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1.0 EXECUTIVE SUMMARY

1.1 Objectives

The objectives of the construction materials investigation program were to
identify the types of available on-site materials, examine their potential uses, and
perform limited testing and evaluation to determine their suitability for use in the dams
and appurtenant structures for the Sites Reservoir project.  It should be pointed out that
the objectives of the materials investigation program were developed using the design
principal that available on-site materials dictate the design and selection of the dam
sections.

The construction materials investigation program identified the following material
types within or near the proposed Sites Reservoir project area:

•  Impervious Materials (terrace deposits and recent alluvium)
•  Venado Sandstone (fresh and weathered from the Cortina Formation)
•  Mudstone (Boxer Formation)

These material types were further investigated, tested, and evaluated to explore their
suitability for use as the following types of construction materials:

•  Impervious Materials
•  Rockfill and Riprap Materials
•  Random Materials
•  Filter, Drain, and Transition Materials
•  Concrete Aggregate

1.2  Impervious Material

A surplus of impervious material exists within or near the Sites Reservoir project.
Previous studies by USBR identified four main areas of deposits encompassing roughly
36 million cubic yards of material.  Additional impervious materials are located within
required excavation areas for the appurtenant structures and Funks Reservoir
enlargement.

The proposed impervious materials are classified as low to medium plasticity
clays (CL)1, with lesser amounts of high plasticity clays (CH) and clayey sands (SC).
Dry, moist, and saturated densities were found to be 109 pcf, 127 pcf, and 131 pcf,
respectively.  Permeability tests indicate the material is very impervious with results on
the order of 10-8 to 10-9 cm/s.  From CUE triaxial testing, total friction angle (φ) was

                                                          
1 Uniform Soil Classification designation
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found to be 14º with a total cohesion (C) of 650 psf.  Effective friction angle (φ’) was
found to be 21.5º with an effective cohesion (C’) of 600 psf.

Although only limited testing was performed as part of the feasibility level
investigation, testing and evaluation indicate the impervious materials are suitable for
use in the proposed embankment dams.

1.3  Rockfill and Riprap Material

The best available source of clean rockfill material within the project area is the
fresh Venado sandstone, distinguishable from the weathered Venado sandstone.  Four
prospective sandstone quarry areas have been identified near the dam sites.  Sufficient
quantities of Venado sandstone are available in the proposed quarry areas for
construction of the embankment sections currently under consideration.

Petrographic examination characterizes the Venado sandstone as an arkosic
graywacke with fine to medium grained structure, and comprised mostly of quartz and
feldspar.  Test results indicate the specific gravity to be approximately 2.5, while
absorption results ranged from roughly 3% to 5%.  Unconfined compressive strength
testing on the fresh Venado sandstone indicates strengths of about 9,600 psi for the dry
material and about 7,000 psi for the saturated material.  Shear strength estimations
indicate a friction angle (φ’) of 42º.  Dry, moist, and saturated densities were found to be
116 pcf, 122 pcf, and 136 pcf, respectively.

Material testing and evaluation indicate the fresh Venado sandstone to be of
sufficient quality for use as clean rockfill and riprap materials.  In addition to the testing
and evaluation performed as part of this investigation, the suitability of the Venado
sandstone is evidenced by its performance at Funks Reservoir’s dam.  The upstream
slope protection on this embankment dam is comprised of the Venado sandstone and
has been performing satisfactorily since the mid 1970s.  Another indicator of the
suitability of the Venado sandstone is a review and comparison of particle breakage of
the Venado sandstone and Pyramid Dam argillite during large-scale triaxial testing
performed by UC Berkeley in the 1970s.  The particle breakage of the sandstone was
comparable to the argillite, which has performed satisfactorily as rockfill material in
Pyramid Dam, both as riprap and shell material.

1.4  Random Material

Random embankment material will be comprised of materials unsuitable for use
as clean rockfill.  It will consist of weathered sandstone, mudstone, slopewash, etc from
excavations for the dam foundations, appurtenant structures, and the rockfill quarries.
Abundant quantities of random material are available for construction of Golden Gate,
Sites, and the saddle dams.
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It is anticipated that two general types of random materials will be generated
during construction depending upon the source of the material.  One type of random
material will be comprised of predominantly weathered sandstone from the Cortina
Formation, while the other type will be predominantly mudstone from the Boxer
Formation.  It should be pointed out that the mudstone from excavation of the Boxer
Formation will tend to be “soil like”, because of its propensity to break down when
exposed to air and water, and excavation and compaction operations.  The weathered
Cortina formation will tend to be a dirty rockfill.

Compressive strength testing indicates the mudstone and weathered sandstone
have compressive strengths of approximately 3,500 psi and 5,000 psi, respectively.
Warranting special note, the average compressive strength of the mudstone only
included one near surface sample, while the majority of the samples were obtained at
depth.  That near surface sample demonstrated a compressive strength of 1,200 psi,
which indicates that the material comprised of mudstone from excavation will be of low
strength.

Shear strength estimations indicate an effective friction angle (φ’) of 40º for the
material comprised of predominantly weathered sandstone.   The material comprised
predominantly of mudstone was estimated to have an effective friction angle (φ’) of 35º,
a total friction angle (φ) of 15º, and a total cohesion of 600 psf.  In-place densities for the
random material as a whole were assumed to be equivalent to the rockfill densities.
Dry, moist, and saturated densities were estimated to be 116 pcf, 122 pcf, and 136 pcf,
respectively.

Since random materials are generally used in portions of the dam embankment
where hydraulic conductivity and erosion resistant properties are not a consideration, a
comprehensive evaluation of the random material’s engineering properties is generally
not required.  As such, the limited testing and evaluation indicate the random materials
are suitable for use in the proposed embankment dams.

1.5  Filter, Drain, and Transition Material

Since sufficient deposits of sand and gravel are not available in the project area,
crushed Venado sandstone was evaluated for use as filter, drain, and transition
materials.  Although laboratory testing indicates crushed, fresh Venado sandstone may
be suitable as filter, drain, and transition materials, it was not extensively tested as part
of the feasibility level investigation since an extensive particle breakage and other
evaluation would have been necessary.  This particle breakage evaluation would have
required test quarries and fills and was considered beyond the scope of this feasibility
level investigation.  Since the suitability of the Venado sandstone cannot be confirmed
at this level of investigation, it is assumed that filter, drain, and transition materials for
the embankment dams will be imported from the closest off-site sand and gravel
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deposit.  This off-site deposit was identified as an old abandoned channel on Stony
Creek, between Orland and Willows.  It is approximately 35 road miles from the project,
and has an estimated material availability of 160 million cubic yards that far exceeds the
construction requirement.

Both shear strength and density were estimated from published data.  The filter,
drain, and transition materials are estimated to have a friction angle (φ’) of 42º.  Dry,
moist, and saturated densities were also estimated at 115 pcf, 121 pcf, and 135 pcf,
respectively.

1.6  Concrete Aggregate

As discussed in Section 1.5, sufficient deposits of sand and gravel are not
available within the project area.  Therefore, crushed Venado sandstone was also
evaluated for use as concrete aggregate.  Sources of sandstone are identical to those
identified for use in the rockfill and riprap materials.  Also, off-site sand and gravel
deposits were identified as alternative material sources as part of the geologic
exploration program.

Quality testing was the focus of the concrete aggregate evaluation.  Specific
gravity was found to be roughly 2.6, while absorption ranged from approximately 2% to
6%.  Los Angeles Abrasion losses were about 11% at 100 revolutions and about 47% at
500 revolutions.  Clay lumps and friable particles ranged from 1% to 5%.  Organic
impurities had standard colors of mostly “clear”.  Bulk density was estimated at roughly
88 pcf.

Since the test results indicate the crushed Venado sandstone only marginally
meets the adopted concrete aggregate criteria, the suitability of the sandstone can not
be confirmed without additional testing and evaluation considered beyond the scope of
the feasibility level investigation.  Therefore, it is assumed that concrete aggregate will
be imported from the off-site sand and gravel deposit on Stony Creek presented in
Section 1.5.  As discussed previously, an abundance of material is available from this
borrow source.

1.7  Summary of Engineering Properties for Stability Analysis

Table A presents a summary of the engineering properties recommended for use
in the feasibility level embankment stability analysis.
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Table A - Engineering Properties Recommended for Feasibility Level
Embankment Stability Analysis

Shear Strength Parameters
Effective Total Density (pcf)Material

φ' (deg) C' (psf) φ (deg) C (psf) Dry Moist Saturated
Impervious Material 21.5 600 14 650 109 127 131
Random, Predominately
Weathered Sandstone 40 0 - - 116 122 136

Random, Predominately Mudstone 35 0 15 600 116 122 136
Rockfill 42 0 - - 116 122 136
Filter, Drain, & Transition 42 0 - - 115 121 135
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2.0  INTRODUCTION

2.1  Sites Reservoir Project

Sites Reservoir is one of several alternative reservoir sites being proposed for
offstream storage as part of the North of the Delta Offstream Storage Investigation.
The reservoir would be located in Antelope Valley, about ten miles west of Maxwell.
Most of the project would lie within northern Colusa County, with portions of the
reservoir extending into southern Glenn County.

The reservoir currently under investigation has a storage capacity of 1.9 MAF
that would be impounded by a system of embankment dams including two major dams,
named Sites and Golden Gate, and nine smaller saddle dams.  The dams range in
height from 15 to 310 feet.  The maximum operating water surface elevation of the
reservoir would be 520 feet, which would inundate 14,700 acres.  The Sites Reservoir
project would also include appurtenant structures such as a:  spillway,
pumping/generating plant, inlet/outlet works, etc..

2.2  Construction Materials

The objectives of this feasibility level investigation, testing, and evaluation
program were to identify the availability of soil and rock materials within the project area
and assess the suitability of these materials for use in construction of the dams and
appurtenant structures.  Specifically, the use and engineering properties of the soil and
rock materials were sought for the purpose of preparing preliminary dam sections for
development of cost estimates.

Objectives of this program were accomplished by investigating, testing, and
evaluating the properties of the following material types available within the project area:

•  Impervious Materials (terrace deposits and recent alluvium)
•  Venado Sandstone (fresh and weathered from the Cortina Formation)
•  Mudstone (Boxer Formation)

This report presents a summary and discussion of the materials investigation and
laboratory testing performed on embankment materials for the Sites Reservoir project.
Engineering properties presented in this report were determined directly from laboratory
testing, estimated by empirical relationships, or estimated by reviewing published data.
Laboratory testing performed for this investigation included:  classification, compaction,
in-place density, permeability, CUE triaxial compression, and quality and physical
properties testing.  Testing by DWR was performed at the Bryte Laboratory in
Sacramento.



Sites Reservoir Feasibility Study
Materials Investigation, Testing, and Evaluation Program                                                  

7

3.0  PREVIOUS STUDIES

Construction materials, for use in embankment dams and levee protection, have
been investigated in the Sites and Antelope Valley area since the 1960s.  As such,
published data and reports were available for research.  Previous materials
investigations by USBR and USACE were used extensively for comparative purposes in
this report.  Figure 1 identifies USBR and USACE material investigation areas.
Warranting special note are two reports by USBR dated August 1969 and March 1980.
These reports summarized reconnaissance investigations of construction materials for
the Sites Reservoir project and comprised the majority of comparisons.

A UC Berkeley report published by Becker et. al. (1972) proved to be an
invaluable resource for the evaluation of engineering properties and suitability of the
Venado sandstone.  This report includes extensive shear strength testing of the Venado
sandstone along with comparisons to other rockfill materials.  Test results from this
study were frequently used to assist the current evaluation.
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4.0  CONSTRUCTION MATERIAL SOURCES

The Sites Reservoir area is on the west side of the Sacramento Valley in the
foothills of the Coast Ranges.  The area is underlain by Lower and Upper Cretaceous
sedimentary rocks of the Great Valley Sequence.  The major structural features in the
region include the Sites anticline, the Fruto syncline, and the Salt Lake fault.  A detailed
summary of the site geology and material deposits may be found in Division of Planning
and Local Assistance (DPLA) reports, included as references.  DPLA figures of site
geology are included as Figures 2 through 4, which also identify proposed borrow areas
and sample locations for DWR and USBR.

Impervious materials for the embankment dams will be excavated from plentiful
borrow deposits located within the proposed reservoir area.  This impervious material is
comprised of Quaternary terrace deposits and recent alluvium.  Previous studies by
USBR revealed four major borrow areas upstream of Golden Gate and Sites dam sites.
The four areas, designated as Area 1 through Area 4 in Figure 1, were adopted by
DWR who then performed similar testing within their boundaries. DWR and USBR
sample locations are depicted in Figures 3 and 4.  Impervious materials are also located
within required excavation areas for the appurtenant structures and Funks Reservoir
enlargement.

The highest quality rock available in the project area is the Venado sandstone.
The sandstone is a Cretaceous marine sedimentary rock of the Cortina Formation.  It is
fine to medium-grained and well cemented with a variable color indicative of the state of
weathering.  Fresh material has a light blue gray appearance, while the weathered
material has a brownish color.  Collectively, DWR, USBR, and USACE identified six
potential Venado sandstone quarry areas (identified in Figure 1).  Sufficient quantities of
sandstone exist to accommodate project requirements.  Incidentally, an operational
quarry is located one-quarter mile downstream of the Sites Dam site.

Mudstone, of the Boxer Formation, is a weaker, lower quality rock as compared
to the Venado sandstone.  Additionally, the mudstone tends to break down when
exposed to air and moisture limiting its use within the dam embankments to materials
that do not require “free-draining” properties (such as:  random materials, semi-
impervious materials, etc.).  Since numerous borrow areas are available in the reservoir
area and significant quantities of mudstone will be generated from required excavation
for the dam foundations, its borrow locations were not specifically identified or
quantified.

Since sufficient quantities of sand and gravel do not exist in near vicinity of the
reservoir area, off-site sources were investigated as an alternative to processing these
materials from Venado sandstone.  The nearest sand and gravel borrow area was
identified as an old abandoned channel on Stony Creek, about 35 road miles from the
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project site, between Orland and Willows.  Available deposits were estimated at 160
million cubic yards, an abundance of material is available to meet the anticipated
construction requirements.
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5.0  IMPERVIOUS MATERIAL

5.1  Introduction

The proposed source of impervious materials for construction of the dam
embankments are Quaternary terrace deposits and recent alluvium located within the
project area.  These materials are characterized as predominantly low to medium
plasticity clays (CL), with some high plasticity clays (CH) and clayey sands (SC).

Exploration by USBR was performed in the valleys upstream of the two main
dam sites in four areas, labeled as Areas 1, 2, 3, and 4 (Figure 1).  These four areas
contain an estimated 36 million cubic yards of impervious material with 4 million cubic
yards and 3 million cubic yards of material located within 1 mile of the Golden Gate and
Sites Dam sites, respectively.  In addition to the four borrow areas within the reservoir,
impervious materials are also located within required excavation areas for the
appurtenant structures and Funks Reservoir enlargement.  These required excavation
areas would be utilized until exhausted.

Exploration and sampling was performed by DWR and USBR at test pits and
auger holes located throughout the four areas to determine the extent and suitability of
the proposed impervious materials (Figure 3 and Figure 4).  Additional exploration and
sampling was performed by DWR at sites located upstream of Funks Reservoir within
the proposed excavation area for enlarging the reservoir.  DWR sample locations are
denoted by FR, GG and SC, while USBR used AP and TP to designate their sample
locations.  Table 1 describes the various sample locations.

Table 1 – Impervious Material Sample Locations

Sample Sampling Description Sample
Designation Agency Type

    FR-Aug 7 through FR-Aug 9 DWR     FR = Funks Reservoir Auger Hole
    GG-1 through GG-8 DWR     GG = Golden Gate Dam site Test Pit
    SC -1 through SC-10 DWR     SC = Sites/Colusa Dam site Test Pit
    AP USBR     AP = auger hole Auger Hole
    TP-1 and TP-2 USBR     TP = test pit Test Pit

DWR sample locations were selected to characterize the impervious materials
available within the project area.  The sample locations within the reservoir were
selected to compliment and confirm the exploration and testing performed previously by
USBR.  DWR bag samples were obtained at various depths within the test pits
corresponding to visual identification of different material types.  Classification testing
was performed on all DWR bag samples.  In addition, composite samples were
prepared from the bag samples in order to perform density, permeability, and shear
strength testing on samples representative of the materials within the proposed borrow
areas upstream of Golden Gate and Sites Dam.  The composite samples were
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composed of equal portions of material from test pits GG-1 through GG-8 and SC-4
through SC-10, excluding the approximate 10% finest and 10% coarsest samples.  The
composition of the composite samples is included in Appendix A.

5.2  Classification

The following test procedures were used by DWR to classify the proposed
impervious material:

•  Particle-Size Analysis of Soils (ASTM D 422)
•  Liquid Limit, Plastic Limit, and Plasticity Index of Soils (ASTM D 4318)
•  Classification of Soils for Engineering Purposes (Unified Soil Classification

System) (ASTM D 2487)

In addition to classification testing, the following test procedures were used by DWR to
provide additional characterization of the proposed impervious materials:

•  Specific Gravity of Soil Solids by Water Pycnometer (ASTM D 854)
•  Moisture, Ash, and Organic Matter of Peat and Other Organic Soils (ASTM D

2974)

Test procedures used by USBR were not indicated.  However, test results are
presented on USBR standard forms, and test procedures were probably performed in
accordance with USBR standard test designations.

Classification testing was performed on all DWR samples.  Table 2 presents the
classification summary, and the detailed test results are included in Appendix B.
Collectively, testing performed by DWR indicate that the proposed impervious materials
are predominantly low to medium plasticity clays (CL), with some high plasticity clays
(CH) and clayey sands (SC).  More precisely, the low to medium plasticity clays were
comprised of lean clay, lean clay with sand, and sandy lean clay.  Fat clay and fat clay
with sand made up the high plasticity clays.
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Table 2 – Classification Summary for Impervious Material

Golden Gate Sample Locations
Group Group Number of Percentage
Symbol Name Samples of Total

CL   Lean Clay 6 32
CL   Lean Clay with Sand 8 42
CL   Sandy Lean Clay 2 11
CH   Fat Clay 2 11
CH   Fat Clay with Sand 1 5

Total 19 100

Sites Sample Locations
Group Group Number of Percentage
Symbol Name Samples of Total

CL   Lean Clay 5 21
CL   Lean Clay with Sand 5 21
CL   Sandy Lean Clay 4 17
CH   Fat Clay 6 25
CH   Fat Clay with Sand 2 8
SC   Clayey Sand 1 4
SC   Clayey Sand with Gravel 1 4

Total 24 100

Funks Reservoir Sample Locations
Group Group Number of Percentage
Symbol Name Samples of Total

CL   Lean Clay 1 17
CL   Lean Clay with Sand 3 50
CL   Sandy Lean Clay 1 17
SC   Clayey Sand 1 17

Total 6 100

Testing performed by USBR indicate comparable material classifications.  For
reference, USBR test results are also summarized in Table 3, and detailed test results
are included in Appendix C.
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           Table 3 – Classification Summary of USBR Samples

USBR Samples Collected Near DWR Sites Sample Locations
Group Group Number of Percentage
Symbol Name Samples of Total

CL   Lean Clay with Sand 3 60
CL   Sandy Lean Clay 1 20
SC   Clayey Sand with Gravel 1 20

Total 5 100

USBR Samples Collected Near DWR Golden Gate Sample Locations
Group Group Number of Percentage
Symbol Name Samples of Total

CL   Lean Clay 2 18
CL   Lean Clay with Sand 6 55

CL-ML   Sandy Silty Clay 2 18
SM   Silty Sand with Gravel 1 9

Total 11 100

Figure 5 presents gradation curves for the DWR samples obtained upstream of
the Golden Gate Dam site.  As shown, the samples are similarly graded with the
exception of samples obtained from test pits GG-3 and GG-5 at depths of 10 and 15
feet, respectively.  Sandy lean clay was encountered within both test pits which may be
the result of their close proximity to Funks Creek.  With the exception of the coarser
samples obtained from test pits GG-3 and GG-5, the percent passing the No. 4 and No.
200 sieves varied from 98 to 100 percent and 77 to 91 percent, respectively.  Testing
performed by USBR indicates comparable material gradations and is presented in
Appendix C for reference.

Figure 6 presents gradation curves for the DWR samples obtained upstream of
the Sites Dam site.  Again, the samples are similarly graded with the exception of a few
test pits.  Test pits SC-2.1, SC-6.3, SC-8.2, SC-8.3 and SC-10.3 all encountered sandy
coarser materials probably resulting from their close proximity to neighboring creeks.
With the exception of the coarser samples obtained from the previously mentioned test
pits, the percent passing the No. 4 and No. 200 sieves varied from 98 to 100 percent
and 70 to 97 percent, respectively. Testing performed by USBR indicates comparable
material gradations and is presented in Appendix C for reference.

Figure 7 presents gradation curves for the DWR samples obtained upstream of
Funks Reservoir.  Test pit FR-Aug-7.2 is the only outlier curve, encountering clayey
sand at a depth range of 15 to 25 feet.  With the exception of the coarser sample
obtained from test pit FR-Aug-7.2, the percent passing the No.4 and No. 200 sieves
varied from 97 to 99 percent and 68 to 86 percent, respectively.  USBR did not perform
sampling upstream of Funks Reservoir.
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Figure 8 presents a plot of the Atterberg Limits for the samples collected
upstream of the Golden Gate Dam site.  The Plasticity Index of the samples ranged
from a low of 12 to a high of 42.  The Liquid Limit of the samples ranged from a low of
30 to a high of 59.  The average Liquid Limit and Plasticity Index of the samples was 39
and 22, respectively.  For comparison purposes, neighboring USBR samples had an
average Liquid Limit and Plasticity Index of 34 and 15, respectively.

Figure 9 presents a plot of the Atterberg Limits for the samples collected
upstream of the Sites Dam site.  The Plasticity Index of the samples ranged from a low
of 17 to a high of 51.  The Liquid Limit of the samples ranged from a low of 34 to a high
of 72.  The average Liquid Limit and Plasticity Index of the samples was 46 and 30,
respectively.  For comparison purposes, neighboring USBR samples had an average
Liquid Limit and Plasticity Index of 36 and 17, respectively.

Figure 10 presents a plot of the Atterberg Limits for the samples collected
upstream of Funks Reservoir.  The Plasticity Index of the samples ranged from a low of
13 to a high of 25.  The Liquid Limit of the samples ranged from a low of 29 to a high of
41.  The average Liquid Limit and Plasticity Index of the samples was 38 and 21,
respectively.  Comparisons to USBR Atterberg Limits were not made because USBR
did not sample upstream of Funks Reservoir.

Specific gravity testing was performed on a limited number of DWR samples,
including the composite samples.  Table 4 presents a summary of the DWR specific
gravity test results.  USBR test results are not presented in Table 4 since specific
gravity testing was performed on numerous samples.  However, detailed test results for
both DWR and USBR specific gravity tests are included in Appendix B and Appendix C,
respectively.  Specific gravity values for DWR and USBR samples ranged from 2.74 to
2.80 and 2.59 to 2.74, respectively.

Table 4 – Impervious Material Specific Gravity Summary

Sample Location Specific Gravity
SC-1.1 2.78
SC-1.2 2.79
GG-1.1 2.78
GG-1.2 2.80

GG-Composite 2.74
SC-Composite 2.74

Organic content testing was also performed on a limited number of DWR
samples, including the composite samples.  The organic content of the samples ranged
from 3.6 to 7.2 percent.  Table 5 presents a summary of the DWR organic content test
results.
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Table 5 – Impervious Material Organic Content

Lab Sample Sample Group Organic
No. Location Depth (ft) Symbol Content (%)

98-167 GG-1.1 5 CL 4.0
98-168 GG-1.2 10 CL 5.1
98-169 GG-1.3 15 CL 5.0
98-170 GG-2.1 4 CL 3.8
98-171 GG-2.2 10 CL 4.0
98-172 GG-2.3 14 CH 7.2
98-173 GG-2.4 * CL 6.1
98-157 SC-1.1 ** CL 4.7
98-158 SC-1.2 ** CL 3.6
98-159 SC-2.1 ** CL 3.7
98-160 SC-2.2 ** CL 4.4
98-161 SC-3.1 ** CH 4.9
98-162 SC-3.2 ** CH 5.0
99-1419 GG-Composite N/A CL 3.9
99-1420 SC-Composite N/A CL 4.2

Notes:
*   Depth of sample GG-2.4 is unknown.
**  Depths of SC samples are unknown.  Samples taken from stream banks.

5.3  Density

Compaction testing was performed by DWR on the two composite samples to
characterize the moisture-density relationship of the impervious materials.  The test
procedure used was ASTM D 1557, Laboratory Compaction Characteristics of Soil
(modified to a compactive effort of 20,000 ft-lbs./ft3).  Compaction curves for the two
composite samples can be found in Figures 11 and 12.  Table 6 summarizes the
compaction test results.  As shown, the maximum dry density and optimum water
content of the composite samples ranged from 110.0 to 111.8 pcf and 17.0 to 17.4%,
respectively.

Table 6 – Compaction Test Results

Sample Classification - Plasticity Maximum Dry Optimum Water
Location Group Symbol Index Density (pcf) Content (%)

GG-Composite CL 22 111.8 17.4
SC-Composite CL 30 110.0 17.0

Based upon the compaction testing performed on the composite samples, the
following densities are recommended for use in feasibility level stability analysis:  Dry
Density = 109 pcf; Moist Density = 127 pcf; and Saturated Density = 131 pcf.  The
recommended values represent an estimation of anticipated in-place densities for
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compacted impervious materials using an average of the composite sample compaction
test results and assuming 98% compaction at or near the optimum water content.

Compaction testing was also performed by USBR and the detailed test data
sheets are included in Appendix C for reference.  A summary of the USBR test results is
not included for comparison, since the USBR data sheets do not indicate the
compactive effort used during testing.  However, the average maximum dry density and
optimum water content of the USBR samples is comparable to the DWR test results
indicating that a modified compactive effort of 20,000 ft-lbs./ft3 may have been used
during USBR testing.  The average maximum dry density and optimum water content of
the USBR tests were 108.5 pcf and 17.9 percent, respectively.

5.4  Permeability

Permeability testing was also performed on the composite samples.  Testing was
performed in accordance with ASTM D 5084, Standard Test Method for Measurement
of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall
Permeameter, Falling Head Test.  The permeability tests were performed on the
composite samples prepared for CUE triaxial testing.  These samples were compacted
to approximately 98% of the maximum dry density at or near the optimum water
content.  Table 7 summarizes the test results, and detailed test results can be found in
Appendix D.

Table 7 – Permeability Test Results

Sample Average
Description Permeability (cm/s)

GG-Composite 1.0 x 10-8

SC-Composite 2.7 x 10-9

USBR’s Earth Manual lists a range of permeability for this type of material as 10-5 to 10-8

cm/s.  This indicates the tested samples are on the lower end of the permeability range,
indicating the soil is very impervious.  It should be noted, however, that lab technicians
encountered some difficulty performing tests due to the low permeability of the
impervious material.

5.5  Shear Strength

Consolidated undrained (CUE) triaxial testing was performed on the composite
samples to determine and evaluate the shear strength and stress-strain characteristics
of the proposed impervious material.  The CUE testing was performed in accordance
with ASTM D 4767, Standard Test Method for Consolidated Undrained Triaxial
Compression Test on Cohesive Soils.  Initial effective confining stresses, sample
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densities, and moisture contents were selected to approximate expected field
conditions.  Initial effective confining stresses were selected to range between 0.4 tsf
and 12 tsf with the samples compacted to approximately 98% of the maximum dry
density at or near the optimum water content.

Figures 13 through 18 present plots of deviator stress, effective stress ratio, and
pore pressure versus strain.  These plots were used to develop the failure envelopes
(Figures 19 and 20).  In addition, the detailed CUE test results are included in Appendix
E.  The failure criterion used to develop the total and effective stress envelopes are
listed below:

•  Total Stress Failure Criteria  - Failure assumed to occur at either the
  maximum deviator stress or 10 percent
  strain, whichever occurred first.

•  Effective Stress Failure Criteria - Failure assumed to occur at either the
  maximum effective stress ratio or 5
  percent strain, whichever occurred
  first.

Table 8 illustrates the shear strength parameters estimated from the CUE testing.

Table 8 – Estimated Shear Strength Parameters

Sample
Location φ C φ' C'

GG-Composite 14.5° 800 psf 23° 700 psf
SC-Composite 13.5° 500 psf 20° 500 psf

Results of the CUE testing for the two composite materials were averaged to
provide an estimate of the shear strength parameters for use in the feasibility level
stability analysis.  Recommended shear strength parameters are: Total Friction Angle
(φ) = 14°; Total Cohesion (C) = 650 psf; Effective Friction Angle (φ’) = 21.5°; and
Effective Cohesion (C’) = 600 psf.

By comparison, USBR’s Earth Manual lists an average effective friction angle
and effective cohesion of 28° and 300 psf, respectively for this type of material.  These
published average values differ from the shear strength parameters estimated from the
testing performed on the composite samples.  The limited triaxial testing performed on
the impervious materials and difference from average published values indicates the
need for additional shear strength testing and evaluation of the impervious materials as
part of future design studies.

Another emphasis of the CUE triaxial testing was to evaluate the material’s
stress-strain behavior.  As shown in Figure 13 through Figure 18, plots of the deviator
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stress, effective stress ratio, and pore pressure versus strain generally do not exhibit
any substantial loss of strength after reaching peak values.  The only exception to this is
for the effective stress ratio plots for the samples tested at the lowest confining stresses
of 1.1 tsf (Figure 14) and 0.4 tsf (Figure 17).  These curves may indicate possible
testing errors related to the use of relatively low confining stresses on the low
permeability material.  Excluding these exceptions, the plotted stress-strain curves are
similar at different confining pressures and show a generally smooth, plateauing
behavior indicating ductile, non-brittle behavior of the impervious material.

5.6  Conclusions and Recommendations

Materials testing and evaluation indicate the impervious materials available within
the project area are suitable for use in embankment dams.  Sufficient quantities of
impervious material exist upstream of the dam sites.  Approximately 36 million cubic
yards of material are available from the deposits within the reservoir area.  This is
roughly four times the volume required for construction of Golden Gate Dam, Sites
Dam, and the nine saddle dams.  Additional impervious materials are also available
within the required excavation areas for the appurtenant structures and Funks Reservoir
enlargement.

Preliminary and final design programs should include further exploration, testing,
and evaluation of the impervious materials.  This additional investigation should focus
on:

•  Identification of specific borrow areas within near vicinity of dams in
conjunction with constructability review of the project.  The selection of
impervious borrow areas should be located to minimize the amount of high
plasticity lean clays and fat clays utilized within the dam embankments.
Additional sampling and testing should be performed to define the limits of the
borrow areas to minimize use of these materials.

•  Quantification of available materials within these borrow areas to assist
development of the optimum dam section.  This should include additional
exploration to determine the anticipated in-place density and moisture
conditions of impervious material within the borrow areas to assist
development of borrow quantity estimates.

•  Perform additional exploration, sampling, testing, and evaluation of the
impervious materials within the specific borrow areas.  Additional testing
should include expanded evaluation of the moisture-density relationship,
permeability, consolidation, and shear strength properties of the impervious
materials due to the limited testing performed as part of this feasibility level
investigation.  Specifically, the moisture-density relationship of the impervious
materials should be examined further to ensure that specified moisture and
compaction requirements produce a material with desirable placement,
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moisture, and compaction characteristics.  Shear strength and permeability
testing should be performed concurrently with the moisture-density evaluation
to ensure selection of engineering properties corresponding to anticipated in-
place density and moisture conditions within the dam embankment.
Consolidation testing should be performed to estimate the amount of
consolidation or settlement expected to occur during construction.  In
addition, the significance of organic content and plasticity of the impervious
materials should be evaluated further to assist development of specification
limits.
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6.0 ROCKFILL  AND RIPRAP MATERIAL

6.1  Introduction

The best available source of clean rockfill and riprap material within the project
area is the fresh Venado sandstone (Figure 21).  The sandstone is a Cretaceous marine
sedimentary rock, fine-to medium-grained, and well cemented with a variable color that
is indicative of the state of weathering.  The fresh material has a light blue gray
appearance, and the weathered material has a brownish color.  The Venado sandstone
was the only rock type considered for clean rockfill and riprap.  Sandstone-with-
interbedded-mudstone and mudstone were not considered for rockfill and riprap since
the mudstone breaks down when exposed to air and moisture and would not meet “free-
draining” requirements for upstream shell material.

There are four proposed sources of the Venado sandstone for construction of the
main dam embankments:  two located near the Golden Gate Dam site, one near the
Sites Dam site, and one near the Saddle Dam sites (Figure 22).  A ridge north of the
proposed Golden Gate Dam alignment constitutes the Golden Gate Dam rockfill source.
The Sites Dam rockfill source is located just north of the existing Sites quarry, outside
the proposed reservoir area.  The proposed rockfill source for construction of the saddle
dams is outside the proposed reservoir area on Logan Ridge centrally located near the
saddle dam sites.  The proposed quarry areas contain more than enough sandstone to
satisfy the required rockfill quantities for the embankment dams.

Based upon field inspections, the proposed Golden Gate Dam rockfill source
within the reservoir area is likely to produce more waste material and require more
processing than adjacent quarry locations outside of the reservoir area.  Therefore,
future design investigations should include an evaluation of quarry locations outside of
the reservoir area to identify the quarry that will produce the highest quality and yield of
rockfill materials.

DWR samples of the Venado sandstone were obtained from the Sites Quarry
and exploration holes.  Fresh and moderately weathered samples were collected to
characterize properties of sandstone with different degrees of weathering.  The
following types of samples were obtained for laboratory testing:

•  2.5-inch x 5-inch x 5-inch cubes from Sites Quarry
•  3-inch cube samples from Sites Quarry
•  6-inch diameter x 12-inch long cores from Sites Quarry
•  1½-inch minus crushed sandstone from Sites Quarry
•  crushed sandstone from drill cores
•  2.5-inch diameter drill core samples from geologic exploration

USACE also performed limited testing on the sandstone sampled from the active Sites
Quarry and the abandoned Sites Quarry south of the active quarry to determine the
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adequacy of the sandstone for use as riverbank slope protection.  In USACE documents
the active quarry is referred to as the:  Old Sites Quarry, Sites Quarry (Cron), and Sites
Quarry North; whereas the abandoned quarry is referred to as the Sites Quarry South
and Sites Quarry (Welch).  In this report, the active and abandoned quarries will be
referred to as the Sites Quarry and Sites Quarry (south), respectively.

6.2  Petrography

Petrographic examinations of weathered and fresh samples of Venado
sandstone were performed in 1962 and 1972 by USACE.  The examinations did not
reveal any significant defects and generally characterized the sandstone as an
argillaceous, arkosic graywacke with fine to medium grained structure, few fractures,
and comprised primarily of quartz and feldspar with a lesser percentage of biotite,
chlorite, and clay.  The Venado sandstone has a variable color indicative of the state of
weathering.  The fresh material has a light blue gray appearance, and the weathered
material has a brownish color.  The USACE petrographic examination reports are
included for reference in Appendix G.

6.3  Quality

Laboratory testing was performed on a variety of samples obtained by DWR to
provide a quantitative characterization of the quality of Venado sandstone for use as
rockfill and riprap.  This section summarizes the testing performed by DWR, provides a
comparison to testing performed by USACE, and presents an evaluation of the Venado
sandstone quality based upon a review of the test results and a comparison to
published acceptable limits criteria.  The following test procedures were used to
characterize the Venado sandstone quality:

•  Specific Gravity and Absorption of Coarse Aggregate (ASTM C 127)
•  Resistance to Degradation of Small-Size Coarse Aggregates by Abrasion and

Impact in the Los Angeles Machine (ASTM C 131)
•  Evaluation of Durability of Rock for Erosion Control under Wetting and Drying

Conditions (ASTM D 5313)

3-inch Cube Samples

Specific gravity and absorption testing were performed on the 3-inch cube
samples of fresh sandstone from Sites Quarry.  A summary of the test results is
presented in Table 9.  As shown, the average specific gravity and absorption are 2.48
and 2.6, respectively.  Specific gravity values ranged from a low of 2.45 to a high of
2.52.  Similarly, absorption percentages ranged from 2.3% to 3.0%.  Detailed test
results are included in Appendix F.
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Table 9 – Specific Gravity and Absorption Test Results for 3-inch Cubes

Lab No. Slab No. Specimen Specific Gravity Percent Absorption
98-174 SSQ-1 A 2.50 2.6

" " B 2.48 2.6
" " C 2.48 2.8

98-175 SSQ-2 A 2.50 2.5
" " B 2.50 2.5
" " C 2.49 2.6

98-176 SSQ-3 A * *
" " B * *
" " C * *

98-177 SSQ-4 A 2.50 2.4
" " B 2.50 2.5
" " C ** **

98-178 SSQ-5 A 2.46 3.0
" " B 2.45 2.8
" " C 2.45 2.8

98-179 SSQ-6 A 2.45 2.8
" " B 2.45 2.9
" " C 2.45 2.9

98-180 SSQ-7 A 2.52 2.5
" " B 2.51 2.3
" " C 2.50 2.7

98-181 SSQ-8 A 2.48 2.3
" " B 2.49 2.5
" " C 2.49 2.4

98-182 SSQ-9 A 2.49 2.8
" " B 2.49 2.6
" " C 2.48 2.6

98-183 SSQ-10 A 2.45 2.8
" " B 2.46 2.7
" " C 2.46 2.7

Average 2.48 2.6
Notes:

*   Unable to obtain cube samples.  Slab was fractured and uneven.
**  Only able to secure two cube specimens from slab.

Crushed Sandstone from Drill Cores

Specific gravity, absorption, and Los Angeles abrasion testing was performed on
a sample of crushed fresh sandstone from exploration drill cores.  Testing indicated a
specific gravity of 2.48, absorption of 4.2%, and Los Angeles abrasion losses of 11.4%
and 43.4% after 100 revolutions and 500 revolutions, respectively.  Detailed test results
are included in Appendix F.
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1½-Minus Crushed Sandstone from Sites Quarry

The 1½-inch minus samples were prepared with random sandstone waste
cobbles from the Sites Quarry operator’s debris piles.  Samples were segregated into
fresh and moderately weathered sandstone lots, and transported for crushing to Valley
Rock Products in Orland.  A rock crusher processed the samples until material passed a
1-inch screen.  Approximately two cubic yards of each the fresh and moderately
weathered material passing the 1-inch screen, including fines, were transported to the
DWR Bryte Lab in Sacramento for testing.

Specific gravity, absorption, and Los Angeles abrasion testing were performed on
the 1½-inch minus samples of crushed fresh and moderately weathered sandstone from
Sites Quarry.  A summary of the test results is presented in Table 10.  As shown, the
average specific gravity values vary little between the fresh and moderately weathered
samples at 2.48 and 2.46, respectively.  However, there is a slight difference between
the fresh and moderately weathered absorption values of 5.1% and 6.1%, respectively.
Similar differences are noted when comparing the Los Angeles Abrasion values for the
fresh and moderately weathered sandstone at 100 and 500 revolutions.  The fresh
sandstone had average losses of 10.1% and 45.7% for the 100 revolutions and 500
revolutions, respectively, while the moderately weathered sandstone had corresponding
average losses of 11.8% and 51.3%.  Detailed test results are included in Appendix F.

Table 10 – Specific Gravity, Absorption, and Los Angeles Abrasion Test Results for
1½-Inch Minus Crushed Sandstone from Sites Quarry

Los Angeles Abrasion
100 Rev. 500 Rev.

Lab No. Specimen Specific Gravity Percent Absorption (% loss) (% loss)
Fresh

99C-113 A 2.48 4.9 11.4 50.8
99C-113 B 2.49 5.0 7.3 36.9
99C-113 C 2.48 5.4 11.5 49.5

Average 2.48 5.1 10.1 45.7

Moderately Weathered
99C-114 A 2.45 6.2 13.7 56
99C-114 B 2.46 6.0 9.2 43.5
99C-114 C 2.46 6.0 12.5 54.5

Average 2.46 6.1 11.8 51.3

2.5-Inch x 5-Inch x 5-Inch Cubes

Fresh and moderately weathered 2.5-inch x 5-inch x 5-inch cubes from Sites
Quarry were tested for specific gravity, absorption, and percent loss due to 45 wetting-
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drying cycles.  The results are presented in Table 11.  Slight differences are noticed
between the fresh and moderately weathered average values.  The fresh sandstone
had an average specific gravity of 2.49, while the moderately weathered value was
2.43.  Average percent absorption for the fresh and moderately weathered materials
were 3.3% and 4.7%, respectively.  Wetting-drying test results were similar for both the
fresh and the moderately weathered sandstone at 0.5% loss and 0.6% loss,
respectively.  It should be noted that neither the fresh nor the moderately weathered
samples exhibited scaling, flaking, cracking, or slabbing during any part of the wetting-
drying testing. Detailed test results are included in Appendix F.

Table 11 – Specific Gravity, Absorption, and Wetting-Drying Test Results
for 2.5-Inch x 5-Inch x 5-Inch Cubes

Wetting-Drying
Lab No. Specimen Specific Gravity Percent Absorption (% loss)

Fresh
99C-80 A 2.50 3.2 0.5
99C-80 B 2.49 3.3 0.5
99C-80 C 2.49 3.3 0.5

Average 2.49 3.3 0.5

Moderately Weathered
99C- 79 A 2.43 4.7 0.6
99C- 79 B 2.42 4.7 0.6
99C- 79 C 2.43 4.7 0.5

Average 2.43 4.7 0.6

2.5-Inch Diameter Drill Cores from Geologic Exploration

Fresh and weathered 2.5-inch diameter drill cores from geologic exploration were
tested for specific gravity and absorption.  The results are presented in Table 12.  As
shown, the specific gravity and absorption for the fresh sandstone had an average of
2.50 and 2.9%, respectively, while the weathered sandstone had average values of 2.52
and 3.6%. Specific gravity values ranged from a low of 2.33 to a high of 2.66.  Similarly,
absorption percentages ranged from 0.5% to 5.4%. Detailed test results are included in
Appendix F.
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Table 12 – Specific Gravity and Absorption Test Results for 2.5-Inch Diameter Drill Cores
from Geologic Exploration

Lab No. Drill Hole Start Depth
(ft)

End Depth
(ft) Condition Specific Gravity Absorption (%)

2001-28A GGC-LA1 75.8 77.3 Fresh 2.56 2.9
2001-28B GGC-LA1 75.8 77.3 Fresh 2.56 2.9
2001-28C GGC-LA1 75.8 77.3 Fresh 2.57 2.8
2001-30A GGC-RC1 56.0 57.0 Fresh 2.49 2.9
2001-30B GGC-RC1 56.0 57.0 Fresh 2.50 2.8
2001-33A GGC-RC2 70.8 71.9 Fresh 2.53 2.8
2001-33B GGC-RC2 70.8 71.9 Fresh 2.52 3.1
2001-33C GGC-RC2 70.8 71.9 Fresh 2.55 3.0
2001-34A GGC-RA1 59.9 61.0 Fresh 2.53 2.6
2001-34B GGC-RA1 59.9 61.0 Fresh 2.55 2.6
2001-34C GGC-RA1 59.9 61.0 Fresh 2.56 2.6
2001-34D GGC-RA1 59.9 61.0 Fresh 2.56 2.8
2001-36A GO-DHS-3 45.0 46.0 Fresh 2.48 2.3
2001-36B GO-DHS-3 45.0 46.0 Fresh 2.48 2.2
2001-41A GO-DHT3 71.0 72.2 Fresh 2.48 4.2
2001-41B GO-DHT3 71.0 72.2 Fresh 2.43 3.3
2001-41C GO-DHT3 71.0 72.2 Fresh 2.42 3.3
2001-43A GO-DHT3 272.0 273.0 Fresh 2.45 3.7
2001-43B GO-DHT3 272.0 273.0 Fresh 2.44 3.9
2001-43C GO-DHT3 272.0 273.0 Fresh 2.44 3.5
2001-43D GO-DHT3 272.0 273.0 Fresh 2.43 3.9
2001-52C GGO-DHS4 56.0 57.0 Fresh 2.66 0.8
2001-56B GGO-DHT1 176.0 177.2 Fresh 2.66 0.5
2001-57A GGO-DHT3 316.3 317.7 Fresh 2.33 4.4
2001-57B GGO-DHT3 316.3 317.7 Fresh 2.42 3.4
2001-57C GGO-DHT3 316.3 317.7 Fresh 2.43 3.4
2001-57D GGO-DHT3 316.3 317.7 Fresh 2.44 3.6
2001-57E GGO-DHT3 316.3 317.7 Fresh 2.46 3.7
2001-58A GGO-DHT3 327.7 329.0 Fresh 2.49 2.0
2001-60A GGO-DHT4 124.5 125.5 Fresh 2.50 2.7
2001-60B GGO-DHT4 124.5 125.5 Fresh 2.59 1.5
2001-61A GGO-DHT5 430.5 432.0 Fresh 2.49 3.3
2001-61B GGO-DHT5 430.5 432.0 Fresh 2.53 2.5
2001-61C GGO-DHT5 430.5 432.0 Fresh 2.54 2.9
2001-61D GGO-DHT5 430.5 432.0 Fresh 2.52 2.1

1999C-84A GGLA-1 27.8 28.4 Weathered 2.52 3.7
1999C-84B GGLA-1 27.8 28.4 Weathered 2.50 3.8
1999C-88 GGLC-1 35.6 36.3 Weathered 2.66 1.5
1999C-90 GGRA-1 16.2 17.2 Weathered 2.41 5.4
1999C-91 GGRA-1 51.0 52.3 Fresh 2.47 3.7

1999C-92A GGRA-1 53.4 54.2 Fresh 2.50 3.5
1999C-92B GGRA-1 53.4 54.2 Fresh 2.50 3.4

Average for Fresh Sandstone = 2.50 2.9
Average for Weathered Sandstone = 2.52 3.6
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USACE Quality Testing

USACE performed similar quality testing on the Venado sandstone from Sites
Quarry and Sites Quarry (south) in the early 1960s and 1970s.  For comparison
purposes, Table 13 through Table 16 present the USACE test results.

Sites Quarry (USACE, 1962)

Specific gravity, absorption, Los Angeles abrasion, and wetting-drying tests were
performed by USACE on samples of fresh and weathered Venado sandstone obtained
from Sites Quarry in 1962.  As shown in Table 13, average specific gravity values for
the fresh and weathered sandstone were 2.54 and 2.44, respectively.  The fresh and
the weathered sandstone had the same average absorption of 3.4%.  Los Angeles
abrasion testing indicated percent losses for the fresh and weathered sandstone at
36.6% and 45.0%, respectively.  Detailed test results can be found in Appendix G.

Table 13 – Rock Quality Test Results from Sites Quarry (USACE, 1962)

Sample
No. Condition Specific

Gravity
Percent

Absorption
Los Angeles

Abrasion (% loss) Wetting-Drying

*1 Weathered 2.44 3.4 ** 45.0 a
*2 Fresh 2.58 3.3 ** 39.1 b
*3 Fresh 2.50 3.5 ** 34.1 c

Avg. for Fresh Sandstone = 2.54 3.4 ** 36.6
Avg. for Weathered Sandstone = 2.44 3.4 ** 45.0

Notes:
* sample No. 1 consisted of 100 lbs. of cobble sized particles, but sample types for samples

No. 2 and No. 3 are unknown.
** number of revolutions not specified, although values are comparable to 500 revolutions

a = after 15 cycles in fresh and salt water a noticeable softening and loosening of surface grains
was evident

b = slight surface sloughing
c = not reported

Sites Quarry (South) (USACE, April 1972)

Specific gravity, absorption, Los Angeles abrasion and wetting-drying tests were
performed by USACE on samples of slightly weathered Venado sandstone obtained
from Sites Quarry (south) in April of 1972.  As shown in Table 14, the average specific
gravity and percent absorption for the slightly weathered sandstone were 2.46 and
2.2%, respectively.  Percent loss during the Los Angeles Abrasion test was 27%.
Detailed test results can be found in Appendix G.
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Table 14 – Rock Quality Test Results from Sites Quarry (South)
(USACE, April 1972)

*Sample
No. Condition Specific

Gravity
Percent

Absorption
Los Angeles

Abrasion (% loss) Wetting-Drying

1 Slightly Weathered 2.47 2.3 **27
2 Slightly Weathered 2.46 2.1 -
3 Slightly Weathered 2.45 1.9 -
4 Slightly Weathered 2.45 2.4 -

a

Avg. for Slightly Weathered
Sandstone = 2.46 2.2

Note:
* sample types are unknown

** number of revolutions not specified
a = Freshwater slab broke into three large fragments during the fifth to seventh cycles, additional

flaking occurred for the duration of the test.  The other specimens showed only minor flaking
during the test.

Sites Quarry (South) (USACE, July 1972)

Specific gravity, absorption, Los Angeles abrasion, and wetting-drying tests were
performed by USACE on samples of fresh, moderately weathered, and weathered
Venado sandstone obtained from Sites Quarry (south) in July of 1972.  As shown in
Table 15, average specific gravity values for the fresh, moderately weathered, and
weathered sandstone were 2.46, 2.43, and 2.40, respectively.  Average percent
absorption values were 3.4%, 4.6%, and 6.5%, respectively for the fresh, moderately
weathered, and weathered sandstone.  Los Angeles abrasion testing was only
performed on the fresh and moderately weathered samples.  As expected, the
moderately weathered sandstone exhibited a greater loss than the fresh sandstone.
Percent losses for the Los Angeles abrasion testing were 26% and 39% for the fresh
and moderately weathered sandstone, respectively.  Although the total number of
wetting-drying cycles was not specified, the fresh sandstone parted along joints during
the twelfth cycle, and minor flaking occurred throughout the test.  The moderately
weathered sandstone flaked throughout the entire test.  Detailed test results are
included in Appendix G.
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Table 15 – Rock Quality Test Results from Sites Quarry (South) (USACE, July 1972)

Sample
No. *Specimen Condition Specific

Gravity
Percent

Absorption
Los Angeles

Abrasion (% loss)
Wetting-
Drying

A 1 Fresh 2.43 4.1
" 2 Fresh 2.50 2.9
" 3 Fresh 2.45 3.1

** 26 a

B 1 Mod. Weathered 2.44 4.8
" 2 Mod. Weathered 2.44 4.8
" 3 Mod. Weathered 2.41 4.1

** 39 b

C 1 Weathered 2.42 6.1
" 2 Weathered 2.37 7.0
" 3 Weathered 2.41 6.3

- -

Avg. for Fresh Sandstone = 2.46 3.4
Avg. for Mod. Weathered Sandstone = 2.43 4.6

Avg. for Weathered Sandstone = 2.40 6.5
Notes:

* sample types are unknown
** Los Angeles Abrasion testing performed on specimen 1 of each rock type.

Number of revolutions not specified.
a = Rock specimens parted along joints during the 12th cycle.  Minor flaking occurred

throughout the test.
b = Specimens flaked during the test.

Sites Quarry and Sites Quarry (South) (USACE, 1974)

Specific gravity, absorption, and Los Angeles abrasion testing were performed on
grab samples of fresh Venado sandstone obtained from Sites Quarry and Sites Quarry
(south) in 1974.  As shown in Table 16, the average specific gravity values for the
gradations at Sites Quarry (south) and Sites Quarry are nearly identical at 2.46 and 2.47
respectively.  Average percent absorption values for the sandstone at both quarries
were identical at 5.3%.  Los Angeles abrasion testing, at 100 revolutions, yielded results
of 18.9% for Sites Quarry (south) and 12.8% at Sites Quarry.  Corresponding values, at
500 revolutions, were 52.6% and 50.2%.  Detailed test results are included in Appendix
G.
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Table 16 – Rock Quality Test Results from Sites Quarry and Sites Quarry (South)
(USACE, 1974, Tested by USBR)

Los Angeles Abrasion

Quarry Gradation Specific
Gravity

Absorption
(%)

100 Rev.
(% loss)

500 Rev.
(% loss)

Sites Quarry (south) 1½" - ¾" 2.47 4.4
Sites Quarry (south) ¾" – 3/8” 2.47 5.1
Sites Quarry (south) 3/8" - #4 2.45 6.4

18.9 52.6

Sites Quarry 1½" - ¾" 2.48 4.4
Sites Quarry ¾" – 3/8” 2.47 5.1
Sites Quarry 3/8" - #4 2.46 6.5

12.8 50.2

Average Sites Quarry (south) = 2.46 5.3
Average Sites Quarry = 2.47 5.3

Quality Evaluation

For ease of comparison and discussion of the Venado sandstone quality
evaluation, Table 17 presents a summary of the average rock quality test results
performed by DWR.  This table also includes acceptable limits criteria, adopted from
USBR’s Design Standards No. 13, Embankment Dams, Chapter 7, Riprap Slope
Protection, 1992 and USACE’s Engineer Manual No. 1110-2-2302, Construction with
Large Stone, 1990.  These criteria indicate specific gravity values should be greater
than 2.6, while absorption should be less than 2%.  Furthermore, Los Angeles abrasion
test results should be less than 10% and 40% for 100 revolutions and 500 revolutions,
respectively.



100 Rev.     
(% loss)

500 Rev.     
(% loss)

3-Inch Cubes from Sites 
Quarry Fresh 26 2.48 2.6 - - -

Crushed Sandstone from Drill 
Cores (1½-Inch Minus) Fresh 1 2.48 4.2 11.4 43.4 -

Fresh 3 2.48 5.1 10.1 45.7 -

Moderately 
Weathered 3 2.46 6.1 11.8 51.3 -

Fresh 3 2.49 3.3 - - 0.5*

Moderately 
Weathered 3 2.43 4.7 - - 0.6*

Fresh 37 2.50 2.9 - - -

Moderately 
Weathered 5 2.51 3.6 - - -

Should be 
>2.6

Should be 
<2.0%

Should be 
<10%

Should be 
<40% ***

2½-Inch x 5-Inch x 5-Inch 
Cubes from Sites Quarry

ASTM Test Procedures

Acceptable Limits**

** Acceptable limits criteria adopted from USBR's Design Standards No. 13, Embankment Dams, Chapter 7, Riprap Slope Protection, 
1992 and USACE's Engineer Manual No. 1110-2-2302, Construction with Large Stone, 1990.

Wet-Dry with 
45 Cycles     

D 5313       
(% loss)

Crushed Sandstone from 
Sites Quarry            

(1½-Inch Minus)

*** Rock should not exhibit progressive cracking during or at end of test.  

* Rock samples did not exhibit scaling, flaking, cracking, or slabbing during or at end of test.

Drill Cores from Geologic 
Exploration

Table 17 - Average Rock Quality Test Results for the Venado Sandstone

Los Angeles Abrasion       
C 131Sample Type Weathering 

Characteristics
Number of 

Tests
Specific 
Gravity       
C 127

Absorption    
C 127        

(%)
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Although a comparison of the test results to the acceptable limits indicate the
quality of the Venado sandstone to be slightly unacceptable, the fresh sandstone is of
sufficient quality for use as clean rockfill and riprap, provided that considerations
regarding its quality are incorporated into design.  The acceptable limits are generally
applicable for concrete aggregates and should not be used as the only indicator of rock
quality.  A recent site inspection of Funks Reservoir Dam, where Venado sandstone
was used for upstream slope protection, yielded perhaps the most definitive statement
about the rock’s quality.  The dam was constructed in the mid-1970s, and the sandstone
is still performing adequately today, exhibiting no significant signs of deterioration or
detrimental performance.  The quality testing also confirms that the fresh Venado
sandstone is a better quality rock than the moderately weathered sandstone.

Based upon the test results, the following considerations should be included into
the design of the rockfill material:

•  Specific gravity values of less than 2.6 may indicate rock with higher potential
for displacement by wave action.  Larger rock sizes could be used to
compensate for lower values of specific gravity.

•  Absorption values greater than 2% may indicate the rock will be susceptible
to deterioration from wave action or freeze thaw.  Rock deterioration by wave
action may necessitate the periodic maintenance of the upstream slope.
Freeze-thaw damage is not a significant concern in the project area.

•  Los Angeles Abrasion test results exceeding 10% for 100 revolutions and
40% for 500 revolutions may indicate the rock will be less resistant to
degradation by surface abrasion and impact.  Development of test quarries
and fills should be performed as part of future design studies to ensure
specification requirements produce clean rockfill and riprap materials with
desired in-place gradations, while compensating for particle breakage during
quarry, placement, and compaction operations.

6.4  Physical Properties and Rock Strength

Laboratory testing was performed on fresh and moderately weathered samples
to characterize and evaluate the physical properties and strength of the Venado
sandstone.  The following test procedures were performed on 6-inch diameter by 12-
inch long core samples from Sites Quarry and 2.5-inch diameter drill cores from
geologic exploration:

•  Elastic Moduli of Intact Rock Core Specimens in Uniaxial Compression
(ASTM D 3148)

− Unconfined Compressive Strength
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− Young’s Modulus
− Poisson’s Ratio

•  Splitting Tensile Strength of Intact Rock Core Specimens (ASTM D 3967)

6-Inch Diameter x 12-Inch Long Core Samples

Table 18 presents the physical properties and strength test results of the 6-inch
diameter by 12-inch long rock cores from Sites Quarry.  As shown, the average
unconfined compressive strength for the fresh sandstone was 9,568 psi and 6,983 psi,
respectively for the dry and wet samples, while the moderately weathered sandstone
had corresponding values of 4,998 psi and 3,589 psi.  The average Young’s Modulus
for the fresh sandstone was 1.258 x 106 psi and 1.180 x 106 psi, respectively for the dry
and wet samples, while the moderately weathered sandstone had corresponding values
of 0.916 x 106 psi and 0.735 x 106 psi.  The average Poisson’s Ratio for the fresh
sandstone was 0.170 and 0.164, respectively for the dry and wet samples, while the
moderately weathered sandstone had corresponding values of 0.107 and 0.120.  The
average Brazilian Tensile Strength for the fresh sandstone was 661 psi and 444 psi,
respectively for the dry and wet samples, while the moderately weathered sandstone
had corresponding values of 358 psi and 226 psi.  Test results indicate that the
unconfined compressive strength and Brazilian tensile strength of the fresh sandstone is
approximately twice the strength of the moderately weathered sandstone.  Detailed test
results can be found in Appendix H.



Table 18 - Physical Properties of 6-Inch Diameter Sandstone Rock Cores from Sites Quarry

Lab No. Weathering

Dry Wet Dry Wet Dry Wet Dry Wet
99C-62 Mod. Weathered 5,511 0.945 0.06
99C-55 Mod. Weathered 4,842 0.896 0.16
99C-59 Mod. Weathered 4,640 0.906 0.10
99C-53 Mod. Weathered 3,790 0.663 0.10
99C-59 Mod. Weathered 3,516 0.730 0.11
99C-61 Mod. Weathered 3,461 0.813 0.15
99C-66 Fresh 8,994 1.303 0.22
99C-69 Fresh 9,983 1.262 0.15
99C-73 Fresh 9,727 1.209 0.14
99C-70 Fresh 6,904 1.157 0.22
99C-72 Fresh 6,818 1.188 0.14
99C-74 Fresh 7,227 1.196 0.13

99C-54-3A Mod. Weathered 182
99C-54-3B Mod. Weathered 272
99C-54-3C Mod. Weathered 247
99C-54-3D Mod. Weathered 450
99C-56-5A Mod. Weathered 172
99C-56-5B Mod. Weathered 278
99C-56-5C Mod. Weathered 235
99C-56-5D Mod. Weathered 415
99C-58-7A Mod. Weathered 174
99C-58-7B Mod. Weathered 282
99C-58-7C Mod. Weathered 279
99C-58-7D Mod. Weathered 461
99C-60-9A Mod. Weathered 145
99C-60-9B Mod. Weathered 301
99C-60-9C Mod. Weathered 304
99C-60-9D Mod. Weathered 470
99C-67-2A Fresh 394
99C-67-2B Fresh 577
99C-67-2C Fresh 617
99C-67-2D Fresh 763
99C-71-6A Fresh 433
99C-71-6B Fresh 612
99C-71-6C Fresh 561
99C-71-6D Fresh 798
99C-75-10A Fresh 342
99C-75-10B Fresh 367
99C-75-10C Fresh 626
99C-75-10D Fresh 629
99C-78-13A Fresh 318
99C-78-13B Fresh 508
99C-78-13C Fresh 539
99C-78-13D Fresh 754

Average for Fresh = 9,568 6,983 1.258 1.180 0.170 0.164 661 444
Average for Mod. Weathered = 4,998 3,589 0.916 0.735 0.107 0.120 358 226

perpendicular

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

perpendicular
parallel

Orientation to Bedding

parallel
perpendicular

parallel

Strength (psi) (x106 psi) Strength (psi)
Unconfined Compressive Young's Modulus Poisson's Ratio Brazilian Tensile
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2.5-Inch Diameter Drill Cores

Table 19 presents Brazilian tensile strength and compressive strength test
results for the 2.5-inch diameter drill cores from geologic exploration.  As shown, the
average Brazilian tensile strength for the wet and dry, fresh samples of Venado
sandstone were 524 psi and 840 psi, respectively.  The average compressive strengths
for the fresh samples were 6,836 psi and 10,808 psi for the wet and dry samples,
respectively.  The fresh, wet samples ranged from a low of 4,548 psi to a high of 17,910
psi, while the fresh, dry samples ranged from a low of 4,600 psi to a high of 16,850 psi.
The weathered, dry sample had a compressive strength of 7,290 psi.  Unconfined
compressive strength test results on the drill cores from geologic exploration are
comparable to the strength values determined for the 6-inch diameter drill cores from
Sites Quarry.  Detailed test results can be found in Appendix H.
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Table 19 – Brazilian Tensile Strength and Compressive Strength Test Results for
2.5-Inch Diameter Drill Cores from Geologic Exploration

Lab Code Drill Hole
Start
Depth

(ft)

End
Depth

(ft)

Weathering
Condition

Moisture
Condition

Compressive
Strength

(psi)

Brazilian
Tensile

Strength (psi)
Brazilian Tensile Strength

2001-57D GGO-DHT3 316.3 317.7 Wet - 467
2001-61A GGO-DHT5 430.5 432 Wet - 541
2001-41A GO-DHT3 71 72.2

Fresh
Wet - 565

2001-52B GGO-DHS4 56 57 Dry - 789
2001-57E GGO-DHT3 316.3 317.7 Fresh Dry - 890

Average for Wet Samples = 524
Average for Dry Samples = 840

Compressive Strength
1999C-84A GGLA-1 27.8 28.4 Wet 4,725 -
1999C-92A GGRA-1 53.4 54.2 Wet 7,230 -
1999C-110 LC-2 51.3 52 Wet 17,910 -
2001-58A GGO-DHT3 327.7 329 Wet 4,548 -
2001-30A GGC-RC1 56 57 Wet 4,693 -
2001-34B GGC-RA1 59.9 61 Wet 4,810 -
2001-41B GO-DHT3 71 72.2 Wet 5,226 -
2001-28B GGC-LA1 75.8 77.3 Wet 5,703 -
2001-61B GGO-DHT5 430.5 432 Wet 5,745 -
2001-52C GGO-DHS4 56 57 Wet 6,861 -
2001-60B GGO-DHT4 124.5 125.5

Fresh

Wet 7,740 -
1999C-91 GGRA-1 51 52.3 Dry 13,080

1999C-92B GGRA-1 53.4 54.2 Dry 13,120
2001-58B GGO-DHT3 327.7 329 Dry 4,600 -
2001-61C GGO-DHT5 430.5 432 Dry 8,803 -
2001-60A GGO-DHT4 124.5 125.5 Dry 9,264 -
2001-30B GGC-RC1 56 57 Dry 9,791 -
2001-34C GGC-RA1 59.9 61 Dry 9,997 -
2001-28C GGC-LA1 75.8 77.3 Dry 10,125 -
2001-56B GGO-DHT1 176 177.2 Dry 11,988 -

1999C-84B GGLA-1 27.8 28.4 Dry 11,270 -
1999C-88 GGLC-1 35.6 36.3

Fresh

Dry 16,850 -
1999C-90 GGRA-1 16.2 17.2 Weathered Dry 7,290 -

Average for Fresh, Wet Samples = 6,836
Average for Fresh, Dry Samples = 10,808

Average for Weathered, Dry Samples = 7,290
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Average physical properties and strength values for the Venado sandstone
presented in subsequent sections of this report will be based upon testing performed on
the 6-inch diameter cores from Sites Quarry.  These samples are considered to provide
a better representation of the sandstone that would be obtained from quarry
development for the Sites Reservoir project, since these samples were obtained from
an active quarry near the surface and not at depth as in the cores obtained from
exploration holes.

Comparison to Other Rockfill Materials

Table 20 presents a comparison of the average physical properties of the
Venado sandstone to other rockfill materials for which physical properties, strength, and
shear strength data are available.  Of particular interest is a comparison to the Venado
sandstone that was extensively tested as part of the UC Berkeley Report by Becker et.
al. (1972).  The Venado sandstone tested by DWR and UC Berkeley were obtained
from the same quarry (Sites Quarry) and have similar unconfined compressive
strengths of 9,568 psi and 8,845 psi, respectively.  The average compressive strength
of the fresh sandstone tested by DWR is higher than the sandstone tested by UC
Berkeley, indicating that the use of UC Berkeley’s testing for evaluation of the
sandstone as part of this study is appropriate.  Additionally, compressive and shear
strength data for the other rockfill materials presented in Table 20 will be used to
develop relationships to estimate shear strengths of the Venado sandstone for use in
the feasibility level stability analysis.



Source Rock Type Reference

Dry Wet Dry Wet Dry Wet Dry Wet
Sites Quarry Sandstone (F) 9,568 6,983 1.258 1.180 0.170 0.164 661 444 1
Sites Quarry Sandstone (MW) 4,998 3,589 0.916 0.735 0.107 0.120 358 226 1
Sites Quarry Sandstone (A) 8,845 4,797 1.93 1.45 0.220 1,133 2
Newville Sandstone 22,160 12,160 3.210 2.610 0.13 0.29 1,898 1120 3
Newville Conglomerate 16,800 5,750 4.260 2.780 0.15 0.47 1,522 844 3
Oroville Amphibolite 45,500 28,000 6.200 6.200 1,870 2
Oroville Quartz Schist 48,400 29,500 10.200 6.800 0.30 2,590 2
Oroville Granulite 17,000 2.850 2
Pyramid Argillite 15,000 4.200 1,896 2

F-Fresh, MW-Moderately Weathered, A-Average

1.  DWR's current testing and evaluation program.
2.  Becker, Chan, and Seed, UC Berkeley Report No. TE 72-3 "Strength and Deformation Characteristics of Rockfill Materials in 
     Plane Strain and Triaxial Compression Tests"
3.  DWR  "SWP Future Supply Program Glenn Reservoir Complex, Investigation of Rockfill Materials for Newville Dam," December 1980

Table 20 - Average Physical Properties of Rock Cores

Strength (psi) (x106 psi) Strength (psi)
Young's Modulus Poisson's Ratio Brazilian TensileUnconfined Compressive
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Rock Strength Classification

Figure 23 presents a graphical comparison of the average compressive strength
of the Venado sandstone to other rockfill materials.  This figure also includes rock
strength classification scales proposed by Leps and Deere.  According to these scales,
the sandstone would be classified as follows:

•  Fresh Sandstone, Dry
− Leps Scale = Average Strength
− Deere Scale = Average Strength

•  Fresh Sandstone, Saturated
− Leps Scale = Average Strength
− Deere Scale = Low Strength

•  Moderately Weathered Sandstone, Dry
− Leps Scale = Average Strength
− Deere Scale = Low Strength

•  Moderately Weather Sandstone, Saturated
− Leps Scale = Average Strength
− Deere Scale = Very Low Strength

These strength classifications confirm that the fresh Venado sandstone is a better
quality rock than the moderately weathered sandstone.

Figure 24 presents a graphical comparison of the fresh Venado sandstone to
other rockfill materials using the Deere engineering classification chart.  As shown in
this figure, the saturated Venado sandstone is classified as a low strength, low modulus
ratio material, while the dry Venado sandstone is classified as a medium strength, low
modulus ratio material.

6.5  Shear Strength

Shear strength parameters were estimated by determining the physical
properties of the Venado sandstone, identifying rockfill materials with similar properties,
and selecting shear strength parameters from published data for those similar rockfill
materials.

Table 21 presents published data for the shear strength properties of the Venado
sandstone and other rockfill materials.  As shown, data was collected from 2.8-inch, 12-
inch, and 36-inch triaxial tests as well as plane strain tests.  Photographs of the large-
scale triaxial and plane strain testing apparatus used at UC Berkeley on Oroville
amphibolite, Pyramid argillite, and Venado sandstone are included for reference as
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Figure 25 and Figure 26, respectively.  Of particular interest is the Venado sandstone
test data presented in the 1972 UC Berkeley Report by Becker et. al.  The Venado
sandstone examined in this report was quarried within the vicinity of the expected
borrow locations for the Sites Reservoir project.  As such, it is appropriate to make
estimations from the published Venado sandstone data regarding the anticipated shear
strength of the rockfill material for the Sites Reservoir Project.  Shear strength
information for the published data is included for reference in Appendix J.

Figure 27 is a comparison of confining stress to friction angle for the rockfill
materials presented in Table 21.  The figure was modeled after the shearing strength
plot first proposed by Leps, 1970 (Appendix J) and includes Leps’ rockfill strength
scales for comparison.  This figure also includes trendlines of confining stress versus
friction angle for the 36-inch triaxial tests and plane strain tests performed on the
Venado sandstone.  These trendlines will be used to estimate shear strength properties
of the Venado sandstone.



Table 21 - Shear Strength Properties of Rockfill Materials

Project Rock Type Triaxial Test 
Size (inches)

Maximum Particle     
Size (inches)

Confining Pressure 
(psi)

Friction Angle            
(degrees) Reference

1.5 23 45
1.5 50 39.5
1.5 70 37
1.5 90 36
1.5 120 34.5
1.5 145 32.5

36 6 30 47
36 6 140 43
36 6 420 39.5
36 6 650 38.5
2.8 0.5 30 43.5
2.8 0.5 85 39.5
2.8 0.5 140 38.5
2.8 0.5 300 37
2.8 0.5 30 44
2.8 0.5 85 41
2.8 0.5 140 39
2.8 0.5 300 35

30 48
100 44

36 6 30 47
36 6 140 39.5
36 6 420 36
36 6 650 35.5

7 59
22 51
69 39

150 35
12 15 49
12 250 37
36 6 30 41
36 6 140 36.5
36 6 420 36
36 6 650 37
NA 4 30 44
NA 4 140 41
NA 4 420 38
NA 4 650 38

30 46
100 42

Indraratna et al. 1993 Greywacke (1.5 inch) Indraratna et al, 1993

Oroville Amphibolite (Dredger Tailings) Marachi et al, UC Berkeley 
1969

Newville

Newville

Eastside

Pyramid

Charles & Watts, 1980

Scammonden

UC Berkeley

Eastside

UC Berkeley

Sandstone

Conglomerate

Quartzite BA-2

Argillite

Sandstone

Sandstone

Venado Sandstone

Phyllite BA-3

Venado Sandstone            
(under plane strain conditions)

DWR, 1980

DWR, 1980

Domenigoni Valley 
Reservoir Project, 1994

Marachi et al, UC Berkeley 
1969

Charles & Watts, 1980

Charles, 1973

Becker et al, UC Berkeley 
1972

Domenigoni Valley 
Reservoir Project, 1994

Becker et al, UC Berkeley 
1972

Not applicable.  Eastside friction angles 
are design values.

Not applicable.  Eastside friction angles 
are design values.

Information not 
available.

Information not 
available.

Information not available.
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Table 22 summarizes the estimated range of friction angles for the Venado
Sandstone obtained from Figure 27 at confining stresses equivalent to the average
stress and maximum stress levels estimated to occur on deep sliding surfaces within
the proposed Golden Gate and Sites dam embankments.  The average and maximum
confining stresses are estimated to be approximately 40 psi and 100 psi, respectively.
As shown in Table 22, the average and maximum confining stresses correspond to
triaxial friction angels of 40.5º and 39.0º and plane strain friction angles of 43.5º and
41.5º.  According to the reference scale proposed by Leps, 1970, these ranges of
friction angles roughly correspond to rockfill shear strength classifications of “Low” and
“Average” for triaxial and plane strain conditions, respectively.

Table 22 – Estimated Shear Strength of Rockfill Materials

Confining Pressure
(psi)

Triaxial Friction Angle
(degrees)

Plane Strain Friction Angle
(degrees)

40 40.5 43.5
100 39.0 41.5

It is customary to estimate shear strengths in terms of triaxial friction angles, but
plane strain friction angles are also presented because Marachi et. al. (1969) suggested
that long rockfill dams experience deformation conditions generally similar to those of
plane strain.  It should also be pointed out that the triaxial and plane strain data for the
Venado sandstone, corresponding to a 6-inch and 4-inch maximum particle size,
respectively, were intentionally chosen for their large particle size.  According to the
study performed by Becker et al (1972) (Appendix J), there is very little change in shear
strength between the 2-inch maximum particle size triaxial tests and the 6-inch
maximum particle size triaxial tests, when similar gradations are used.  Furthermore, a
plot in the same study suggests that little difference would be seen (in terms of shear
strength) if the data were extrapolated to include the 30-inch maximum particle size
expected for use in rockfill materials for Sites reservoir.  In summary, it is therefore
appropriate to use the shear strengths estimated from Figure 27 and presented in Table
22.

Since a lower level of evaluation is required for the feasibility level stability
analysis, the shear strength for the rockfill material was estimated by adopting a friction
angle corresponding to the average confining stress (40 psi) estimated to occur on deep
sliding surfaces, and neglecting the effects of varying shear strength with confining
stress by using the average value.  Specifically, the recommended shear strength for
the rockfill material was estimated by adopting the plane strain friction angle for the
average confining stress, but reducing the value slightly as a conservative measure.
The recommended shear strength for use in the feasibility level stability analysis is:
Friction Angle (φ’) = 42°.  Since shear strength varies with confining stress, future
testing and evaluation of the rockfill materials should account for this effect when
recommending shear strengths for use in preliminary and final design of the dam
embankments.   



Sites Reservoir Feasibility Study
Materials Investigation, Testing, and Evaluation Program                                                  

42

Subsequent tables and figures are presented as a supplemental comparison for
the selection of appropriate shear strengths for the Venado sandstone.

Table 23 presents published compressive and shear strength properties of
selected rockfill materials under triaxial and plane strain conditions at confining
pressures of 40 psi and 100 psi.  Published data was obtained from UC Berkeley and
DWR reports.

Table 23 – Published Compressive and Shear Strength Properties of Selected Rockfill
Materials

Project Rock Type Dry Unconfined Compressive
Strength (psi)

Triaxial Friction
Angle at 40 psi

(degrees)

Triaxial Friction
Angle at 100 psi

(degrees)
Reference

Oroville Amphibolite (Dredger Tailings) 45,500 46.5 44.5 1
Newville Sandstone 22,160 43.0 39.0 2
Newville Conglomerate 16,800 43.5 40.5 2
Pyramid Argillite 15,500 46.5 42.0 1
Venado Sandstone 8,845 40.5 38.0 3

Oroville Amphibolite (Dredger Tailings) 45,500 *52.0 *49.5 3
Pyramid Argillite 15,500 *48.5 *45.0 2,3
Venado Sandstone 8,845 *43.5 *41.5 3

Notes: *  = friction angle under plane strain conditions
1 = Marachi, Becker, et al (1969, 1972)
2 = DWR, 1980
3 = Becker et al, 1972

Figure 28 and Figure 29 present comparisons of dry unconfined compressive
strength to friction angle, under triaxial and plane strain conditions, for the rockfill
materials presented in Table 23.  Figure 28 presents friction angles corresponding to a
confining stress of 40 psi, while Figure 29 presents friction angles corresponding to a
confining stress of 100 psi.  A trendline was developed through the triaxial and plane
strain rockfill data to facilitate estimation of the shear strength for the Venado
sandstone.  As shown in Figure 28, the average dry unconfined compressive strength of
9,568 psi indicates friction angles of approximately 42.0º and 44.5º for the triaxial and
plane strain conditions, respectively at a confining stress of 40 psi.  As shown in Figure
29, a dry unconfined compressive strength of 9,568 psi indicates friction angles of
approximately 38.5º and 42.0º for the triaxial and plane strain conditions, respectively at
a confining stress of 100 psi.

Figure 30 is another comparison between compressive strength and friction
angle for rockfill materials used in embankment dams.  Data was obtained from ICOLD
Bulletin 92, and probably reflects design values instead of actual test results.  Again, a
trendline through the rockfill data, coupled with Venado sandstone’s compressive
strength of 9,568 psi, indicates a friction angle of approximately 39.5º.
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Figures 28 through 30 are supplemental comparisons for the selection of
appropriate shear strengths for the Venado sandstone for use as rockfill material in the
proposed dams.  These figures indicate comparable shear strengths for the Venado
sandstone and confirm the selection of the shear strengths recommended previously in
this section.

6.6  Density

Compacted in-place densities of the Venado sandstone to be used as rockfill and
riprap materials were estimated from data published by Becker et. al. (1972) (Appendix
K).  In-place densities were calculated assuming a water content of 5% and a relative
density of 90% for the compacted rockfill materials.  The published data along with the
previous assumptions indicate estimated dry, moist, and saturated densities of 116 pcf,
122 pcf, and 136 pcf, respectively.

6.7  Particle Breakage

Particle breakage refers to the phenomenon by which individual rock particles
fracture and crush due to external stress concentrations.  Because particle breakage
can adversely affect a soil’s shear strength, it warrants consideration during design.
Relevant to this report, particle breakage occurs within embankment dams and can be
modeled and simulated in the laboratory by compression tests such as triaxial and
plane strain testing.

As discussed in UC Berkeley reports by Marachi, Becker, et. al. (1969, 1972),
Marsal (1965) quantified the amount of a soil’s particle breakage by devising the particle
breakage factor “B”.  The breakage factor B is calculated by comparing the percent
material retained on each sieve before and after shear strength testing, and summing
the same sign differences for each sieve.  For clarification, a sample calculation of the
particle breakage factor B is included below.
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Sample Calculation of Particle Breakage Factor B

% Retained on Sieve
Sieve Before Testing After Testing ∆ (%)

  3-inch 6 6  0
  1½-inch 20.5 20.2  0.3
  ¾-inch 24.5 24.7 -0.2
   3/8-inch 17.5 19.1 -1.6
  #4 11.5 9.9  1.6
  Pan 20 20.1 -0.1

Particle Breakage Factor B =     1.9 %

A comparison of observed particle breakage of the Venado sandstone during
shear strength testing to rockfill materials (argillite) used at Pyramid Dam was
performed as a supplemental method for evaluating the suitability of the sandstone for
rockfill and riprap materials.  This comparison involved review of the large-scale triaxial
and plane strain testing documented in UC Berkeley reports published by Marachi,
Becker, et. al. (1969, 1972). It should be pointed out that both rockfill materials were
composed of angular particles, and both materials had the same initial gradation for
each test and/or figure discussed in the following paragraphs.

Figures 31 and 32 present particle breakage as a function of confining pressure,
observed from triaxial testing, for the Venado sandstone and Pyramid Dam argillite,
respectively.  When directly comparing the two curves for the 6-inch maximum particle
size (36-inch diameter specimen), it can be seen that the two rockfill materials exhibit
comparable particle breakage.  In fact, at confining pressures of 30 psi, 420 psi, and
650 psi, the Venado sandstone demonstrated less particle breakage than the Pyramid
Dam argillite.  Table 24 compares the Venado sandstone and Pyramid argillite particle
breakage results as presented in Figures 31 and 32.
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Table 24 – Summary of Particle Breakage Results for 6-Inch Maximum Particle
Size Triaxial Tests for Venado Sandstone and Pyramid Argillite

Particle Breakage (%)
at Confining Pressures of:

Rock Type 30 psi 140 psi 420 psi 650 psi
       Venado Sandstone 12.5 22.5 31.5 33.5
       Pyramid Argillite 13.5 21.5 35 43

Figure 33 is a comparison of particle breakage of the Venado sandstone to the
Pyramid Dam argillite for plane strain testing.  Particle breakage is plotted against minor
principal stress.  Of particular interest is the 4-inch maximum particle size curves for the
two materials.  Similar to the previous two figures, the Venado sandstone and Pyramid
Dam argillite exhibit comparable particle breakage.  Again, at certain minor principal
stresses, the Venado sandstone shows slightly more resistance to particle breakage
than the Pyramid Dam argillite.  Table 25 compares the Venado sandstone and Pyramid
argillite particle breakage results as presented in Figure 33.

Table 25 – Summary of Particle Breakage Results for 4-Inch Maximum Particle Size
Plane Strain Tests for Venado Sandstone and Pyramid Argillite

Particle Breakage (%)
at Minor Principal Stresses of:

Rock Type 30 psi 140 psi 420 psi 650 psi
       Venado Sandstone 8 17 25 26.5
       Pyramid Argillite 8.5 17 27.5 32.5

Figure 34 presents gradation curves for the Venado sandstone and the Pyramid
Dam argillite before and after the plane strain testing at a minor principal stress of 650
psi.  This figure confirms the earlier suggestion that the Venado sandstone exhibited
slightly more resistance to particle breakage than the Pyramid Dam argillite.  As seen in
this figure, the Pyramid Dam argillite has a slightly finer gradation after testing than the
Venado sandstone, indicating the Venado sandstone to be slightly more resistant to
particle breakage.

Figure 31 through Figure 34 indicate the particle breakage of the Venado
sandstone is comparable to the Pyramid Dam argillite.  In some cases, the Venado
sandstone exhibited slightly more resistance to particle breakage than the Pyramid Dam
argillite.  Considering that the Pyramid Dam argillite is an adequate and successfully
performing rockfill material, the Venado sandstone is judged to have sufficient strength
and resistance to breakage for use as clean rockfill and riprap material.
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6.8  Observed Performance

Probably the greatest indicator of the quality, durability, and suitability of the
Venado sandstone for use as rockfill and riprap is to evaluate its long-term performance
under similar environmental and operating conditions.  Venado sandstone was used as
upstream slope protection on USBR’s Funks Reservoir Dam, constructed during the mid
1970s.  Inspection of the slope protection on Funks Reservoir Dam indicates that the
Venado sandstone has not exhibited significant deterioration, has performed adequately
over the last 25 years, and is of sufficient quality for use as clean rockfill and riprap
materials.  Figure 35 is a photograph of the upstream slope protection on Funks
Reservoir Dam.

6.9  Processability

As discussed and evaluated earlier in the report, the fresh sandstone was found
to be of better quality, and thus more desirable, than the moderately weathered
sandstone.  As such, obtaining fresh Venado sandstone for use as riprap and rockfill
material is essential to the successful construction and operation of the proposed
embankment dams.  Past correspondence between the USACE and Teichert
Construction (regarding the Venado sandstone quarrying operations at Sites Quarry
(south)) indicates that separating the desired fresh Venado sandstone from the lesser
quality, weathered sandstone and interbedded mudstone may be a significant task.
Teichert’s quarry operations at Sites Quarry (south) were producing riprap for
Sacramento River bank protection projects.  Consequently, further studies should
include an assessment of the excavation and processing requirements to produce the
desired materials. USACE inspection reports of Teichert’s quarry operation are included
for reference in Appendix L.

As previously mentioned, USBR’s Funks Reservoir Dam also utilized Venado
sandstone for use as upstream slope protection.  Although USBR and USACE used the
Venado sandstone for somewhat different purposes, it should be pointed out that USBR
inspector, Paul Freeman, reported no difficulties in processing the sandstone for use as
upstream slope protection during a phone conversation in September, 2001

Inspection of Sites Quarry indicates that obtaining the desired stone sizes for
rockfill and riprap material may require additional processing.  Drilling and blasting will
likely produce over-sized and/or under-sized rock fragments depending upon the
bedding thickness.  Over-sized stones will require further processing (crushing), while
under-sized stones will have to be segregated and removed from the prospective rockfill
and riprap material to be used as random or possibly transition material.  Quality control
over the quarrying operations will be necessary to ensure specification requirements are
met.
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6.10  Conclusions and Recommendations

Material testing and evaluation indicate the fresh Venado sandstone is of
sufficient quality for use as clean rockfill and riprap materials.  Sufficient quantities of
Venado sandstone can be obtained from quarries developed in near vicinity of the dam
sites for the embankment dams under consideration.  Although beyond the scope of this
study, future design investigations should include test quarries and fills to develop the
specification requirements.  This will ensure that the Venado sandstone will meet design
requirements for clean rockfill material, particularly related to limiting the fines content of
in-place material.  Future design investigations should also include additional testing
and evaluation of the Venado sandstone to further define the engineering properties of
the clean rockfill material such as:  shear strength, hydraulic conductivity, density, etc..

Although use of the highest quality rock meeting laboratory test requirements for
concrete aggregates is desirable, use of “softer” rock types (such as the Venado
sandstone) is an acceptable practice if the rock is the best quality available within the
project area.  “Softer” or “weaker” rock types have been used successfully in many
existing dams provided that conservative estimates of engineering properties are
selected for design.  It should be noted that the available types of material should
dictate the selected dam section.  Design requirements should not dictate material
criteria for major embankment zones, only for zones with specific design requirements
(such as filters and drains).

Physical properties, strength, and quality testing confirm the observation that the
moderately weathered sandstone is a lower quality rock than the fresh sandstone.  Dam
design criteria generally dictate use of the best quality rock available on site for rockfill
and riprap materials.  To meet this requirement, it is assumed that only fresh sandstone
will be used for riprap and clean rockfill materials, and weathered sandstone will be
used for random rockfill material in preparing the feasibility level embankment design
and cost estimates.  Moderately weathered sandstone may, in fact, be suitable for clean
rockfill materials.  Use of weathered sandstone for rockfill materials should be
investigated further in future design studies.

Although not discussed in the report, drill cores from the geologic exploration
program found a north trending unit of conglomerate within the Sites Reservoir area
near the proposed saddle dam sites.  Preliminary review of the drill cores indicates the
conglomerate may be suitable as rockfill for the saddle dams.  Compressive strength
tests performed towards the end of this investigation on samples from Hole No. SSD 6-
1 indicate average dry and saturated compressive strengths of 5,761 psi and 3,058 psi
respectively.  Detailed test results are included in Appendix P.  Future design
investigations should include a comprehensive study of the conglomerate to determine
its suitability as a rockfill source.
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7.0 RANDOM MATERIALS

7.1  Introduction

Random embankment materials will be comprised of materials unsuitable for use
as clean rockfill and generally do not meet the hydraulic conductivity and erosion
resistant properties required for rockfill materials.  These random materials would
consist of weathered sandstone, sandstone with interbedded mudstone, mudstone,
slopewash, colluvium, etc. from excavations for the dam foundations, appurtenant
structures, and the rockfill quarries.  Available quantities of random material in the
project area exceed estimated quantities of 1 million cubic yards and 3 million cubic
yards for Sites and Golden Gate dams, respectively.  In addition, sufficient quantities of
random type materials are available for construction of the saddle dams.

It is anticipated that two general types of random materials will be generated
during construction depending upon the source of the material.  One type of random
material will be comprised of predominately weathered sandstone from the Cortina
Formation.  This material will be comprised of weathered sandstone, sandstone
interbedded with mudstone, and fines generated during quarry excavation and
processing operation for clean rockfill and riprap materials.  This type of random
material will also incorporate material generated during dam foundation and structure
excavations in the Cortina Formation.  It is anticipated that this material will be
characterized as semi-pervious and generally be classified as a gravel with sand and
cobbles.

The other type of random material will be comprised of predominantly mudstone
generated during dam foundation and structure excavation, and from borrow excavation
in the Boxer Formation.  Since the mudstone is a low strength rock and tends to fall
apart when exposed to air and water, this material will likely break down into a “soil like”
material during excavation and compaction operations.  In comparison to the random
material generated from the Cortina Formation, this random material will generally have
a higher fines content, smaller maximum particle size, and a lower shear strength.  It is
anticipated that this material will be characterized as semi-impervious to impervious and
generally be classified as a silty or clayey sand with gravel.  This estimation was
confirmed by after compaction classification gradation tests performed on mudstone
obtained from Drill Cores SSD 5-3, SSD 8-1, and SSD 8-3 (Appendix Q).

Since random materials are generally not used in areas of dam embankments
that would require engineering properties such as hydraulic conductivity, erosion
resistance, etc., the emphasis of this investigation is to provide an estimate of the shear
strength and compacted densities for use in the feasibility level stability analysis.  The
engineering properties of the random materials were estimated by performing limited
laboratory testing combined with a review and comparison to published data.
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7.2  Compressive Strength

Compressive strength testing was performed on samples of moderately
weathered sandstone and mudstone to provide an estimate of the strength of the
random materials.  Compressive strength testing was performed on:

•  6-inch diameter x 12-inch long core samples of weathered sandstone from Sites
Quarry

•  2.5-inch diameter drill cores of mudstone from geologic exploration

Testing was performed in accordance with Elastic Moduli of Intact Rock Core
Specimens in Uniaxial Compression (ASTM D 3148).  Test results for the mudstone
samples are presented in Table 26, and test results for the moderately weathered
sandstone samples were presented in the rockfill section.

As shown in Table 26, the mudstone had an average compressive strength of
3,477 psi.  The compressive strengths ranged from a low of 1,180 psi to a high of 5,390
psi.  It should be pointed out that the compressive strength testing was primarily
performed on samples obtained at depth, since near surface samples tended to expand
and break apart and were not suitable for testing.  Furthermore, mudstone samples
were also tested dry since saturated samples fell apart and could not be tested.  The
compressive strength of 1,180 psi corresponds to the only sample tested near the
surface and is an indicator that materials comprised of mudstone from dam foundation
and structure excavation will be low strength.  Additionally, the propensity of the
mudstone to fall apart when exposed to air and water indicates that it will likely
breakdown into a soil like material during excavation and compaction operations.
Detailed test results are included for reference in Appendix M.

Table 26 – Compressive Strength Test Results for Dry Mudstone
(2.5-Inch Diameter Drill Cores from Geologic Exploration)

Bryte Lab Code Drill Hole Start Depth
(ft)

End Depth
(ft)

Compressive Strength
(psi)

1999C-87 GGLC-1 23.2 23.8 1,180
2001-32A GGC-RC2 140.1 141.3 3,980
2001-35A GGC-RA1 146.3 147.5 2,184
2001-40C SSD9-1 120.4 121.4 5,238
2001-55A GGO-DHT1 155.7 156.7 3,170
2001-59D GGO-DHT4 115.5 116.7 2,816
2001-63A GGO-DHT6 556.3 557.3 3,856
1999C-89 GGLC-1 199.5 200.3 5,390

Average = 3,477
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For comparison purposes, Table 27 presents the average compressive strengths
for the mudstone samples obtained from geologic exploration and the weathered
sandstone samples obtained from Sites Quarry.

Table 27 – Average Compressive Strengths for Mudstone and Weathered Sandstone

Material Source Moisture
Condition

Compressive
Strength (psi)

    Mudstone 2.5-Inch Diameter Drill Cores from
Geologic Exploration Dry 3,477

    Weathered Sandstone 6-Inch Diameter x 12-Inch Long
Cores from Sites Quarry Dry 4,998

7.3  Rock Strength Classification

Based upon the average compressive strength results for the dry materials, the
mudstone and moderately weathered sandstone would be classified as follows,
according to the Leps and Deere scales previously presented in Figure 23:

•  Mudstone
− Leps = Average Strength
− Deere = Very Low Strength

•  Weathered Sandstone
− Leps = Average Strength
− Deere = Low Strength

7.4  Shear Strength

Material Comprised of Predominantly Weathered Sandstone (Cortina Formation)

Shear strength parameters for the random material comprised of predominately
weathered sandstone were estimated using an approach similar to that detailed in
Section 6.5.  Figure 36 repeats the comparison of dry unconfined compressive strength
to friction angles for the rockfill materials presented in Table 23 at a confining stress
equivalent to the average stress level estimated to occur on deep sliding surfaces within
the proposed dam embankments (40 psi).  As shown in Figure 36, the average dry
unconfined compressive strength of the weathered Venado sandstone of 4,998 psi
indicates friction angles of 40.0º and 41.5º for the triaxial and plane strain conditions,
respectively.
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Similar to the approach discussed in Section 6.5, the recommended shear
strength of the random material comprised predominantly of weathered sandstone was
estimated by adopting the friction angle corresponding to plane strain conditions and
reducing this value slightly as a conservative measure.  Using this approach, the
recommended shear strength for use in the feasibility level stability analysis is:  Friction
Angle (φ’) = 40º.

Figure 37 repeats the supplemental comparison between compressive strength
and friction angle for rockfill materials used in embankment dams for data presented in
ICOLD Bulletin 92.  As shown, the trendline through the rockfill data, coupled with the
average compressive strength of the moderately weathered sandstone of 4,998 psi,
indicates a friction angle of 38.5o.  This figure indicates a comparable shear strength for
the weathered sandstone and confirms that the recommended shear strength is an
appropriate selection.  Another confirmation that the recommended shear strength is an
appropriate selection is a direct comparison to Leps’ “Rockfill Shearing Strength” chart
included in Appendix J.  According to Leps’ chart, a rockfill material with low density,
poorly graded, weak particles would have a friction angle of approximately 39o for the
confining stress level under consideration.

Material Comprised of Predominantly Mudstone (Boxer Formation)

Since it is anticipated that random material comprised of predominately
mudstone will be characterized as a “soil like” material after excavation and compaction
operations, estimation of the shear strength using a comparison to published data for
rockfill materials is not appropriate.  Therefore, shear strength parameters for this type
of random material were estimated from published soil data corresponding to the
anticipated classification of the in-place material after excavation and compaction
operations.  As discussed previously, it is anticipated that this material will generally be
classified as a silty or clayey sand with gravel.  Based upon a review of published data
for this type of material, the recommended shear strength parameters for use in the
feasibility level stability analysis are:  Total Friction Angle (φ) = 15º; Total Cohesion
(C) = 600 psf; Effective Friction Angle (φ’) = 35o; and Effective Cohesion (C’) = 0 psf.

These recommended shear strength parameters represent adoption of the
average shear strength parameters for SC and SM materials presented in a DWR shear
strength study (1976).  Published data from this study is included for reference in
Appendix N.

7.5  Density

Since test results indicate the mudstone and Venado sandstone have similar
specific gravities, in-place densities of the random materials are assumed to be
equivalent to the rockfill densities, previously estimated in section 6.6.  Recommended
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dry, moist, and saturated densities for the random materials are 116 pcf, 122 pcf, and
136 pcf, respectively.

7.6  Conclusions and Recommendations

Random embankment materials will be comprised of materials that are
essentially unsuitable for use as clean rockfill.  The random materials will include
weathered sandstone, mudstone, slopewash, colluvium, and other materials from
excavations for the dam foundations, appurtenant structures, and the rockfill quarries
and designated borrow areas for construction of the saddle dams.  Since random
materials are generally used in portions of the dam embankment where hydraulic
conductivity and erosion resistant properties are not a consideration, random materials
do not require a comprehensive evaluation of engineering properties.  As such, only
shear strength and density were investigated as part of this feasibility investigation.

Sufficient quantities of random material are available within or near the proposed
Sites Reservoir project area.  These materials will be generated from required
excavation and designated borrow-areas for construction of the saddle dams.  Future
design investigations should include a thorough evaluation, as part of the
constructability review, to identify and quantify the type of random materials generated
from required excavation.  The dam embankment section should be developed to
incorporate these random materials to the maximum extent possible to minimize
generation of waste material.

Further studies, including the preliminary design program, should include
additional testing and evaluation of the random materials.  Specifically, these
investigations should include a comprehensive evaluation of the composition (percent
weathered sandstone, mudstone, etc.) and gradation of the random materials that are
likely to be generated from required excavation at each of the dam sites.  This
evaluation should include construction of test fills to assist development of the
specification requirements.  In addition, compaction, hydraulic conductivity (if
necessary), shrink/swell, and triaxial testing of the anticipated random materials should
be performed to further refine the engineering properties for use in design of the dam
embankments.

With specific regard to the Boxer Formation, excavated random material should
be explored and laboratory tested to determine engineering properties, especially for
the Sites Dam and saddle dams.  In further studies, this material should be tested as a
soil type material.
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8.0 FILTER, DRAIN, AND TRANSITION MATERIAL

8.1  Introduction

The fresh Venado sandstone may be suitable for use as filter, drain, and
transition materials.  Visual observation of crushed samples for concrete aggregate
testing and the aggregate quality test results indicate that the Venado sandstone may
have sufficient strength and durability for use as filter, drain, and transition materials.
Use of the Venado sandstone for these materials will require extensive evaluation of
particle breakage characteristics during quarry, transport, placement, and compaction
operations to ensure the materials meet design hydraulic conductivity and in-place
gradation requirements.  This particle breakage evaluation will require test quarries and
fills and is considered beyond the scope of this feasibility level investigation.

Since the suitability of the sandstone for use as filter, drain, and transition
materials can not be confirmed at this level of investigation, the feasibility level cost
estimates should include the conservative assumption that these materials will be
imported from the closest sand and gravel source identified in the geologic exploration
program.  This sand and gravel source was identified as an old abandoned channel on
Stony Creek located approximately 35 road miles away, between Orland and Willows
(Figure 38).   An estimated 160 million cubic yards of material exist, which far exceed
the construction requirements for the proposed structures.

8.2  Shear Strength

Shear strength parameters for the filter, drain, and transition material were
estimated from published data.  Specifically, the friction angle was derived from a plot of
relative density verses friction angle found in USBR’s Earth Manual.  This plot is
included as Figure 39.  In this figure, the trendline corresponding to the No. 3 material
(35% gravel, ¾-inch maximum size) was selected as representative of the proposed
filter, drain, and transition materials.  This material was selected because it is
considered to be representative of an average gradation for the filter, drain, and
transition materials.  Assuming a relative density of 90% for compacted in-place filter,
drain, and transition materials, Figure 39 indicates a friction angle for the No. 3 material
of approximately 42º.  Accordingly, the recommended shear strength for use in the
feasibility level stability analysis is:  Friction Angle (φ’) = 42º.

8.3  Density

In-place compacted densities for the filter, drain, and transition materials were
estimated in much the same way as the rockfill material.  Assuming a water content of
5%, a relative density of 90% for in-place materials, and using the data published by
Becker et al (1972), dry, moist, and saturated densities were estimated at 115 pcf, 121
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pcf, and 135 pcf, respectively.  The aforementioned published data is included in
Appendix K as previously noted in the rockfill section.

8.4  Conclusions and Recommendations

Testing and evaluation of the fresh Venado sandstone presented in the rockfill
and concrete aggregate sections indicate that it may be of sufficient quality for filter,
drain, and transition materials.  Since the quality of the sandstone for use as these
materials cannot be confirmed without an extensive testing and evaluation program,
feasibility level cost estimates should include the conservative assumption that material
will be imported from the closest sand and gravel source identified in the geologic
exploration program.  This source was identified as an abandoned channel on Stony
Creek, approximately 35 road miles from the project site, with an estimated sand and
gravel quantity of roughly 160 million cubic yards.  Additional testing and evaluation
performed as part of future design studies should also include an economic comparison
between importing and producing filter, drain, and transition materials to ensure
selection of the most economical material source.  This comparison should include a
detailed examination of the costs required to produce clean filter, drain, and transition
materials from the Venado sandstone, particularly related to separating the interbedded
mudstone and weathered sandstone during excavation and processing operations.

Preliminary and final design programs should include placement and compaction
of test fills constructed of quarried and processed sandstone materials, with gradations
approximating anticipated ranges for filter, drain, and transition materials.  This would
allow the evaluation of whether the sandstone has sufficient strength and durability
characteristics for use as filter, drain, and transition material.  The evaluation should
focus on the propensity of particle breakdown, which would adversely affect the
hydraulic conductivity of the material.
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9.0 CONCRETE AGGREGATE

9.1  Introduction

Sufficient deposits of sands and gravels for construction of the proposed project
facilities are not available within the project area.  Therefore, the emphasis of this
program was to evaluate the suitability of crushed Venado sandstone for use as
concrete aggregate.

Alternative sand and gravel sources were also identified as part of the geologic
exploration program.  The closest imported source is located about 35 road miles from
the project site, between Orland and Willows, on an old abandoned channel of Stony
Creek (Figure 38).  This borrow source contains an estimated 160 million cubic yards of
material, which is considerably greater than quantities required for construction of the
proposed project structures.

9.2  Sampling and Testing

Samples for concrete aggregate testing were prepared from 2.5-inch diameter
drill cores from geologic exploration and waste cobbles from Sites Quarry.  Samples
from the latter were segregated into fresh and weathered sandstone lots and then
transported to a rock crushing facility.  The sandstone was processed until all material
passed a 1-inch screen.  As a result, two cubic yards each of crushed fresh and
weathered Venado sandstone were delivered to Bryte Lab for testing.

The following test procedures were used to evaluate the quality of the sandstone for use
as concrete aggregate:

•  Specific Gravity and Absorption of Coarse and Fine Aggregates (ASTM C 127
& 128)

•  Resistance to Degradation of Small-Size Coarse Aggregates by Abrasion and
Impact in the Los Angeles Machine (ASTM C 131).

•  Clay Lumps and Friable Particles in Aggregate (ASTM C 142)
•  Organic Impurities in Fine Aggregate (ASTM C 40)
•  Bulk Density and Voids in Aggregate (ASTM C 29)

Figures 40 and 41 present gradation curves for the fresh and weathered crushed
sandstone samples, respectively.  The figures include an average gradation curve for
each material along with the Caltrans concrete aggregate gradation envelope.  As
shown, the average fresh and weathered material gradations deviate only slightly from
the Caltrans envelope.
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9.3  Quality

Tables 28 and 29 present concrete aggregate quality test results for crushed
Venado sandstone from the drill cores and Sites Quarry, respectively.  Detailed test
results are included for reference in Appendix O.

As shown in Table 28, the specific gravity and absorption for the fresh sandstone
were 2.48 and 4.2%, respectively for the drill core sample.  Additionally, Los Angeles
abrasion losses were 11.4% and 43.4% for 100 revolutions and 500 revolutions,
respectively.

Table 28 – Concrete Aggregate Quality Test Results for Crushed Venado Sandstone
from Drill Cores

Los Angeles Abrasion
(% loss)Sample Type Degree of

Weathering
Specific
Gravity

Absorption
(%) 100 Rev. 500 Rev.

     Crushed Sandstone from
     Drill Cores (1½"-Minus) Fresh 2.48 4.2 11.4 43.4

As shown in Table 29, the average specific gravity for the fine and coarse fresh
samples were 2.58 and 2.48, respectively, while corresponding weathered samples
were 2.57 and 2.46.  Average absorption for the fine and coarse fresh samples were
2.4% and 5.7%, respectively, while corresponding weathered samples were 2.7% and
6.3%.  Los Angeles Abrasion losses for the fresh samples were 10.1% and 45.7% for
100 revolutions and 500 revolutions, respectively, while corresponding losses for the
weathered samples were 11.8% and 51.3%.

Average percentage of clay lumps and friable particles for the fine and coarse
fresh samples were 3.2% and 0.6%, respectively, while corresponding averages for the
weathered samples were 5.1% and 1.2%.  The average standard colors for the organic
impurities for the “as received” and “washed – fines removed” fresh samples were both
“clear.”  Corresponding averages for the weathered samples were 3 and “clear.”  The
average bulk densities for the fresh and weathered samples were 88.5 pcf and 86.7 pcf,
respectively.
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Table 29 – Concrete Aggregate Quality Test Results for Crushed Venado Sandstone
from Sites Quarry

Table 29A

Specific Gravity Absorption (%) Los Angeles Abrasion
(% loss)Sample No. Degree of

Weathering Fine Coarse Fine Coarse 100 Rev. 500 Rev.
99C-113-A 2.57 2.48 2.4 5.6 11.4 50.8
99C-113-B 2.58 2.49 2.3 5.7 7.3 36.9
99C-113-C

Fresh
2.58 2.48 2.5 5.8 11.5 49.5

99C-114-A 2.56 2.46 2.7 6.4 13.7 56.0
99C-114-B 2.57 2.47 2.7 6.3 9.2 43.5
99C-114-C

Weathered
2.57 2.46 2.7 6.3 12.5 54.5

Average for Fresh Samples = 2.58 2.48 2.4 5.7 10.1 45.7
Average for Weathered Samples = 2.57 2.46 2.7 6.3 11.8 51.3

Table 29B
Clay Lumps and

Friable Particles (%)
Organic Impurities
(standard color)Sample No. Degree of

Weathering Fine Coarse As Rec'd Washed

Bulk Density
and Voids

(pcf)
99C-113-A 6.5 1.55 clear clear 88.3
99C-113-B 1.7 0.15 clear clear 88.7
99C-113-C

Fresh
1.3 0.15 clear clear 88.6

99C-114-A 8.6 2.50 2 clear 86.2
99C-114-B 3.0 0.30 3 clear 86.4
99C-114-C

Weathered
3.7 0.65 3 clear 87.5

Average for Fresh Samples = 3.2 0.6 clear clear 88.5
Average for Weathered Samples = 5.1 1.2 3 clear 86.7

Table 30 presents the average results from the concrete aggregate quality
testing performed on the crushed Venado sandstone from the drill cores and Sites
Quarry.   This table also includes acceptable limits criteria adopted from USBR’s
Concrete Manual and ASTM’s Test Designation C33, Standard Specification for
Concrete Aggregates, for comparison and discussion purposes.  As shown, average
test results for both the fresh and moderately weathered samples of Venado sandstone
were slightly out of the acceptable limits criteria used by USBR and ASTM.  However,
these test results also indicate that the crushed sandstone is generally within the range
of typical values presented in ACI’s Manual of Concrete Practice.



Fine Coarse Fine Coarse Fine Coarse As Rec. Wash

Crushed Sandstone from Drill 
Cores (1½-Inch Minus) Fresh 1 - 2.5 - 4.2 11.4 43.4 - - - - -

Fresh 3 2.6 2.5 2.4 5.7 10.1 45.7 3.2 0.6 Clear Clear 89

Moderately 
Weathered 3 2.6 2.5 2.7 6.3 11.8 51.3 5.1 1.2 3 Clear 87

Should be 
<10%

Should be 
<40 to 50%

Not 
Specified

Not 
Specified 15 to 50% 75 to 110 

pcf

* Acceptable limits criteria adopted from USBR, Concrete Manual, Eighth Edition, 1988; ASTM,  Designation C 33, Standard Specification for Concrete 
Aggregates, 2001; and Waddle, Concrete Construction Handbook, Third Edition, 1993.

** From Guide for Use of Normal Weight Aggregates in Concrete, American Concrete Institute.

1.6 to 3.2ACI Range of Typical Values for Aggregates**

Not 
Specified

Organic 
Impurities    

C 40        
(standard 

color)       

Not 
Specified

0.2 to 4.0%

Should be 
<5%

0.5 to 2% Color 3 or 
less

Table 30 - Average Concrete Aggregate Quality Test Results for the Venado Sandstone

Sample Type Degree of 
Weathering

Number of 
Tests

Clay Lumps 
and Friable 

Particles     
C 142       
(%)

Specific 
Gravity      
C 127

Los Angeles Abrasion    
C 131

500 Rev.    
(% loss)

ASTM Test Procedures

Bulk Density 
and Voids   

C 29       
(pcf)

Acceptable Limits*

Crushed Sandstone from 
Sites Quarry             

(1½-Inch Minus)

Absorption   
C 127       
(%)

100 Rev.    
(% loss)

Should be 
>2.6
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9.4 Conclusions and Recommendations

Based upon the test results, the crushed sandstone is considered to marginally
meet the criteria for concrete aggregate.  However, since the current testing program
indicates the sandstone quality is marginal, its suitability for concrete aggregate will
require additional testing and evaluation (such as test batches), which is considered
beyond the scope of this feasibility investigation.

Since the suitability of the sandstone for use as concrete aggregate can not be
confirmed at this level of investigation, the feasibility level cost estimates should include
the conservative assumption that aggregates will be imported from the closest sand and
gravel source identified in the geologic exploration program. This source was identified
as an abandoned channel on Stony Creek, approximately 35 road miles from the project
site, with an estimated sand and gravel quantity of roughly 160 million cubic yards.
Additional testing and evaluation performed as part of future design studies should also
include an economic comparison between importing and producing on-site aggregates
to ensure selection of the most economical material source.  This comparison should
include a detailed examination of the costs required to produce clean concrete
aggregate from the Venado sandstone, particularly related to separating the
interbedded mudstone and weathered sandstone during excavation and processing
operations.
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10.0  FINAL CONCLUSIONS AND RECOMMENDATIONS

10.1  Conclusions

The construction materials investigation program identified the types of available
on-site materials, examined their potential uses, and performed limited testing and
evaluation of those materials to determine their suitability for use in the dams and
appurtenant structures for the proposed Sites Reservoir project.  This investigation was
guided by the design principle that available on-site materials should dictate the design
and selection of the dam sections.

The construction materials investigation program identified the following material
types within or near the proposed Sites Reservoir project area:

•  Impervious Materials (terrace deposits and recent alluvium)
•  Venado Sandstone (fresh and weathered from the Cortina Formation)
•  Mudstone (Boxer Formation)

These material types were further investigated, tested, and evaluated to explore their
suitability for use as the following types of construction materials:

•  Impervious Materials
•  Rockfill and Riprap Materials
•  Random Materials
•  Filter, Drain, and Transition Materials
•  Concrete Aggregate

Materials testing and evaluation indicate the impervious materials available within
the project area are suitable as core material for use in embankment dams.  Sufficient
quantities of impervious material exist upstream of the dam sites.  Approximately 36
million cubic yards of material are available from the deposits within the reservoir area.
This is roughly four times the volume required for construction of Golden Gate Dam,
Sites Dam, and the nine saddle dams.  Additional impervious materials are also
available within the required excavation areas for the appurtenant structures and Funks
Reservoir enlargement.

Material testing and evaluation indicate the fresh sandstone is of sufficient quality
for use as clean rockfill and riprap materials.  Sufficient quantities of Venado sandstone
can be obtained from quarries developed near the dam sites.

Although use of the highest quality rock meeting laboratory test requirements for
concrete aggregates is desirable, use of “softer” rock types (such as the Venado
sandstone) is an acceptable practice if the rock is the best quality available within the
project area.  “Softer” or “weaker” rock types have been used successfully in many
existing dams provided that conservative estimates of engineering properties are
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selected for design.  It should be noted that the available types of material should
dictate the selected dam section.  Design requirements should not dictate material
criteria for major embankment zones, only for zones with specific design requirements
(such as filters and drains).

Physical properties, strength, and durability testing confirm the observation that
the moderately weathered sandstone is a lower quality rock than the fresh sandstone.
Dam design criteria generally dictate use of the best quality rock available on site for
rockfill and riprap materials.  To meet this requirement, it is assumed that only fresh
sandstone will be used for riprap and clean rockfill materials, and weathered sandstone
will be used for random rockfill material in preparing the feasibility level embankment
design and cost estimates.  Moderately weathered sandstone may, in fact, be suitable
for clean rockfill materials.

Random embankment materials will be comprised of materials that are
essentially unsuitable for use as rockfill.  The random materials will, therefore, include
weathered sandstone, mudstone, slopewash, colluvium, and the like.  Unlike rockfill,
random materials do not require a strict engineering evaluation of properties.  As such,
only shear strength and density were investigated as part of this feasibility level
investigation.  A surplus of random material exists within or near the proposed Sites
Reservoir project area.  Random material will be generated from required excavation
and designated borrow areas for construction of the saddle dams.

Fresh Venado sandstone may be suitable for filter, drain, and transition material
as well as concrete aggregate, but feasibility level cost estimates should include the
conservative assumption that material will be imported from the closest sand and gravel
source identified in the geologic exploration program.  This source was identified as an
abandoned channel on Stony Creek, approximately 35 road miles from the project site,
with an estimated sand and gravel quantity of roughly 160 million cubic yards.

10.2  Recommendations

Impervious Materials

Preliminary and final design programs should include further exploration, testing,
and evaluation of the impervious materials.  Additional testing should include an
expanded evaluation of the in-place density, moisture-density relationship, permeability,
and shear strength properties due to the limited testing performed as part of this
feasibility level investigation.  Impervious borrow areas should be selected to minimize
the amount of high plasticity lean clays and fat clays.  Also, specific borrow areas
should be identified and quantified within near vicinity of the dams in conjunction with a
constructability review of the project.

Rockfill and Riprap Materials
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Future design investigations for the Venado sandstone should include test
quarries and fills to develop specification requirements.  This will ensure that the
Venado sandstone will meet design requirements for clean rockfill material, particularly
related to limiting the fines content of in-place material.  Future design investigations
should also include additional testing and evaluation of the Venado sandstone to further
define the engineering properties of the clean rockfill material such as:  shear strength,
hydraulic conductivity, density, etc..  The suitability of weathered sandstone for use as
clean rockfill material should also be investigated in future design studies.

Although not discussed in the report, drill cores from the geologic exploration
program found a north trending unit of conglomerate within the proposed Sites
Reservoir area near the proposed saddle dam sites.  Preliminary review of the drill
cores indicates the conglomerate may be suitable as rockfill for the saddle dams.
Future design investigations should include a comprehensive study of the conglomerate
to determine its suitability as a rockfill source.

Random Materials

Future design investigations should include a thorough evaluation, as part of the
constructability review, to identify and quantify the type of random materials generated
from required excavation.  The dam embankment section should be developed to
incorporate these random materials to the maximum extent possible to minimize
generation of waste material.

Further studies, including the preliminary design program, should include
additional testing and evaluation of the random materials.  Specifically, these
investigations should include a comprehensive evaluation of the composition (percent
weathered sandstone, mudstone, etc.) and gradation of the random materials that are
likely to be generated from required excavation at each of the dam sites.  This
evaluation should include construction of test fills to assist development of the
specification requirements.  In addition, compaction, hydraulic conductivity (if
necessary), shrink/swell, and triaxial testing of the anticipated random materials should
be performed to further refine the engineering properties for use in design of the dam
embankments.

With specific regard to the Boxer Formation, excavated random material should
be explored and laboratory tested to determine engineering properties, especially for
the Sites Dam and saddle dams.  In further studies, this material should be tested as a
soil type material.

Filter, Drain, and Transition Materials



Sites Reservoir Feasibility Study
Materials Investigation, Testing, and Evaluation Program                                                  

63

Additional testing and evaluation performed as part of future design studies
should also include an economic comparison between importing and producing filter,
drain, and transition materials to ensure selection of the most economical material
source.  This comparison should include a detailed examination of the costs required to
produce clean filter, drain, and transition materials from the Venado sandstone,
particularly related to separating the interbedded mudstone and weathered sandstone
during excavation and processing operations.

Preliminary and final design programs should include placement and compaction
of test fills constructed of quarried and processed sandstone materials, with gradations
approximating anticipated ranges for filter, drain, and transition materials.  This would
allow the evaluation of whether the sandstone has sufficient strength and durability
characteristics for use as filter, drain, and transition material.  The evaluation should
focus on the propensity of particle breakdown, which would adversely affect the
hydraulic conductivity of the material.

Concrete Aggregate

Since the current testing program indicates the sandstone quality is marginal, its
suitability for concrete aggregate will require additional testing and evaluation (such as
test batches).  Additional testing and evaluation performed as part of future design
studies should also include an economic comparison between importing and producing
on-site aggregates to ensure selection of the most economical material source.  This
comparison should include a detailed examination of the costs required to produce
clean concrete aggregate from the Venado sandstone, particularly related to separating
the interbedded mudstone and weathered sandstone during excavation and processing
operations.
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Figure 2

Location and Geologic Map of the Sites Reservoir Project
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SITES RESERVOIR

Figure 5

Proposed Impervious Material (Golden Gate Samples)
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SITES RESERVOIR

Figure 6

Proposed Impervious Material (Sites Samples)
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Figure 7

Proposed Impervious Material (Funks Reservoir Samples)
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Figure 9
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Figure 10
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COMPACTION TEST
ASTM D 1557-91 : Laboratory Compaction Characteristics of Soil Modified to DWR Standard 

PROJECT:Sites Reservoir - Golden Gate Dam MAXIMUM DRY DENSITY 111.8 pcf
FEATURE:Composite Sample, Hole GG OPTIMUM WATER CONTEN 17.4 %
HOLE NO. N/A PENETRATION RESISTANCE psi
DEPTH N/A
FIELD SAMPLE NO. N/A COMPACTIVE EFFORT 20,250 ft.lb./ft3

MOLD SIZE 0.0333 cu. ft.
LAB NO. 99-1419 SPECIFIC GRAVITY N/A
REQUEST  NO. 99-51 MAX. SIZE minus No. 4
DATE Sept. 9, 1999 TESTED BY Dave Tully
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Figure 11



COMPACTION TEST
ASTM D 1557-91 : Laboratory Compaction Characteristics of Soil Modified to DWR Standard 

PROJECT: Sites Reservoir - Sites Dam MAXIMUM DRY DENSITY 110.0 pcf
FEATURE: Composite Sample, Hole SC OPTIMUM WATER CONTE 17.0 %
HOLE NO. N/A PENETRATION RESISTANCE psi
DEPTH N/A
FIELD SAMPLE NO. N/A COMPACTIVE EFFORT 20,250
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Figure 12



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 13

Composite Sample GG - Deviator Stress vs. Strain
83% Passing No. 200, PI = 22, 98% Compaction @ Optimum Water Content
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Note:  Test No. 99-1419A excluded.  Problems with test set-up probably due to low confining pressure and low permeability materials.



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 14

Composite Sample GG - Effective Stress Ratio vs. Strain
83% Passing No. 200, PI = 22, 98% Compaction @ Optimum Water Content

0

2

4

6

8

10

12

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Strain (%)

Ef
fe

ct
iv

e 
St

re
ss

 R
at

io
 ( σ

' 1/
σ'

3)

Effective Confining Stress = 12.1 tsf

Effective Confining Stress = 5.2 tsf

Effective Confining Stress = 1.1 tsf

Note:  Test No. 99-1419A excluded.  Problems with test set-up probably due to low confining pressure and low permeability materials.



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 15

Composite Sample GG - Pore Pressure vs. Strain
83% Passing No. 200, PI = 22, 98% Compaction @ Optimum Water Content
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Note:  Test No. 99-1419A excluded.  Problems with test set-up probably due to low confining pressure and low permeability materials.



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 16

Composite Sample SC - Deviator Stress vs. Strain
81% Passing No. 200, PI = 30, 98% Compaction @ Optimum Water Content
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Note:  Test No. 99-1420D excluded.  Problems with test set-up; had difficulty seating piston.



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 17

Composite Sample SC - Effective Stress Ratio vs. Strain
81% Passing No. 200, PI = 30, 98% Compaction @ Optimum Water Content
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Note:  Test No. 99-1420D excluded.  Problems with test set-up; had difficulty seating piston.



SITES RESERVOIR - MATERIALS INVESTIGATION

Figure 18

Composite Sample SC - Pore Pressure vs. Strain
81% Passing No. 200, PI = 30, 98% Compaction @ Optimum Water Content
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Note:  Test No. 99-1420D excluded.  Problems with test set-up; had difficulty seating piston.
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Venado Sandstone at Sites Quarry

Figure 21
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Proposed Venado Sandstone Quarry Areas for DWR



Figure 23

Rock Strength and Classification
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Figure 27

Comparison of Confining Stress and Friction Angle for Rockfill Materials
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Note:  Particle crushing at high confining stresses may alter the physical
properties of the material and tend to disrupt the apparent linear 
relationship between friction angle and confining stress.



Figure 28

Comparison of Compressive Strength and Friction Angle of Rockfill Materials
Confining Stress = 40 psi
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φ = 42.0 degrees for Venado Sandstone at 
average compressive strength of 9568 psi 
under triaxial conditions.

φ = 44.5 degrees for Venado Sandstone at 
average compressive strength of 9568 psi 
under plane strain conditions.



Figure 29

Comparison of Compressive Strength and Friction Angle of Rockfill Materials
Confining Stress = 100 psi
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φ = 38.5 degrees for Venado Sandstone at 
average compressive strength of 9,568 psi 
under triaxial conditions.

φ = 42.0 degrees for Venado Sandstone 
at average compressive strength of 9,568 
psi under plane strain conditions.



Figure 30

Comparison of Compressive Strength and Friction Angle for Rockfill Materials
Rockfill Dam Data - From ICOLD Bulletin 92
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Venado Sandstone Used as Upstream Slope Protection at Funks Reservoir Dam

Figure 35



Figure 36

Comparison of Compressive Strength and Friction Angle of Rockfill Materials
Confining Stress = 40 psi
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Trendline for Triaxial Data

φ = 40.0 degrees for weathered sandstone 
at average compressive strength of 4,998 
psi under triaxial conditions.

φ = 41.5 degrees for weathered sandstone at 
average compressive strength of 4,998 psi 
under plane strain conditions.



Figure 37

Comparison of Compressive Strength and Friction Angle for Rockfill Materials
Rockfill Dam Data - From ICOLD Bulletin 92
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Sites Reservoir Proposed Location on Regional Map
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SITES RESERVOIR

Figure 40

Sites Quarry Aggregates - Fresh
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SITES RESERVOIR

Figure 41

Sites Quarry Aggregates - Weathered
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APPENDIX A

IMPERVIOUS MATERIAL
COMPOSITION OF DWR COMPOSITE SAMPLES





APPENDIX B

IMPERVIOUS MATERIAL
CLASSIFICATION, GRADATION, ATTERBERG LIMITS, SPECIFIC GRAVITY,

AND ORGANIC CONTENT TEST RESULTS FOR DWR SAMPLES



































































































APPENDIX C

IMPERVIOUS MATERIAL
CLASSIFICATION, GRADATION, ATTERBERG LIMITS, SPECIFIC GRAVITY,

AND COMPACTION TEST RESULTS FOR USBR SAMPLES















































APPENDIX D

IMPERVIOUS MATERIAL
PERMEABILITY TEST RESULTS FOR DWR SAMPLES











APPENDIX E

IMPERVIOUS MATERIAL
CUE TRIAXIAL TEST RESULTS FOR DWR SAMPLES



































APPENDIX F

VENADO SANDSTONE
QUALITY TEST RESULTS FOR DWR SAMPLES





































































APPENDIX G

VENADO SANDSTONE
PETROGRAPHIC AND QUALITY TEST RESULTS

USACE SAMPLES

































APPENDIX H

VENADO SANDSTONE
PHYSICAL PROPERTIES AND ROCK STRENGTH

(DWR SAMPLES)















































































































































































APPENDIX I

ROCKFILL MATERIALS
PHYSICAL PROPERTIES AND ROCK STRENGTH

(PUBLISHED DATA)













APPENDIX J

ROCKFILL MATERIALS
SHEAR STRENGTH
(PUBLISHED DATA)

































APPENDIX K

ROCKFILL MATERIALS
DENSITY

(PUBLISHED DATA)







APPENDIX L

USACE INSPECTION REPORTS OF SITES QUARRY AND SITES QUARRY
(SOUTH) FOR SANDSTONE USED AS RIVERBANK SLOPE PROTECTION































APPENDIX M

MUDSTONE
COMPRESSIVE STRENGTH AND BRAZILIAN TENSILE

STRENGTH TEST RESULTS
(2.5-INCH DIAMETER DRILL CORES FROM GEOLOGIC EXPLORATION)































APPENDIX N

MUDSTONE
SHEAR STRENGTH

(DWR PUBLISHED DATA)













APPENDIX O

VENADO SANDSTONE (CRUSHED)
CONCRETE AGGREGATE
QUALITY TEST RESULTS

































APPENDIX P

CONGLOMERATE
Compressive Strength Test
Results for DWR Samples













APPENDIX Q

MUDSTONE
After Compaction Classification
Test Results for DWR Samples
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