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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 l1: 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 (EGRMD), and personnel of Information Products Division,
Information Technology Laboratory, WES, provided drafting services.




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 ST (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 1v 4,448 newtons
° pounds per square psf 47,880 pascals

j foot

ﬁ= tons per square foot tsf 95.761 kilopascals
gallons per minute gpm 0.0038 cubic metres per minute
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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 1l 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

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

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

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.




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 differert
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.
. Anticipate potential modes of failure.
. Identify key elements that control stability.

e o (o |

Study these elements to assess adequacy of performance.
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7.

The potential modes of failure that required study were narrowed to

the three modes listed below:

8.

modes were

9'

3.
b.

o
L ]

Cracking and separation of the embankment core and the CGD.

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 poecl, or sliding involving
liquefaction of the core materials.

Liquefaction of the core, piping of liquefied core material

into downstream shell and progressive development of internal

erosion.

The key elements that control stability for these potential failure
identified as follows:

_a_-

The presence of defensive design measures built into the proj-

ect, in particular the large volume of cohesionless f1ill in
shell and filter zones available to fill cracks if they occur.

The liquefaction resistance and post—-earthquake strength of
shell and transition gravels.

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

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

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 desiyn 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:

10.

_a_o

d.

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

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

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

No significant deformations would occur in the Wing Dams as a
result of the design seismic event.

Another key element in the adequate seismic performance of the

interface zones is the sensitivity of slope stability in this zone to movement
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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
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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 review of current operational procedures and hydrologic records
(obtained for a 29~year period, from 1956 to 1984) for the reservoir which
shows that the pool 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 conditioms,
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 founiation 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 armg 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
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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
armg 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 igolated 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 1 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 fi{1lls 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
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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




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

20 cm/sec

Peak horizontal ground velocity
Bracketed Duration (2 0.05 g)

T

16 sec

L1}

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

25 cm/sec

(14

Peak velocity

16 sec

"

Duration

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:
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Peak acceleration = 0.35 g

19.5 cm/sec

n

Peak velocity

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 1is 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




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:

_8_.

y stability.

"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.”

"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."

"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

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 f1ll materials located there, the methods of placement and

compaction of these materials, and particular construction practices used in

1 this area. The purposes of this study were:

a.

R

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 gbove.

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 I1I).

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.

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
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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 Wing 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 1 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.

15




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 (1 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
5 the river.

i 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
1 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
FW 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 & 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 1 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 zome
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 45° E and dips NW 40° - 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 ercountered 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 45° E) and dip northwest (roughly N 45° W), near wall axis Stations 1+65 and
2417. 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 1 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 1420, 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 1s 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 comstruction 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 momno-
1ith 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 1 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
progress 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 raflway 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 f111 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. 1 (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 30°
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 f1ll 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 2zones, 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.

S7. 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 1ift 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 1ift 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 1lift 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 surfac