment shell
to expose the core to erosion by the reservoir pool, or
sliding involving liquefaction of the core materials.

c. Liquefaction of the core, piping of liquefied core material
into downstream shell and progressive development of internal
erosion.

118. The key elements that control stability for these potential

failure modes were identified as follows:
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a. The presence of defensive design measures built into the proj-

ect, in particular the large volume of cohesionless fill in
shell and filter zones available to fill cracks if they occur.

b. The liquefaction resistance and post-earthquake strength of

shell and transition gravels.

c. Retaining wall stability and stability of shell backfill if
retaining walls slide or overturn.

d. The liquefaction resistance of core materials and the presence
of downstream filter zones to prevent piping and progressive
internal erosion.

119. Stability studies performed as part of the work documented in

Reports 6 and 7 of this series indicated that, during and after the earth-

quake, adequate performance of the interface zones is controlled primarily by

adequate performance of the gravel shell, filter and transition zones. This

is due to the role these zones play in slope stability, defensive design, and

prevention of internal erosion. Report 6 of this series documents the seismic

stability evaluation of the Wing Dams. It was concluded in Report 6 that:

(a) the Wing Dams would perform satisfactorily during the design seismic

event, (b) the embankment shell, filter and transition gravels had more than

adequate cyclic strength and would not develop significant residual excess

pore water pressures, (c) the embankment shell, filter and transition mate-

rials would have more than adequate post-earthquake strength, and (d) no

significant deformations would occur in the Wing Dams as a result of the

design seismic event.

120. Another key element in the adequate seismic performance of the

interface zones is the sensitivity of slope stability in this zone to movement

or failure of the two downstream retaining walls and Upstream Retaining Wall B

which protects the intake ports for the power plant in the RWD wrap-around

area. Report 7 of this series documents the study of the retaining walls and

the sensitivity of slope stability to retaining wall movement or overturning.

It was concluded in Report 7 that: (a) none of the retaining walls will

undergo sufficient seismically induced movement to result in slope instabil-

ity, and (b) even complete failure and removal of the walls would not result

in slope instability of the interface zones sufficient to allow loss of the

pool.

121. The remaining key element that controls seismic stability of the

interface zones is the potential for liquefaction of the core materials. This

report examines in more detail the geometry and materials in the immediate
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vicinity of the contact between the Wing Dams and the CGD, the procedures used

during construction in this area, the results of field and laboratory investi-

gations performed during construction and more recently as part of this study,

with a view toward closer examination of liquefaction potential of the core

materials in this zone. On the basis of review of construction information,

the results of field and laboratory tests, comparison of measurements and

materials from the interface zones with data from other locations at the

Folsom Project, and observations drawn from dams of known seismic performance

during moderate to severe earthquake shaking, it was concluded that the core

materials in the interface zones are carefully placed and well compacted, and

will not develop significant excess pore pressures if subjected to the design

earthquake motions.

122. On the basis of these studies and those documented in Reports 6

and 7 of this series, it was concluded that the interface zones will perform

satisfactorily during and immediately after the design earthquake, and that no

remedial action of any kind is indicated for this project feature from a

seismic stability viewpoint.
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Table I

Materials and Borrow Areas for Wing Dams

Zone Material Use in Dams Borrow Areas

A Rockfill (10-30 percent RWD shell Stockpiles 1, 2, 3, and 4
minus No. 4) (American River

channel excavation)

B Alluvial gravel dredge RWD transition Stockpile 7
tailings Borrow Area No. 7

Borrow Area No. 8

C Decomposed granite (SM) RWD core Stockpile 6
Borrow Area No. 2

E Dredge tailings LWD shell Borrow Area No. 5
(Blue Ravine)

F Dredge tailings LWD filter Borrow Area No. 5
(processed minus
2 in.)

G Decomposed granite (SM) LWD core Borrow Area No. 1

Note: RWD - Right Wing Dam.
LWD - Left Wing Dam.
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Table 2

Compaction Equipment and Effort Required by Specification

Document 1532 for Zoned Fill Materials

Maximum
Lift

No. of Thickness

Zone Sources(s) Equipment Passes (inches)

A (shell) Stockpiles 1, 2, 3, D-8 Cat. tractor 1* 48**
and 4

E (shell) Borrow No. 5 D-8 Cat. tractor 1* 24

B (transition) Borrow 37 and Stockpile D-8 Cat. tractor 1* 24
No. 7

F (transition) Borrow No. 5 (processed D-8 Cat. tractor 1* 12
minus 2 in.)

C (core) Borrow No. 2 and Stock- Sheepsfoot roller 12 12
pile No. 6p Pneumatic-tired 6 18

roller

Pneumatic tamper -- 4

G (core) Borrow No. 1 Sheepsfoot roller 12 12

Pneumatic-tired 6 18
roller

Pneumatic tamper -- 4

* "Coverage" rather than "Passes." Specification documents required one

complete coverage with the D-8 Cat. tractor. It was estimated that one
complete coverage with this equipment corresponds to approximately
4 passes.

•* Later changed to 144 in. as per Engineering Daily Log dated 18 October

1952.
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Table 3

Material Properties Used in Initial Design of Wing Dams

a. Soil Characteristics
Impervious Dredge Foundation

Material Core Tailings Zone "A" Zone "B"

Dry wt lb/cu ft 123.4* 125.0 108.0 141.0
Moist wt lb/cu ft 134.0 133.0 117.1 149.7

Saturated wt lb/cu ft 140.0 143.8 130.4 151.2
Buoyed wt 77.6 81.4 68.0 88.8
Tangent * 0.70 0.84 0.60 1.00
Cohesion lb/sq ft 0.0 0.0 0.0 0.0
Permeability ft/day 0.5 10.0 7.0

* At 95 percent modified A.A.S.H.O. density.

b. Summary of Stability Analyses
Slope Condition Force Method Min F.S.

Upstream Reservoir empty Gravity Infinite slope 1.89
slope Slope I on 2.25

Submerged slope Gravity Infinite slope 1.89
Slope I on 2.25

Water surface Gravity Circular arc 1.54
elev. 427.0

Water surface Gravity Circular arc 1.59
elev. 466.0

Reservoir empty Gravity and Infinite slope 1.66

Slope 1 on 2.25 0.05 earthquake

Submerged slope Gravity and Infinite slope 1.51

Slope 1 on 2.25 0.05 earthquake

Water surface Gravity and Circular arc 1.26

elev. 427.0 0.05 earthquake

Water surface Gravity and Circular arc 1.26

elev. 466.0 0.05 earhtquake

Downstream Reservoir empty Gravity Infinite slope 1.68

slope Slope 1 on 2

Water surface Gravity Circular arc 1.51
elev. 466.0

Reservoir empty Gravity and Infinite slope 1.49

Slope I on 2 0.05 earthquake

Water surface Gravity and Circular arc 1.33
elev. 466.0 0.05 earthquake

(Continued)

Note: The typical section shown on the next page defines the material zones

referred to in Table 3a and the geometry used in Table 3b.
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Table 7

Results of Recent Laboratory Tests of Samples

in Interface Zones of RWD

Particle

Drill Depth Soil Specific Liquid Plastic Percentage
Hole (ft) Classification Gravity Limit Limit Gravel Fines

R-1 3.8-6.3 SM 2.70 NP 1 19

R-1 11.3-13.8 SC 2.70 25 16 1 27

R-3 12.8-17.7 2.74 11 13

R-I 13.8-16.5 SM-Sw 23 21 2 11

R-3 17.7-19.5 SM 2.74 23 21 4 15

R-3 19.5-20.0 2.74 5 19

R-3 20.0-21.2 SC 2.74 29 21 2 23

R-I 20.8-23.3 SM 2.72 19 17 4 26

R-3 21.2-23.7 SM-SC 2.74 26 19 5 25

R-3 27.0-27.6 SM 2.74 28 23 2 21

R-3 28.0-29.3 SM-SC 2.74 28 21 0 24

R-3 29.3-32.6 ML 2.74 25 23 21 73

R-3 32.6-34.2 SM 2.74 21 18 2 29

R-3 34.2-39.5 SM 2.74 25 22 4 16

R-1 36.3-38.7 SM-SC 2.70 26 20 9 15

R-3 39.5-42.6 SM 2.74 25 23 15 15

R-1 46.2-49.1 SM-SC 22 16 3 21

R-3 46.5-47.0 2.73 0 24

R-3 47.0-49.0 SM-SC 2.73 25 20 2 26

R-4 54.0-54.5 SC 2.73 27 18 6 28

R-4 54.5-56.7 SC 2.71 28 19 11 20

R-4 64.0-67.5 SM-SC 2.71 23 19 9 22

R-4 67.5-68.6 SC 2.71 25 17 0 38

R-4 74.6-76.0 SM 2.71 23 20 6 16

R-4 76.5-78.4 SM 2.72 24 19 3 27

R-4 84.0-88.0 SM 2.72 24 22 5 20

R-2 89.6-92.3 2.73 1 21

R-4 94.0-94.8 SM 2.72 20 17 4 25

(Continued)
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Table 7 (Concluded)

Particle

Drill Depth Soil Specific Liquid Plastic Percentage
Dl e(ft) Classification Gravity_ Limit Limit Gravel Fines

Rl - ) - 27 3 21

R-4 94.8-98.0 2.73 3 21

7F-88-1 102.0-102.9 SC 26 19 5 22

R-4 104.0-105.5 SM 2.70 24 19 3 28

R-4 105.5-107.5 SM 2.70 22 19 2 29

R-2 107.2-109.7 SC 28 19 23 17

R-2 107.7-109.7 
3 23

R-4 114.4-114.9 SM 2.70 22 20 5 25

R-4 114.9-115.5 27 14 21

7F-88-1 116.0-117.5 SC 26 19 9 26

R-4 116.6-117.5 SM 2.70 22 19 4 32

R-4 124.3-125.8 ML 2.70 22 19 2 90

R-4 126.7-127.2 SM 2.70 21 18 1 29

R-4 127.2-128.8 SM-SC 2.70 25 19 1 28

7F-88-1 132.0-132.5 SC 30 20 6 5

7F-88-1 162.0-162.5 SP 
NP 0 4

7f-88-1 180.0-181.5 SC 29 20 0 25

Quantity of tests 
35.0 37 37 44 44

Sample average: 
2.72 25 19 5 25

Sample standard deviation: 
0.017 2.7 1.8 5.2 14.2
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Table 8

Results of Recent Laboratory Tests of Samples

in Interface Zones of LWD

Particle

Drill Depth Soil Specific Liquid Plastic Percentage
Hole (ft) Classification Gravity Limit Limit Gravel Fines

L-3 4.0-7.5 ML-CL 2.79 25 20 3 92

L-3 8.0-9.1 ML-CL 2.77 24 19 1 88

L-1 11.8-14.1 SM-SC 26 20 1 18

L-3 12.0-15.3 ML-CL 2.78 26 20 5 90

L-1 14.1-16.5 SC 2.75 30 19 3 33

L-3 16.0-17.3 CL 2.78 27 19 1 74

L-I 19.0-21.5 SM-SC 25 18 2 23

L-3 24.0-27.5 CL 2.78 27 18 1 85

L-1 24.0-26.9 SC 2.74 27 19 0 26

L-3 28.0-29.2 . CL 2.78 29 20 1 89

L-1 29.1-36.6 SC 25 16 2 19

L-1 34.0-36.6 SM 2.80 NP 3 15

L-3 38.5-39.5 CL 2.78 25 17 2 91

L-3 40.0-43.5 CL-ML 2.78 23 17 2 94

L-3 48.9-51.5 CL-ML 2.78 24 20 2 91

L-4 49.8-54.0 2.75 5 15

L-3 52.1-52.6 ML 2.78 25 22 3 90

L-4 54.0-58.0 SM 2.75 25 22 5 17

L-2 54.6-57.9 SM 24 22 6 16

L-4 64.7-67.5 SC 2.75 24 19 6 16

L-4 67.0-68.0 SC 2.75 30 19 1 29

L-4 68.0-72.2 SC 2.75 28 20 2 22

L-4 72.2-73.0 SM-SC 2.75 26 19 3 21

L-4 73.0-73.5 SC 2.75 27 18 1 33

L-4 84.0-89.0 SM 2.78 25 22 3 19

L-2 87.3-89.6 SC 2.76 28 19 0 19

L-2 89.6-92.3 SC 2.76 28 19 2 22

L-4 92.5-94.0 SM 2.78 26 22 0 17

(Continued)
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Table 8 (Concluded)

Particle

Drill Depth Soil Specific Liquid Plastic Percentage
Hole l (t) Classification G Limit Limit Gravel Fines

L-4 94.0-99.5 SM-SC 2.78 25 21 2 20

L-4 99.0-104.0 SM 2.78 28 23 3 22

L-4 108.5-110.0 SM-SC 2.74 25 19 0 22

1 23

L-4 110.5-111.5 2 28

7F-88-2  120.0-124.0 SC 28 19 0 28

7F-88- 2  138.0-140.0 SC 29 21 0 25

7F-88-2  154.0-156.0 SC 29 21 0 23

7F-88-2  162.0-164.0 sc 29 22 4 24

Quantity of tests: 
28.0 34 34 36 36

sample average 
2.77 26 20 2 40

Sample standard deviation: 
0.017 1.9 1.7 2.0 31
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SPKED-F 10 Sep 85

MEMORANDUM FOR RECORD

SUBJECT: DSAP - Folsom Dam Wraparounds - Meeting with Mr. John Ott

1. On 10 Sep 85, the undersigned met with Mr. John Ott at his home in
Berkeley, CA. This meeting was to discuss the placement of materials in the
Folsom Dam wraparounds. At a meeting in Sacramento on 19 Jun 85 with Water-

ways Experiment Station (WES) personnel and technical specialists Dr. H.
Bolton Seed and Dr. Ralph B. Peck, concerns about wraparound placement methods
were expressed. It was agreed that interviews of people present during
construction would be sought. Mr. Ott was in charge of the Folsom Dam Project
Lab during construction. He later became Director of SPD Laboratory.

2. At the meeting with Mr. Ott construction photos as presented by WES in the
meeting of 19 Jun 85 were shown. After reviewing the photos Mr. Ott made the
following statements about the wraparound; his recall of events was remarkably
good.

a. The earthwork techniques at the embankment to concrete wraparound were
of concern to the Corps of Engineers. Special care was taken to insure a well
constructed wraparound and Corps personnel paid particular attention to this
area.

b. Cleanup before placement of embankment materials was thorough.

c. Areas not accessible to heavy compaction equipment were compacted
using hand tampers on material placed in 4 inch lifts.

d. Tests were made to insure materials were properly compacted.

e. Materials previously placed by and for the contractors benefit were
removed and placed in approximately horizontal lifts - this included materials
with a substantial height differential between the end of the concrete wall
and upstream or downstream of the end monoliths and materials behind retaining
walls.

f. Mr. Ott expressed confidence that the wraparound was well constructed
and closely monitored by Corps personnel.

CF: ETH L. NEAL
Dr. Ralph B. Peck Asst. Chief, Geotechnical Branch
Dr. H. Bolton Seed /7
WES, ATTN: Maryellen Hynes-Griffin
John E. Ott
cc: Eng Div (2) GILBERT A. AVILA

Civ Des Br Soils Des Section
Geotech Br
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26 October 1953

DAILY LOGS

SUBJECT: Folsom Project - Right and Left Wing Envelopment Construction

1. On 26 October 1953, Mr. H. A. Johnson and the undersigned attended a
discussion of the proposed construction of the Right and Left Wing Dam Envel-
opment Sections at the Folsom Project. Messrs. Beatie and W. Clark of the
Folsom Project and Colonel Beckham and Mr. 0. H. Hart of the Construction-
Operations Division, were also present.

2. The contractor's plan, as shown on his drawing No. D-71, dated
18 September 1953, entitled "Proposed Construction Left Wing Dam Envelopment
Section," requires first-state construction of the upstream side of the
embankment to elevation 440 with the decomposed granite (Zone G) section par-
tially completed and constructed on the downstream side to the same slope, and
in the same plane, as the downstream face of the concrete dam (1 on 0.70).
Second-state construction consists of raising the embankment to full height
(elevation 480.5) and section after the trestle has been removed. Mr. Johnson
pointed out the deficiencies in the contractor's plan as follows:

a. The proposed plan does not permit keeping the embankment 50 to
70 feet above the lowest concrete block as required by the specifications as
the embankment will not be extended above elevation 440 at the Left Wing
Envelopment until after the concrete has been completed and the trestle
removed.

b. The slopes of approximately 1 on 0.70 for the decomposed granite
core are too steep to be safe and in addition will not permit adequate compac-
tion to the end of the fill as it is brought up. It was stated that the
uncompleted downstream decomposed granite core could be temporarily con-
structed during first stage to a 1 on 1-1/2 slope as long as water was not to
be ponded behind the embankment. It was agreed by all present that the prob-
lem of keeping the embankment 50 to 70 feet above the lowest concrete block
did not exist for the coming wet season but the following year would be criti-
cal. It was further agreed that the decomposed granite could be constructed
to partial section with a downstream slope no steeper than I on 1-1/2 for the
coming wet season; however, the following year when there is a change that
water will be behind the embankment it would have to be constructed to full
cross-section, to a height of 50 to 70 feet above the low block.

3. The portions of the right and left envelopment sections now under
construction were inspected. Beyond the right end of the concrete dam within
the abutment excavation area decomposed granite fill has been placed to a
depth of 10 to 15 feet above the bottom of the rock excavation. No material
has been placed along the downstream side of the concrete. In order to permit
the contractor to place as much fill as possible in the first-stage construc-
tion it was agreed that he would be allowed, if he so desired and at no extra
expense to the Government, to place the decomposed granite, starting as far
riverward along the downstream concrete face as the trestle bents permit, on a
1 on 1-1/2 slope extending around the end of the concrete dam with the height
to be limited by the intersection of the 1 on 1-1/2 slope with the required

j B2



upstream decomposed granite core slope of 1 on 0.75. In the second-stage con-
struction, the embankment would be brought to full cross-section to the height
required by the specification.

4. On the left abutment, the decomposed granite has been brought around
the end and upstream face of the concrete to a height of approximately
40 feet. The fill has been brought up flush with the downstream face of the
concrete dam on a slope of 1 on 0.70. Along the upstream face of the concrete
dam, the decomposed granite fill and 12-foot wide transition (Zone F) have
been constructed on a slope of 1 on 0.75; however, the dredge tailing shell
(Zone E) has not been placed because of the existing timber crib in Monolith
No. 23 and also because fill cannot yet be placed below the crib. The slopes
both on the downstream and along the upstream face are being constructed too
steep to be safe and get compaction at the edge of the fill, and it was agreed
that fill operation would be discontinued in this area to approximate Sta-
tion 303+00. Beyond Station 303+00, the Left Wing Dam would be constructed
leaving a steep slope at Station 303+00. Then when the trestle is removed
allowing more room to operate, the fill in the envelopment area will be com-
pacted by rolling perpendicular to the axis of the dam. It is not believed
that the decomposed granite fill placed on the above-mentioned steep slopes

can be compacted to the required density close to the edge of the fill due to
lack of restraint and it is further recommended that the densities of the fill

be thoroughly checked and the material removed and recompacted both upstream
and along the upstream face if it does not meet the compaction requirements.

5. Mr. Stinson, the contractor's superintendent, was informed of the
decisions with regard to the first and second stages of the envelopment con-
struction. He agreed to first-stage construction to I on 1-1/2 slopes on the
right abutment and to suspend operations between the concrete dam and approxi-
mate Station 303+00 on the left abutment. He further stated that when he
received the plans on the treatment of the slide area in the left wing down-
stream envelopment area, he would prepare a plan of operation to construct the
embankment to full cross-section above the existing trestle, in accordance
with the specification requirements. This would entail removing the left end
of the construction trestle after completion of the end dam monoliths but
before completion of all dam concrete, by the construction of a railway for
concrete cars on the downstream slope of the completed embankment for access
to the remaining construction trestle. It will entail removing the right end
of the construction trestle after completion of the right end monolith but
before completion of all dam concrete.

JAMES A. RICHARDSON, JR.
Chief, Soils Section
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11 November 1953

DAILY LOG

SUBJECT: Folsom - Right and Left Wing Envelopment Construction

1. Reference is made to the Daily Log written by the undersigned, dated
26 October 1953, subject as above. On 11 November 1953, the undersigned
accompanied Mr. Dana Leslie of the Division Office on an inspection of the
envelopment construction. The problems in regard to the partially constructed
steep decomposed granite slopes, as discussed in the above-referenced daily
log, were discussed with Messrs. W. Clark and J. Ott of the Folsom Project who
were present.

2. Mr. Clark said that the contractor's plan (as approved in a District
meeting on 4 November 1953) is to place the decomposed granite core material
(Zone C) within the area of the right abutment concrete dam excavation land-
ward of the right end of the concrete dam to approximate elevation 380. Ele-
vation 380 is the approximate original ground surface in this area. No fill
will be placed along the downstream face of the concrete dam resulting in
practically a vertical slope in the plane of the end of the concrete dam from
the vertical slope in the plane of the end of the concrete dam from the down-
stream, landward corner of the dam to the downstream abutment excavation slope
opposite this corner. No more fill will be placed in the left wing envelop-
ment area. Mr. Clark stated that project personnel and the contractor real-
ized that it would be necessary to remove loose material from the outer
portions of the slope not meeting compaction requirements.

3. It was pointed out to Messrs. Clark and Ott by Mr. Leslie and the
undersigned, that because of the probable low densities obtained at the outer
portions of the steep slopes, it would be necessary to excavate material
already placed in both the right and left envelopments to obtain material of
the required density. In addition, it was pointed out that the embankments
were designed on the basis of the decomposed granite fill materials having a
maximum shear strength of tan 0 - 0.70 and that any movement which produced
small strains in this material could result in a reduction to the ultimate
shear strength which is in the order of tan 0 - 0.58, i.e., a small movement
of the fill (which might not be detected in the fill) due to the present steep
slopes could result in weakened planes within the embankment. In order to
insure that weakened planes and also low density material will not

(The continuation of this Daily Log is unavailable and therefore, could not be
printed.)
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30 November 1953

DAILY LOG

1. A conference was held on the subject of curtain grouting of the Main
Dam at Folsom. Present at the conference were the following: Messrs. Brooks,
H. Johnson, Newman, B. Clark, Dettmer, Beatie, Burke, Roddy, Heffington, Hart,
and Holdredge. The discussion was largely concerned with the interrelation-
ship between the grouting operation and the Main Dam contractor's schedule.

2 through 6. Not printed.

7. Placement of the wrap-around section of the right abutment should
start not later than 1 October 1954, and it will, therefore, be in progress
during at least part of the curtain grouting operation.

8. It was pointed out that it probably will not be possible to place
the wrap-around fill in the downstream side of the left abutment prior to
about April 1955, unless it is placed by hand-tamping methods, because the dam
will not be topped out so that the trestle may be removed until January 1955.
In this connection, it was pointed out that one of the controlling factors in
the placement of concrete on the left abutment is the additional consolidation
grouting which is planned under Monolith Nos. 22 and 23. As now scheduled,
this will probably be done between 15 February and 1 April 1954, and concrete
placement in those monoliths cannot start until its completion.

9 through 12. Not printed.

CLAIRE P. HOLDREDGE
Chief, Geology Section

B5



APPENDIX C
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REPORT
OF

SOIL TESTS

FOLSOM DAM

LABORATORY PROGRAM

JULY 1986

AUTHORIZATION

1. Results of tests reported herein were requested by the Sacramento District
in laboratory requests Nos. SPKED-F-83-13 dated 7 October 1982, and SPKED-F-
84-68 dated 29 March 1984.

SAMPLES

2. Fifty-five ring density samples in sacks were received during the period
31 January 1983 to 8 December 1984. Six hundred sixty-two tube, Jar, and bag
samples were received during the period 17 April 1982 to 28 March 1984.
Identification of the samples which were tested are shown on the Soil Test
Result Summary plates.

TESTING PROGRAM

3. The program was in general accordance with the test request. Tests
included sieve analysis, Atterberg limits, specific gravity, and stress
controlled cyclic triaxial compression, monotonic R triaxial compression,
unconfined compression, relative density, and compaction.

TEST METHODS

4. a. Sieve analysis, Atterberg Limits, Field Unit Weight, Triaxial
Compression, Compaction, Specific Gravity, Relative Density, and Cyclic
Triaxial Compression. Testing conformed to the procedure described in
Engineer Manual, EM 1110-2-1906, Laboratory Soil Testing," 30 November 1970.

b. Classification. The soil was classified in accordance with "The
Unified Soil Classification System," TM No. 3-357, Appendix A, April 1980.
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FIELD UNIT WEIGHT AND RELATIVE DENSITY SUTciARY

FOLSOM DAM

RIGHT WING DAM

Field Relative

Division Hole F.S. Depth, Ft. Unit Weight Density, pcf.

No. No. No. ib/cu.ft. % W.C. Min. Max.

87221 R-1 7 16.5-18.3 129.4 6.8

87227 R-1 13 31.2-33.7 122.3 11.8

87233 R-1 19 49.1-51.6 1.26.0 10.0

Composite:

87232 R-1 18 46.2-49.1 73.4

87236 R-1 20 56.8-59.

87264 R-2 3 67.2-69.6 127.2 10.3

87272 R-2 11 87.2-89.5 127.3 9.5

87217 R-2 16 99.8-102.4 124.1 10.4

p2ArE 40
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140'-

S135. N1

125-

3 4 5 6 7 8 9 10 11 12
Water content, percent of dry veight

Rodif ied coa~action test

2 5 blows per each of 5 layers, with 1 0 lb rainr and

18_-nch drop. 4 inch diameter zold

Uasple NlV or Clasification G LI PL %> /
No. Depth No. 4  3/4 in.

9&26 21-70 Silty Sand (SM) 2.72 19 17 4 1

Smple Mo. f
Natural vater content, percent

Optimam iter content, percent 7.1

x dry density, lb/cu ft 134.9

Bmrka Composite: Proect Folsom Dam - Right Wing Dam

87223 & 87240

Arms

Bring No R=Dte June 1984

COMPACTION TEST REPORT
~~~C19 l 1
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CYCLIC TRIAXIAL TEST REPORT DaeMay 1986

Pioject FQ1som Dam -Right Wing Damn Boting No. R-1 &R-2

Sample No. 2,5,15,19 Methodof Specinten Piepalation Undisturbed

6U 
. .

c 0
NUMB ii OFCY LE ,

M E N H A 1 M A
NO O N IT IINII it ai: Ki

8722 12. 971010 ~ 0 1 11

8728 125.7 0 9.4. .2

C20 &W 77-
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8

~ 4

0,

4 1 SOMLTE~O IT 16 20 24

15 l11SEIMNN.A B C D
WATER CONTENT. 11W I.6 Z .2 .5

- _ ORI DENSITY d13. 8 118. 7 121.1125.7
+1 I--L ' uI

a SATURATION. so 1 7 7 3

10 VOID RATIO *. -. 480 0.42010. 3910.355
WATCR CONTENT, w, 7. 0 14.8 13.8 12.1

X lS/CLIT 15.5 120.4 1227 128.01
W - 5ASAIN 00 100 100 100

a 0

IL VOI R iATIO -6_458. 0. 39 9 .. 03
4 PRESSURE. T/SOFIT U, .48 4.32 7.92 5.76

-- ~~~~MINOR PRINMCIPAL.01.0 20040
a ~~~~STRESS. T 'SQ IT1_ 0 1 0 2.0 4 0

STRESS -U
3
1 I2.60 15.15 1. 45

TIME TO a-1730) MN t 4 2 4 2

S IQ1 I1 20 UTIE LEITTI I
1 

QI

AXIAL STRAIN.. INITIAL DIAMETER, IN. ao 2.82 2.82 2.80 2.88
CONTROLLED- Stress TEST IN14ITIAL .EIGI4T. I-- -.P2 64 .1 .5

DESCRIPTION OF SPECIMENS A)Silty Sand(SM) ;B)Clayey Sand(SC) ;C)Clayey Sand(SC-SMiYT

D)Silty Sand(SM)
LL See Su ary I- I.- TYPE OF SPgCIMEN und istsirbedl TYPE OF 'T

REMARK(S: Post-cyclic. PROJECT Vol som Dam-Righ~t WIjng flIm SaImples
Div. No. Boring FS Dep th ____ ____

A)0 87216 R-1 2 3.8-6.3 BORING NO. R-1 & R-2 SAMPLE No.

B)x 87219 of 5 11.3-13.8 OEPTIVFLEv 3.8 - 109.7
CA~ 87229 " 15 36.2-38.7 LABORATORY D~n AT. March 1986

Io7280 R-2 19 107 .2-109.71 TRIAXIAL COMPRESSION TEST REPORT

pt A TIC 50
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FAILURE SKETCHES

0 - 11

I COTOIE STIS - L

052

CONTROLLED STRAIN 0 5 10 52
AXIAL STRAIN, %

____ ____ ____ ____ __ ~__Ax
TEST NO. R-1, FS 6 R-1,FS 20 R-2,FS 18

TYPE OF SPECIMEN Undist. Undist. Undis t.

WATER CON4TENT W" 9.4 10.7 9.6 /

VOID RATIO e.0.547 0.371 0.516

-SATURATION 47 9 78 10 51

DRY DENSITY, LSICU FT~ 110.1 123.3 112.4

TIME TO FAILURE, MIN ~' 3.7 4.0 14

UNCONFINED COMPRESSIVE q 02 .5 04
STRENGTH, T/50 FT 02 .5 04

UNDRAINED SHEAR STRENGTH, T/SQ FT S.0.1-1 0.57 0.22

SENSITIVITY RATIO S,

INITIAL SPECIMEN DIAMETER, IN D). 2.80 2.83 2.81

INITIAL SPECIMEN HEIGHT, IN. I,6. 40 6.17 6.13 ____

CLASSIFICATIONO Silty Sand(SP-SM) . Silty Sand(SM) a. Silty Sand(SM)
LL 23, 24, - VPL 21, 22, -Pf 2, 2, NP IG. 2.73,2.71,2.73

REMARKS______________ PROJECT FOLSOM DAM____

Div. No. Hole Depth ______ ___

V87220 R-1 13.8-16.5 AREA Right Wing Dam _______

87234 R-1 54.6-57.9 BORING No- R-1 & 2 SA.MPIENO.

87279 R-2 89.6-92.3 ELT DA9Jff 84

UNCONFINED COMPRESSION TEST REPORT
PLATE XI-.2
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FIELD UNIT WEIGHT AND RELATIVE DENSITY SUMMARY

FOLSOM DAM
LEFT WING DAY

Field Relative
Division Hole F.S. Depth, Ft. Unit Weight Density, pcf.

No. No. No. _b/cu.ft. % W.C. Min. Max.

Composite:

87207 L-1 12 29.1-31.6 80.4

87210 L-1 15 36.6-36.0

87246 L-2 6 57.1-59.6 129.9 9.7

87251 L-2 11 72.1-74.6 129.4 9.3

87259 L-2 19 92.3-94.8 128.8 9.5

PLF 74
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140-

135. - _

S1 30.-.~ LIM -

40

125-

1202

LLLL

3 4 5 6 7 8 9 10 11 12
Water content, percent of dry weight

Modified -compaction test

. 2 blows per each of . layers, with 10 lb rwmmer and

.1 .nch drop. 4 inch diameter mold

Smiple fley or Classification G LL PL % >  % >

No. Depth No. 4 3/4 in.

8&18 19-47 Clayey Sand (SC-SM) 2.74 25 18 2 i

Salee No.
Natural vater content, percent

Optiunwter content, percent 7.5

Mx dr denity, lb/cu ft 1 36.3

F~marks ProjOct Folsom Dam -Left Wing Dam

ComposiLte: 87203 and

87213 Area

Brin No. Ito Date,1 11 . 1984

_COMPACTION TEST REPORT

P LATE 75
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4Piojcct Folsom Dam - Left Wing Darnoh& o

Sample No. 5 0  1.Nehod of Specimen Piepaion udsubd_____________ ____

5,,0 17unisure

CIL

ccj LU $

ftc~~ -u I __

6

I k.

4J ]I t I 
177"

3IMi ~ ~~

SF1 CI. WO~. lot r (CIT STRAIN. c.
WFN Ol ..A I I V C R'A I~ ____ .. SSR ,11" 

W cL - .N

NO. DINSIlY urt'llIl 1; a ~ K, 14,o N . t

12.2 - .51.0 1 1.0 04L 0.22 70 - - - - - -

87201 119.5 ~- .95 1.0 1.0 1.O3 0.51 1/2- 5 - - 4.5 17 78

87902.0264.09§0.9Q 0.23 1. 49 - - - -

872571125.5 - .97 40 1 . 1.71 0.21 1__ 5 5 iq- L.5J 3
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alt

10-

w 5 I

W ATERATCONT. W.I 0.5 T35 7.6107

DR

______12 S._ 212_ 7.9 09 1 .,
JDRSS T-SFT 123_ _ .62

- ULTIMATEOEVIATOR 00,100,100 -00

AXI, STAI.O.ID RIAMT.IN eO .373 0.8 3 2.8 23 .905

CONTROLLE~~ Stress TEST INAL 97.7T N. ~ 6 6 6 7 .4 64

LI e L5 ~ r a2 75 O TPRIoNSCIMEL vr~c YEOFTS

~~)STRESS b-T 1.-41 OISO 1 203 .48 20.91 6-3M0L

1) 201 UL 1 .- 6. TIE'EEVA

C)8725 b- 10 24-2. 1AOATR SaI)L r I1n i

87257 es TES 2H.8 -9.6 RALCMRSSO ETRPR

DESCRIPTION ~ ~ ~ ~ ~ ~ ~ ~ PA7 OfSEIESA lyv'4l~cR) ,: ;ld

LL t~ STIE -SPCIENiin ist rb d ITYEC-4ES
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FAILURE SKETCHES

Li CONROLLEDSTRES

~ CONTOLLEDSTRAI.1502
4f ~ ~ ~ XA STRIN --- -IT - 7

0~

TEST~~~ ~~ NOIf_ -,S 4 L~,F -2F 8 ___

TYPE O SPECIEN Undst. UIf t nit

U CONTRED M RESS

ORNHTRODSTRI 0 1.4 01 1.002
UNORAINE ~ ~ ~ ~ ~ ~ AIA SHEARN STEGHIQF .0 400 .5

ITIASPEIE DIMEER INI FS~ 2. 4 L2.5 s L283 1

INITIAL SPECIMEN HEIGHT, IN.st H 635 .386.2

CLAIDIRATION Silty 0.423SM 0. Sit/132M l lyy ad

SAUATO S" 22, 19 67 6P 2, % 28,27,27

UNCOFINE CO2M4PR5.EBOINSN.SISVPEEO

-NRIE SHEAR_______ UNCONNGNE, COMRESIO TES REPOR 0.05

SENSITPLATE RATO-2

INTACPCIE IMTEI .5 2.85 2.83



APPENDIX D

RESULTS OF LABORATORY TESTS BY SOUTH PACIFIC
DIVISION LABORATORY (1989)
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