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ENERGY FUELS NUCLEAR
WHITE MESA MILL
TAIHILINGS COVER DESIGN

1.0 SOIL COVER DESIGN

A six-foot thick soil cover for the uranium tailings Cells 2, 3 and 4A was designed using on-site
materials that will contain tailings and radon emissions in compliance with regulations by the
United States Nuclear Regulatory Commission (NRC) and by reference, the Environmental
Protection Agency (EPA).  The cover consists of a one-foot thick layer of clay, available from
within the site boundaries (Section 16), below two-feet of random fill, available from stockpiles
on-site. The clay 18 underlain with three feet (minimum) random fill soil, also available on site.
The cover lavers will be compacted to 95 percent maximum dry density using standard
construction techniques. In addition to the soil cover, a minimum 3 inch (on the cover top) to
12-inch (on the cover slopes) layer of riprap material will be placed over the compacted random

fill to stabilize slopes and provide long-term erosion resistance.

Uranium tailings soil cover design requirements for agency compliance include:

e Attenuate radon flux to an acceptable level (20 picoCuries-per meter squared-per second
[pCi/m’/sec]) (NRC, 1989);

s Minimize infiltration into the reclaimed tailings cells;
¢ Maintain a design life of up to 1,000 years and at least 200 years; and

e Provide long-term slope stability and geomorphic durability to withstand ercsional forces of
wind, the probable maximum flood event, and a horizontal ground acceleration of 0.1¢ due fo

seIsmic events.

Several models/analyses were utilized in simulating the soil cover effectiveness: radon flux
attenuation, hydrologic evaluation of infiltration, freeze/thaw effects, soil cover erosion

protection, and static and pseudostatic slope stability analyses. These analyses and results are

|
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discussed in detail in Sections 1.1 through 1.5. The soil cover configuration presented above
consisting of (from top to bottom); a minimum threc inches of riprap material on the top cover,
two feet compacted random fill, one foot compacted clay, and a minimum of three feet random

fill beneath the clay meets NRC and EPA requirements.

The soil cover design for the uranium tailings Cells 2, 3, and 4A was developed based on two

construction options:
» An integrated soil cover over Disposal Cells 2, 3, and 4A; and
» A cover over Cells 2 and 3, where Cell 4A tailings are excavated and placed into Cell 3.

For modeling/analysis purposes it was assumed that the physical and radiological parameters of
the tailings in Cells 2, 3, and 4A are not dependent on the tailing volume in ecach individual cell.
Therefore, ecach of the two construction options above resulted in the same soil cover
configuration. The only variation between the options is in the required volumes of cover

materials, which 1s dependent only on the surface area to be covered (see Section 1.7).

The final grading plans for the two options are presentied on Figures 1 and 2, respectively. As
indicated on the figures, the top slope of the soil cover will be constructed at 0.2 percent and the
side slopes, as well as transitional areas between cells, will be graded to five horizontal to one
vertical (SH:1V}.

A minimum of three feet random fill is located beneath the compacted fill and clay lavers (see
cross-sections on Figures 3 and 4. The purpose of the fill is to raise the base of the cover to the
desired subgrade elevation. In many areas, the required fill thickness will be much greater.
However, the models and analyses were performed conservatively assuming only a three-foot
layer. For modeling purposes, this lower, random fill layer was considered as part of the soil
cover for performing the radon flux attenuation calculation, as 1t effectively contributes to the
reduction of radon emissions (see Section 1.1). The fill was also evaluated in the slope stability
analvsis (see Section 1.5). However, it is not defined as part of the soil cover for other design

caleulations (infiltration, freeze/thaw, and cover erosion}.
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“The following sections describe design considerations, complete with calculations performed and
parameters utilized, in developing the tailings impoundment soil cover to meet regulatory

reguirements.
3.1 Radon Flux Attenuation

The Environmental Protection Agency (EPA) rules in 40 Code of Federal Regulation (CFR) Part
192 require that a “uranium tailings cover be designed to produce reasonable assurance that the
radon-222 release rate would not exceed 20 pCi.f'mzfsec for a period of 1,000 years to the extent
reasonably achievable and 1n any case for at least 200 years when averaged over the disposal area
over at least a one year period” (NRC, 1989). NRC regulations presented in 10 CFR Part 40 also
restrict radon flux to less than 20 pCi/mzf’secn The following sections present the analyses and

design for a soil cover which meets this requirement.
1.1.1 Predictive Analysis

The soil cover for the tailings cells at White Mesa Mill was evaluated for attenuation of radon
gas ugsing the digital computer program, RADON, presented in the NRC’s Regulatory Guide 3.64
(Task WM 503-4) entitled “Calculation of Radon Flux Attenuation by Earthen Uranium Mill
Tailings Covers”. The RADON model calculates radon-222 flux attenuation by multi-layered
earthen uranium mill tailings covers, and determines the minimum cover thickness required to
meet NRC and EPA standards. The RADON model uses the following soil properties in the

calculation process:
e Soil layer thickness [centimeters (cm));
»  Soil porosity (percent);
5 Density [grams-per-cubic centimeter (gm/em’)];
¢«  Weight percent moisture (percent);
#  Radium activity (mC/g);

= Radon emanation coetficient (unitless); and
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» Diffusion coefficient [square centimeters-per-second (cm'/sec)].

Physical and radiological properties for tailings and random fill were analyzed by Chen and
Associates (1987) and Rogers and Associates (1988). Clay physical data from Section 16 was
analvzed by Advanced Terra Testing (1996) and Rogers and Associates (1996). See Appendix A

for laboratory test data results.

The Radon model was performed for the following cover section (from top to bottom):
e two feet compacted random fill;
e one foot compacted clay; and

= a minimum of three feet random fill occupying the freeboard space between the

tatlings and clay layer,

The three layers are compacted to 95 percent maximum dry density. The top riprap laver was not

included as part of the soil cover for the radon attenuation calculation.

The results of the RADON modeling exercise show that the uranium tailings cover configuration
will attenuate radon flux emanating from the tailings fo a level of 17.6 pCi/mz/sec‘ This number
was conservatively calculated as it takes into account the freeze/thaw effect on the uppermost
part (6.8 inches) of the cover (Section 1.3). The soil cover and tailing parameters used to run the
RADON model, in addition to the RADON input and output data files, are presented in
Appendix B as part of the Radon Calculation brief. Based on the model results, the soil cover
design of six-foot thickness will meet the requirements of 40 CFR Part 192 and 10 CFR Part 40.

1.1.2  Empirical Data

Radon gas flux measurements have been made at the White Mesa Mill tailings piles over Celis 2
and 3 (see Appendix C). These cells are currently covered with three to fowr feet of random flL

Raden flux measurements, averaged over the covered areas, were as follows (EFN, 1996):

1994 1995
Cell 2 7.7 pCi.—-”m2 sec 6.1 pCifmz sec

I

Cell 3 7.5 pCi/m” sec 111 p&i‘;ih‘n2 sec.
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Empirical data suggest that the random fill cover, alone, is currently providing an effective
barrier to radon flux. Thus, the proposed tailings cover configuration, which 1s thicker, moisture
adjusted, contains a clay laver and is compacted, is expected to attenuate the radon flux to a level
below that predicted by the Radon model. The field radon flux measurements confirm the
conservatism of the cover design. This conservatism 1s necessary, however, to guarantee
compliance with NRC regulations under long term climatic conditions over the required design
life of 200 to 1,600 vears.

1.2 Infiltration Analysis

The tailings ponds at White Mesa Mill are lined with synthetic geomembrane liners which could
lead to the long-term accumulation of water from infiltration of precipitation. Therefore, the soil
cover was evaluated to estimate the potential magnitude of infiltration into the capped tailings
ponds. The Hydrologic Evaluation of Landfill Performance (HELP) model, Version 3.0 (EPA,
1994) was used for the analysis. HELP is a quasi two-dimensional hydrologic model of water
movement across, into, through, and out of capped and lined impoundments. The model utilizes
weather, soil, and engineering design data as input to the model, to account for the effects of
surface storage, snowmelt, run-off, infiltration, evapotranspiration, vegetative growth, soil
moisture storage, lateral subsurface drainage, and unsaturated vertical drainage on the specific

design, at the specified location.

The soil cover was evaluated based on a two-foot compacted random fill layer over a one-foot
thick, compacted clay layer. The soil cover layers were modeled based on material placement at
a minimum of 95 percent of the maximum dry density, and within two percent of the optimum
moisture content per American society for Testing and Materials (ASTM) requirements. The top
riprap layer and the bottom random fill laver were not included as part of the soil cover for

infiltration calculations.

The random fill will consist of clayey sands and siits with random amounts of gravel and rock-
size materials. The average hydraulic conductivity of several samples of random fill was
calculated, based on laboratory tests, to be 8.87x107 cm/sec. The hydraulic conductivity of the
clay source from Section 16 was measured in the laboratory to be 3.7x10° cm/sec. Geotechnical

soil properties and laboratory data are presented in Appendix A.

R
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Key HELP model input parameters include:

« Blanding, Utah, monthly temperature and precipitation data, and HELP model default solar
radiation, and evapotranspiration data from Grand Junction, Colorade. Grand Junction is

tocated north east of Blanding in similar climate and elevation;

e 5oil cover configuration identifying the number of layers, laver types, layer thickness’, and

the total covered surface area;

¢ Individual layer material characteristics identifying saturated hydraulic conductivity,

porosity, wilting point, field capacity, and percent moisture; and

s Soil Conservation Service runoff curve numbers, evaporative zone depth, maximum leaf arca

index, and anticipated vegetation quality.

Water balance results, as calculated by the HELP model, indicate that precipitation would either
run-off the soil cover or be evaporated. Thus, model simulations predict zero infiltration of
surface water through the soil cover, as designed. These model results are conservative and take
into account the freeze/thaw effects on the uppermost part (6.8 inches) of the cover (Section 1.3).
The HELP model input and output for the tailings soil cover are presented in the HELP Model

calculation brief included as Appendix D.
1.3  Freeze/Thaw Evaluation

The tailings soil cover of one foot of compacted clay covered by two feet of random fill was
evaluated for freeze/thaw impacts. Repeated freeze/thaw cycles have been shown to increase the

bulk soil permeability by breaking down the compacted soil structure.

The soil cover was evaluated for freeze/thaw effects using the modified Berggren equation as
presented in Aitken and Berg (1968) and recommended by the NRC (U.S. Department of
Energy, [988). This evaluation was based on the properties of the random fill and clay soil, and

meteorological data from both Blanding, Utah and Grand Junction, Colorado.

The results of the freeze/thaw evaluation indicate that the anticipated maximum depth of frost
penetration on the soil cover would be less than 6.8 inches. Since the random fill laver 1s two

feet thick, the frost depth would be confined to this laver and would not penetrate into the

CREIHTUT SETTT-ut TR e 1o T OO B-0e %00
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underlying clay layer. The performance of the soil cover to attenuate radon gas flux below the
prescribed standards, and prevent surface water infiltration, would not be compromised. The
input data and results of the freeze/thaw evaluation are presented in the Effects of Ireezing on

Taitings Covers Calculation brief inciuded as Appendix k.
1.4 Soil Cover Erosion Protection

A riprap layer was designed for erosion protection of the tailings soil cover. According to NRC
guidance, the design must be adequate to protect the soil/tailings-against exposure and erosion
for 200 to 1,000 years (NRC, 1990). Currently, there is no standard industry practice for
stabilizing tailings for 1,000 years. However, by treating the embankment slopes as wide
channels, the hydraulic design principles and practices associated with channel design were used
to design stable slopes that will not erode. Thus, a conservative design based on NRC guidelines
was developed. Engineering details and caiculations are summarized in the Erosion Protection

Calculation brief provided in Appendix F.

Riprap cover specifications for the top and side slopes were determined separately as the side
slopes are much steeper than the slope of the top of the cover. The size and thickness of the
riprap on the top of the cover was calculated using the Safety Factor Method (NUREG/CR-4651,
1987), while the Stephenson Method (NUREG/CR-4651, 1987) was used for the side slopes.

These methodologies were chosen based on NRC recommendations {1990).

By the Safety Factor Method, riprap dimensions for the top slope were calculated in order to
achieve a slope “safety factor” of 1.1. For the top of the soil cover, with a slope of 0.2 percent,
the Safety Factor Method indicated a median diameter (Ds,) riprap of 0.28 inches is required to
stabilize the top slope. However, this dimension must be modified based on the long-term
durability of the specific rock type to be used in construction. The suitability of rock to be used
as a protective cover must be assessed by laboratory tests to determine the physical
characteristics of the rocks. The sandstones from the confluence of Westwater and Cottonwood
Canyons require an oversizing factor of 25 percent. Therefore, riprap created from this sandstone
source should have a D;; size of at least 0.34 inches and should have an overall layer thickness

of at least three inches on the top of the cover.
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Riprap dimensions for the side slopes were calcuiated using Stephenson Method equations. The
stde slopes of the cover are designed at 5H:1V. At this slope, Stephenson’s Method indicated the
unmodified riprap Dy, of 3.24 inches is required. Again assuming that the on-site sandstone will
be used, the modified Ds, size of the riprap should be at least 4.05 inches with an overall layer

thickness of at least 12 inches.

The potential of erosion damage due to overland flow, sheetflow, and channel scouring on the
top and side slopes of the cover, including the riprap layer, has been evaluated. Overland flow
calculations were performed using site meteorological data, cap design specifications, and
guidelines set by the NRC (NUREG/CR-4620, 1986). These calculations are included in
Appendix F. According to the guidelines, overland flow velocity estimates are to be compared to
“permissible velocities”, which have been suggested by the NRC, to determine the potential for
erosion damage. When calculated, overland flow velocity estimates exceed permissible
velocities, additional cover protection should be considered. The permissible velocity for the
tailings cover (including the riprap layer) is 5.0 to 6.0 feet-per-second (ft./sec.} (NUREG/CR
4620). The overland flow velocity calculated for the top of the cover is less than 2.0 fi/sec., and
the calculated velocity on the side slopes is 4.9 ft/sec. Therefore, the erosion potential of the
slopes, due to overland flow/channel scouring, is within acceptable limits and no additional

erosion protection is required.
1.5  Slope Stability Analysis

Static and pseudostatic analyses were performed to establish the stability of the side slopes of the
tailings soil cover. The side slopes are designed at an angle of SH:1V. Because the side slope
along the southern section of Cell 4A is the longest and the ground elevation drops rapidly at its

base, this slope was determined to be critical and is thus the focus of the stability analyses.

The computer software package GSLOPE, developed by MITRE Software Corporation, has been
used for these analyses to determine the potential for slope failure. GSLOPE applies Bishop’s
Method of slices to identify the critical fatlure surface and calculate a factor of safety (FOS).
The slope geometry and properties of the construction materials and bedrock are input into the
model.  These data and drawings are included in the Stability Analysis of Side Slopes
Caleulation brief included as Appendix G. For this analysis, competent bedrock is designated at

10 feet below the lowest point of the foundation [i.e., at a 5,540-foot elevation above mean sea
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level (msh]. This 1s a conservative estimate, based on the borehole logs supplied by Chen and

Associates {1979), which indicate bedrock near the surface.
i.5.1 Static Analysis

For the static analysis, a FOS of 1.5 or more was used to indicate an acceptable level of stability.
The calculated FOS is 2.91, which indicates that the slope should be stable under static

conditions. Results of the computer model simulations are included in Appendix G.
1.5.2 Pseudostatic Analysis (Seismicity)

The slope stability analysis described above was repeated under pseudostatic conditions in order
to estimate a FOS for the slope when a horizontal ground acceleration of 0.10g is applied. The
slope geometry and material properties used in this analysis are identical to those used in the
stability analysis. A FOS of 1.0 or more was used to indicate an acceptable level of stability
under pseudostatic conditions. The calculated FOS is 1.903, which indicates that the slope
should be stable under dynamic conditions. Details of the analysis and the simulation results are

included in Appendix G.

Recently. Lawrence Livermore National Laboratory (LLNL) published a report on seismic
activity in southern Utah, in which a horizontal ground acceleration of 0.12g was proposed for
the White Mesa site. The evaluations made by LLNL were conservative to account for
tectonically active regions that exist, for example, near Moab, Utah. Although, the LLNL report
states that *...[Blanding] is located in a region known for its scarcity of recorded seismic events,”
the stability of the cap design slopes using the LLNL factor was evaluated. The results of a
sensitivity analysis reveal that when considering a horizontal ground acceleration of 0.12g, the
calculated FOS is 1.778 which is still above the required value of 1.0, indicating adequate safety

under pseudostatic conditions. This analysis is also included in Appendix G.
1.6  Cover Material/Cover Material Volumes

Construction materials for reclamation will be obtained from on-site locations. Fill material will
be available from the stockpiles that were generated from excavation of the cells for the failings
facitity. If required, additional materials are available locally to the west of the site. A clay

material source, 1dentified in Section 16 at the southern end of the White Mesa Mill site, will be

o}
e
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used to construct the one-foot compacted clay layer. Riprap material will be taken from on-site

sandstone, located at the confluence of Westwater and Cottonwood Canyons.

Material quantities have been caleulated for each of the components of the reclamation cover.

Volume estimates were made for the two soil cover design options, as follows:
e Option 1: an integrated soil cover which incorporates Disposal Cells 2, 3, and 4A, and

e Option 20 a cover which includes Cells 2 and 3, where Cell 4A tailings have been excavated

and placed in Ceil 3.

The quantity of random fill required to bring the pond elevation up to the soil cover subgrade and
construct the final slope was not calculated. This layer will be a minimum of three feet in depth

and is dependent on the final tailings grade, which is not known.

For Design Option 1, construction will require the following approximate quantities of materials:

Material Volume (cubic yards)
Clay 365,082
Random Fill 737,717
Riprap (top of cover) 82,762
Riprap (side slopes) 41,588

For Design Option 2, construction will require the following approximate quantities of materials:

Material Volume {cubic yards)
Clay 289,514
Random Fill 585334
Riprap (top of cover) 64,984
Riprap (side slopes) 35,885

Material gquantities calculations are provided in Appendix H as part of the Tailings Cover

Material Volume Calculation brief.
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RANDOM FILL ABOVE TAILINGS (MINIMUM 3 FT. THICK)

DETAIL

1

TOP OF BERM
REMOVED

DETAIL 2

W CELL 1

DETAIL 1 APPROXIMATE TAILINGS SURFACE
DET. 1 DETAIL @ DETAIL 2 027 _—
i ety 0.2% 1P T T T AT T T T T T TR T T ARSI TR AEERT R ERRRSRRRRRR RN RN 2
DETAIL 2 —02% N C'I R R R R S SNy - 3 N
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\*‘» ~— 3 TAILINGS
SR SSSSSSsSSsSsSsSsSsSsSsSsSsssSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSsSS 1 EXISTING
(& \3 TAILINGS 3 XISTING\| CELL 2 CELL 1
5 -"’\%‘V 1 1 EXISTING %ELL 2 BERM
N3 ‘ CELL 3 ERM
&S
&N EXISTING CELL 4A BERM
BERM

APPROXIMATE BOTTOM OF CELL

\—-— APPROXIMATE BOTTOM OF CELL

A’

—5640
—5620
—5600
—5580

—5560

5540

5640—

5620—

5600—

5680

5560—

200—
400—
600—

s ¢ & ¢ & & § § & § & §8 § ¢
H
SECTION A—A' (WITH COVER ON CELLS 2, 3 & 4A)
RIPRAP
RANDOM FILL (2 FT. THICK)
COMPACTED CLAY (1 FT. THICK) TOP OF BERM
RANDOM FILL ABOVE TAILINGS (MINIMUM 3 FT. THICK) DETAIL 1 ~REMOVED
DETAIL 1 APPROXIMATE TAILINGS SURFACE
0% 5 (DETAL 2 02% o~k < DETAL 2
v " SSSRUSCRRSS e it -\\\\‘-\\\‘-‘\“\\“‘\“\\\“\\\\\\‘\\‘\\‘\‘\\“" l;‘::::::&::::::;:::;:::::;:::::;::;::\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\\\\\\\‘ \
5 ,.~A\\;:::::‘:::\\\\\\\\\\\\\\\\\\\\\\\\\‘.\\\*.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\v N— 3 \\\\ 1
1 4 — 3 TAILINGS EXISTIN CELL 1
S 1
DETAL 2 &l EXISTING\ ! CELL 2 CELL 1
& CELL 2 BERM
/\\\\\ EXISTING BERM
CELL 4A \\\\\\\§\§/ CBEEEME) APPROXIMATE BOTTOM OF CELL

APPROXIMATE BOTTOM OF CELL

\—— APPROXIMATE BOTTOM OF CELL

5540

3600—

A 2

—5640
—5620
—5600

—5580

—5560

5540

8-12-96

ISSUED FOR RECLAMATION PLAN

K.G.

T s

No.

DATE

ISSUE / REVISION

DWN. BY

CK'D BY

AP'D BY

200—
400—
600—

DETAIL 1:

OVER Al

800—
1000—
1200~
1400—
1600—
1800—

o
©
™~

2000—
2200—
2400—
2800—
3000—
3200—

SECTION A—A’ (WITH COVER ON CELLS 2 & 3)

RIPRAP (SEE NOTE 2)

OUTER RANDOM FILL

RIPRAP (SEE NOTE 1)
UPPER RANDOM FILL

COMPACTED CLAY

COMPACTED CLAY

3 INCHES MINIMUM

R i i
R “i \ix iﬁ %}5} &ﬁ“x 'l&v.’i g‘&&i ’ %%xﬁ.@\%

3 Fl. (M'N)1ﬂjﬁ

|
N

TAILINGS

)

\—— RANDOM FILL ABOVE TAILINGS ...

FOR POND SURFACE AREAS
(NOT TO SCALE)

DETAIL 2: COVER DETAIL FOR SIDE SLOPES

(NOT TO SCALE)

NOTES:

1. RIPRAP PLACED ON THE TOP OF COVER WILL CONSIST OF ROCK
WITH D50 MINIMUM OF 0.34 INCHES.

2. RIPRAP PLACED ON THE SIDE SLOPES OF COVER WILL CONSIST OF
ROCK WITH D50 MINIMUM OF 4.1 INCHES.

3. POND BOTTOM ELEVATIONS INFERRED FROM 'CELL 4 PHASE A AND
PHASE B PLAN’, WESTERN ENGINEERS INC., (JANUARY 17, 1989).

4. SEE FIGURES 1 AND 2 FOR CROSS SECTION LOCATIONS

3400—

5540

3600—

VERTICAL SCALE

40 0 40 80 FEET
HORIZONTAL SCALE
e
---- A~
200 0 200 400 FEET

RECLAMATION COVER

CROSS SECTIONS & DETAILS
PREPARED FOR

ENERGY FUELS NUCLEAR
BLANDING, UTAH

Environmental

FIGURE 3 DRAWING NUMBER A
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APPENDIX A

Laboratory Test Data
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Table 3.4-1

Physical Properties of Tailings
and

Proposed Cover Material

Atterberg % Passing Maximum Optimum
Limits Specific No. 200 Dry Density Moisture

Material Type LL PI Gravity Sieve (pcf) Content
Tailings 28 6 2.85 46 104.0 18.1
Random Fill 22 7 2.67 48 120.2 11.8

Note: Physical Soil Data from Chen and Associates (1987).
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SUMMARY OF CAPILLARY MOISTURE
RELATIONSHIP TEST RESULTS

WHITE MESA PROJECT
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SECTION 6

ROGERS AND ASSOCIATES ENGINEERING
CORPORATION

Letter Dated March 4, 1988
Letter Dated May 9, 1988

Radiological Properties



®
A Rogers & Associates Engineering Corporation

E Post Office Box 330
Salt Lake City, Utah 84110
(801) 263-1600

March 4, 1988

Mr. C.0.Sealy C8700/22
Umetco Minerals Lorporation

p.G. Box 1029
Grand Junction, £0 81502

Dear Hr. Sealy:

We have completed the tests ordered on the four samples shipped to us.
The recults are as follows:

Radium Emanation Diffusion (9/cm3)

Samnle pCi/gm Fraction Coeffic. Density Moisture Saturation
Tailings 98144  0.1940.01 2.0E-02 1.45 13.2 0.39
- 8.4E-03 1.44° 19.1 0.56
Composite (2,3,&5) 1.6E-02 1.85 6.5 0.40
4.5E-04 1.84 12.5 0.75
Site #1 1.6E-02 1.85 8.1 0.48
. 1.4E-03 1.84 12.6 0.76
Site #4 1.1E-02 1.65 _  15.4 0.63
4 2E-04 1.65 19.3 0.80

The samples will be shipped back to you in the next few weeks. If you have
any questions regarding the results on the samples please feel free to call.

Sincerely,

(s [

Renee Y. Bowser
Lab Supervisor

e
5
e,
[

515 East 4500 South - Salt Lake City, Utah 84107
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A Rogers & Associates Engineering Corporation
E Post Office Box 330
Salt Lake City, Utah 84110
(801) 263-1600
ke MAY 12 1989
. May 9, 1988
Mr. C.0. Sealy C8700/22

UMETCO Minerals Corporation
P.0. Box 1029
Grand Junction, CO 81502

Dear Mr. Sealy:

The tests for radium content and radon emanation coefficient in the
following sumples have been completed and the results are as follows:

Radon
Sample Radium (pCi/qg) Emanation Coefficient
Random (2,3 & 5) 1.9 % 0.1 0.19 + 0.04
Site 1 2.2 + 0.1 0.20 % 0.03
Site 4 2.6 % 0.1 0.11 + 0.04

If you have any questions regarding these resultis please feel free to
call Dr. Kirk Nielson or me.

Sincerely,
7
Renee Y. Bowser

Lab Supervisor
RYB:ms

515 East 4500 South - Salt Lake City, Utah 84107






ATTERBERG LIMITS TEST
ASTM D 4318

CLIENT Titan Env. JOB NO. 2234-04

BORING NO. DATE SAMPLED

DEPTH DATE TESTED 7-25-96 WEB, RV
SAMPLE NO. uT-1

SOIL DESCR.

TEST TYPE ATTERBERG

pPlastic Limit

Determination

1 2 3
Wt Dish & Wet Soil 3.34 4.06 3.42
Wt Dish & Dry Soil 2.96 3.57 3.03
Wt of HMoisture 0.38 0.49 0.39
Wt of Dish 1.05 1.11 1.06
Wt of Dry Soil 1.91 2.46 1.97
Moisture Content 18.90 19.92 19.80
Liguid Limit Device Number 0258
Determination

1 2 3 4 5
Number of Blows 39 27 18 14 g
Wt Dish & Wet Soil 12.18 10.42 10.92 12.33 10.06
Wt Dish & Dry Soil 6.64 5.67 5.87 6£.53 5.34
Wt of Moisture 5.54 4.75 5.05 5.80 4.72
wt of Dish 1.10 1.06 1.06 1.10 1.08
Wt of Dry Soil 5.54 4.61 4.81 5.43 4.26
Moisture Content 100.00 103.04 104.99 106.81 110.80
Ligquid Limit 103.1
Plastic Limit 19.9
Plasticity Index 83.3
Atterberg Classification CH
Data entry %g:‘ NAR Date: 72696
Checked by: ; pate:7-2%~96

FileName: TIGOUT1 o ADVANCED TERRA TESTING, INC.
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COMPACTION TEST
ASTM D 1557 A

CLIENT: Thtan Env. JOBNO.  2234-04
FORING NO. SOIL DESCR.

PTH DATE SAMPLED
SAMPLE NO. UT-1 DATE TESTED 7-25-96 RV

Moisture determination

1 2 3 4 5
Wit of Moisture added (ml) 100.00 150.00 250.00 350.00 450.00
Wi. of soil & dish (g) 384.26 393.92 291.42 244.20 281.17
Dry wt. soil & dish (g) 350.60 35561 251.40 20269 225.04
Net loss of moisture (g) 33.66 38.31 40.02 41.51 58.13
Wi, of dish (g) 8.01 8.34 8.31 8.29 B.43
Net wit. of dry soil (g) 342.59 347.27 243.09 194 .40 216.61
Moisture Content (%) 9.83 11.03 16.46 21.35 25.91
Corrected Moisture Content
Density determination
Wi of soil & mold (Ib) 14.20 14.49 14.68 14.59 14.46
Wit. of mold (Ib) 10.36 10.36 10.36 10.36 10.36
Jet wi. of wet soil (Ib) 3.84 4.13 4.32 4.23 4.10
t wt of dry soil (ib) 3.50 3.72 3.71 3.49 3.26
.y Density, (pcf) 104.89 111.59 111.28 104.57 97.69
Corrected Dry Density (pcf)
Volume Factor 30 30 30 30 30
ta entered by: RV Date:  7-26-86
ta checked by bBx? Dater (-1{ 9

FileNama: TIPRUT-1 ADVANCED TERRA TESTING, INC
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PERMEABILITY DETERMINATION
FALLING HEAD

FIXED WALL
CLIENT Titan Environmental JOB NO. 2234-04
BORING NO. SAMPLED
DEPTH TEST STARTED 7-28-96 CAL
SAMPLE NO. Ur-1 TEST FINISHED 8-7-96 CAL
SOIL DESCR. Remolded 95% Mod Pt. @ OMC SETUP HNO. 1
SURCHARGE 200
MOISTURE /DENSITY BEFORE AFTER
DATA TEST TEST
Wt. Soil & Ring(s) ({g) 386.9 404.5
Wt. Ring(s) (g) 93.0 93.0
Wt. Soil (g) 293.9 311.4
Wet Density PCF 122.3 120.5%
Wt. Wet Soil & Pan (g) 302.4 319.9
Wt. Dry Soil & Pan {g) 266.2 266.2
Wt. Lost Moisture (g} 36.2 53.8
Wt. of Pan Only (g) 8.5 8.5
Wt. of Dry Soil (g} 257.7 257.7
Moisture Content % 14.1 20.9
Dry Density PCF 107.2 99.7
Max. Dry Density PCF 113.5 113.58
Percent Compaction 94.4 87.8
ELAPSED BURETTE BURETTE PERCOLATION RATE
TIME READING READING FT/YEAR CM/SEC

(MIN) hl (CC) h2 (cC)

0.2
2599 10.8 10.8 0.14 1.4E-07
1427 14.2 14.2 0.09 8.4E-08.
1440 16.8 16.8 0.07 6.5E-08
1440 18.6 18.6 0.05 4.6E-08
1440 20.2 20.2 0.04 4.1E-08
1440 21.6 21.6 0.04 3.7E-08
1469 23.0 23.0 0.04 3.6E-08
1440 24.4 0.04 3.7E-08

Date: 8-8-96

=
Date: 8-

ADVANCED TEHRRA TESTING, IHC.



Rogers & Associates Engineering Corporation

i Post Office Box 330
L Salt Lake City, Utah 84110-0330
(8013 263-1600 * FAX(R01) 262-1527

September 3, 1996

Pamela Anderson C9600/9
Titan Environmental Corporation

7939 K. Arapahoe Rd., Suite 230

Englewood, CO 80112

Dear Ms. Anderson:
Enclosed are the results from the radium content, specific gravity, and radon
emanation and diffusion coefficient measurements that were performed on the

sample sent to our laboratory. We will be returning the sample within the month.

If you have any questions or if we can be of further assistance, please call.
Sincerely,

Bret C. Roge
Scientist

515 East 4500 South = Salt Lake City, UT 84107-2918
Additional Offices in: Idaho Falls, ID « Santa Fe, NM * Washington DC



Rogers & Associates Engineering Corporation

REPORT OF RADON DIFFUSION COEFFICIENT MEASUREMENTS
(TIME-DEPENDENT DIFFUSION TEST METHOD RAE-SQAP-3.6)

Report Date:____9/3/96
Contract:__C9600/9
By: BCR
Date Received: 8/96
Sample Identification: __Titan Environmental
Radon Diffusion Specific
Moisture Density Coefficient Saturation Gravity
Sample ID (Dry Wt. %) (g/em3) (cm?/s) (Mp/P) (g/cm3)
UT-1 14.5% 1.72 9.1E-03 0.89 2.39
RAE

Post Office Box 330
Salt Lake City » Utah 84110
{801} 263-1600

U ———————



Rogers & Associates Engineering Corporation

REPORT OF RADIUM CONTENT AND EMANATION
COEFFICIENT MEASUREMENTS

(LAB PROCEDURE RAE-SQAP-3.1)

Report Date:____9/3/96

Contract:___C9600/9
By: BCR
Date Received: 8796
Sample Identification;__ Titan Environmental
Moisture Radon Emanation Radium-226
Sample ID (Dry Wt. %) Coefficient (pCi/g) Comments
UT-1 14.6% 022 +0.04 1.5+03
RAE
Post Office Box 330

Salt Lake City - Utah 84110
(801 263-1600




H chen and associates, inc.
A CONSULTING ENGINEERS

SO{L L FOURBATION 96 S. ZUNI . DENVER, COLORADO 80223 s 303/744-7105
EXGIMEERING 1924 EAST FIRST STREET - CASPER, WYOMING 82601 - 307/234-212¢

SECTION 2

Extracted Data From

SOIL PROPERTY STUDY
EARTH LINED TAILINGS RETENTION CELLS
WHITE MESA URANIUM PROJECT
BLANDING, UTAH

Prepared for:
ENERGY FUELS NUCLEAR, INC.
PARK CENTRAL

1515 ARAPAHOE STREET
DEMYER, COLORADO 80202

Job No. 16,406 : July 18, 1978
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A3 ey kg / 2k #0 87 weathered
) Claystone
A3 68 &1 //, 30 #30 96 Claystone
As o4 3.3 ' w7 9 s 57 Sandy Clay
Ak g5 15,3 by / 20 #h gt Westhered
) « Clayst
/? Gl 12,7 28 1o 38 In, 72 K SMZ‘; gf;ew
W48 2+ 8.5 19 H #16 59 Sandy Sitt
X2 &84 5.6 1} 6 #30 73 Sandy Clayey
) Ioostt
37| 0k 1r8. 8 b.s 3 5 #8 72 10,5 1,5 0.63 6. ix10"7 Sandy Clayey
. ' ’ $ile
38 §-7 tiio 6,7 - 29 f/ 1 3/8 Ia. 69 102,k 17,9 0.0ht booxio~d Sandy Clay
b b ket oo | 16,2 26 ;) £8 64 27 106, 4 16,4 9.012 s 1.4 Sandy Clay |

- —




TASLE

SUMMARY OF LABORATORY TEST RESULTS

Page 1 of 3
HATURAL Mo o | Opt Tewm ATTERBERG LINITS GRADATION ANALYSIS REMGLOED PERMEASLITY
Test | Depth Bry Holsture - - ' Spacifie Sotl
Mote | (Fr.) Moltturs Bey bensity | Content | Liquld ‘Mu“clty Hax o pasilng Lets than bry Holsture Gravity Type
Content  [Deasity Limlt Index $ire #i00 T Density | Content ft,/yr, TR
%1 ot (pef %) &3] (%) ) L) (pef) e8) :
bo s | gead 6,8 21 8 3/8 In, 60 Sandy Clay
41 |13d-1b 7.6 % 10 3/8 In, 7 Sandy Clay
4y teetz te.1 It / 12 #h 84 Claystona
SRR 10,0 16,9 bo 24 3/8 in, 8s Ik tob, t 15,8 .02k 1, 1at0"8 182 Claystane
W | 84-7 7.5 70 N 308 1n, . 79 Caleareous
Sandy Clay
Lk 0 Py 22 6 #16 76 Sandy Clayey
gttt
u@ 554 3w 8 3/8 in, 65 Sandy Clay
wﬁ; §-7 tia, 15.6 15 9 #18 7t 105,2 13.9 0.1 3.1a1078 Sandy Clay
»/f{g Pl 1§ 28 5 #8 55 Calcareous
Sandy §11t
sh G2 te i 2} g 4 © b Sandy Clay
55 | 6.5} 7.8 P BT #30 71 Sandy Clay
55 gi-10} 8 7 13 #4 71 Sandy Clay
S .
A (. 3 ; d
whi 54-6 (s 35 . i Al 75 %;\u‘;yy, Stity
&1 0-t s 21 b g6 75 Sandy §11t
br  f1tetld B4 NP I In, 34 Calcareous
Sand & §ilt
63 Lok 30 / Hh #8 68 Sandy Clay
65 | 1-2 9.0 He #1s Y Silty Sand
68 | 71.8 8.6 28 13 #8 67 Sandy Clay
76 13fekd 16k 27 4 1 In, 3 Calcareous
Sand & SITt
72 G 2.2 22 8 #16 53 Sandy Clay
75 1.t 17k R4 25 I 75 Weathered
Claystone
75 P2a 1k LI 22 #16 93 Claystone
j

#16 b0k




TABLE 11

LABORATORY PERMEABILITY TEST RESULTS

Compﬁg;tlon

Sample - Soll Type C Dry Holsture T of Surcharge Permeabl !ty

Denslty Content ASTH D698 Pressure

(pef) (%) (psf) (Fesyr) (Cm/
TH 29 0'-50 | Sandy SIIt 1.6 6.4 95 200 057 5.5x1
TH & & 74'-10¢ Calcareous Sllty Clay 102.1 22.0 101 500 0,085 8.2x 1t
TH 12 @ 2'=58" Weatharad Claystone 95.0 18.3 9l 500 0.068 6.6x1¢
TH 15 @ 14'-hi' | Caleareous Sandy Clay 103.4 18.0 97 500 0.012 1.2x1¢
TH 19 ¢ 0'-3" Sandy, Clayey Silt 109.9 12.4 gl 500 0.035 3. hxie
TH 37 @ 0' =kt Sandy, Clayey SIlt 110.5 11.5 93 500 0.63 6.1x1¢
TH 38 @ 5'-7! Sandy Clay 102.4 17.9 92 500 0.0k} hoox1c
TH 4o ¢ h'=58" | Sandy Clay | 106.4 16.4 97 500 0.017 1.6x1¢
TH 43 @ 134-164'] Claystone 104.1 15.8 95 500 0.024 2.3x1¢
T ohg @ 5'=7" Sandy Clay 105.2 13.9 85 500 0.33 3.2x1¢C




/year cm/ sec

057 5.5E-07
0.085 8.2E-08
0.088 6.6E-08
0.012 1.2E-08
0.035 3.4E-08

0.63 6.1E-07
0.041 4.0E-08
0.017 1.6E-08
0.024 2.3E-08

0.33 3.2E-07




TABLE

tH

RESULTS OF ATTERBERG LIMITS

ATTERBERG LIMITS

Job ko,

16w

¥

PERCENT
SAMPLE SOILL TYPE PASSING Liquld Plastic Shrinkage SHRINKAGE
NO, 200 Limit Limit Limlt RATIO
SIEVE (%) (%) (%)
2600 - Sandy §11t 58 20 17 17, 1,8
5@ 74 - 1o Calcareous Silty Clay 56 33 25 25 162
15 @ Th-lift Calcarecus Sandy Clay 65 26 18 17.5 1,76
19 ® 0-3" Sandy, Clayey Silt 70 23 17 18 1,80
26 @ -5 Weathered Claystone 9l b 21 12 .30
@5 - 7 Sandy Clay 69 29 15 1y 1,89
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CHEN AND ASSOCIATES
TABLE |
SUMMARY OF LABORATORY TEST RESULTS

Job Mo, |

7,130

_ Page | of 3
Seary | HATURAL [NATURALORY ATTERBERG LIMITS ggﬁgmgtso TRIAXIAL SHEAR TESTs| PERCENT
HOLE - MOISTURE BENSITY LIQUID [PLASTICITY VE| DEVIATOR | CONFINING PASS ING SO0tL Tyee
(FEET) (+40) (Per Y LiniT | koex | STRENGTH | STRESS | pRESSURE | NO, 200
(%) (%) (PSF) (psF) - (PSF)  SIEVE |
76 0 = 1 ). b5 21 > 78 | Sendy silt
9.5 ~ 10| b, NP 26 | Sllty, gravelly sand
7 7.5 ~ 8 8,6 30 15 A Sandy_clay i
g 0 - 1 4, 20 5 83 Sandy stlt
5 - 5,5 5.5 NP ' _ A Calearcous_sandy_ clay
80 4.5 - 7 39 20 78 | Calcarcous sandy clay
| 8-8.5 | 101 ho 20 86 | Weathered claystone |
8) 3o b 63 26 |8 b |.Silty, sendy clay
83 b - 6 2\ 7 e 6l |.Sandy, clayey silt
B, 0 -2 18 2 | 65 | Sandy silt
9 ~9,5 | 2 NP e 27 SMlty sond |
86 8 -8,5 2,6 hP o J2 | Sandstone
87 0 - | 3,1 16 ! 61 | Sondy stie |
89 0_-.3 21 __|_ 5 66 sandy silt
90 8 - 8.5 | 12, 35 15 61 | MWeathered claystope
92 0 -1 | 5.9 21 | 5 80 Sandy stlv __ ...
9l 5-5.5 | 13,7 27 |0 _ 68 | Sandy clay_ _
95 6 -7 23 5 62 Sondy sile o
96 0 -~ 2 5,2 21 b 79 Sendy silt___ . __
8.5 - 9.5 32 6 66 | Calcareous sandy clay
98 | 0| 3,8 20 5 I Sendy sile
ﬁ w5 | 17,8 9 25 o J8 [ Weathered claystune
\ 99 % B - 9.5 o 20 _ 89 Weathered claystone




CHEN AND ASSOCIATES
TABLE 1
SUMMARY OF LABORATORY TEST RESULTS

Job No,

| fage 2 of 3
| - NATURAL INATURAL DRy[ATTERBERG LIMITS é’gﬁgggégi@ TRIAXIAL SHEAR TESTS gizgfzg o
HOLE e e MOISTURE | DENSITY | LIQUID JPLASTICITY DEVIATOR | CONFINING SOtL TYPE
(FEET) (2) (PCF) Crurt L orkogx | STRENGTH | STRESS | PRESSURE | NO, 200
{ %) {*.) (PSF) {PSF) (PSF) SIEVE

99 - 12 13.5 26 10 13 Claystone
100 0 -1 17 NP Wi _|Sllty_ send ;
15,586 12,0 NP 61 Sandstope-siltstone
102 6,5 - 16,7 30 8 72 _|Calcareous sandy clay
13,56 ~ 1h 9,5 23 6 87 ___|Cloystone-silitstone

103 10 - 10,5 7.0 28 12 57 sandy clay .
10l 8 - 8,5 9,2 33 9 70 _Calcareous sandy clay
105 0~} 5.4 22 6 77 (Sandy sUit
6.5 - 7 4,5 NP .88 Sandy_silt

106 5 -5.5 10,4 28 6 " e} P9 _|Cloystonc-sandstone
07 17.5-9 NP A |Sendstone
108 0 -] 4.0 18 3 |82 Sandy sile
9.5 ~ 10 a 18 16 23 Llaystope

03 | -5 25 7 75 |Sandy, cloyey silt
K 9 - 9.5 5.8 25| 1o — 23 Claystone . .
Ik 5.0 4o 20 gl MHeathered claystone
10,5 - I 24| 10 o 84 |Claystonemsandstone
1 0 -2 22 6 58 Sandy, cloyey silt
E .5 - 6 NP 58 Calcareous
116 0 -3 22 5 72 Sandy silt

7 -8 2k 10 B2 |Claystone-sandstone

E - 2 10.6 25 5 7 Sondy sflt

k\ " Q- 2 25 6 77 Sandy silt




Job No.
CHEN AND ASSOCIATES
| TABLE |
SUMMARY OF LABORATORY TEST RESULTS

Page 3 of 3

epri | NATURAL [NATURAL ORY{ATTERBERG LIMITS é}ggg::gww TRIAXIAL SHEAR TESTS| PERCENT ’
HOLE L MOISTURE DENSITY LIQULD [PLASTICITY SSIVE DEVIATOR | CONFINING PASSING SOIL TYPE
(FEET) () er) LiwiTo | otwoex [TSTRENGTH | sTRESS | pressune | NO, 200
’ (%) {*4) (PSF) (PSF) (PSF) S| EVE
18 1 6,5 ~8.5 ' ho 20 : ‘ 89 lweathercd claystone_.
9 | h5 a8 10,9 26 12 68 _|Sandy clay
120 | -2 25 8 69 |Saudy, clayey sllt
5= 5. 15,5 | 29 10 18 _|Sendy cloy
-5l h2 24 90_ _ |Claystone
122 Lo~ 6 25 8 66 |Sandy, s! ith..?f.?\c’.ml
1h,5 - 15| 6.4 | % 8 - 66 |Sandy clay __ _ ___
123 b~ 23 7 ‘ 7l | Sendy, cleyey silt
24 0,5 -5 6,0 23 7 __ 69 |Sendy, cloyey silt
12 0 ~ | 3,8 22 6 67 _ _|Sendy silt
127 5 -6 sh 34 ‘ B9 _ |Claystone
128 6 - B Iy 2l ) ) .ﬁmﬁmmggw“wm,CEQYSKan ‘
| { e




Sample

-

i

T

TH ¢

TH

TH

80 @ L{-7!

8 @ p-2¢

99 @ B-9%!

100

@®

@

) @

6-7"

Y

Classiflcation

Calcareous sandy clay
=200=78; LL=39; PI=20

Sandy siit
~200=65; Li=18; PlI=2

Calcareous sandy clay
~200=66; LL=32; Pl=b

Calcareous sandy clay

Weathered claystone
~200=89; Ll=40; PI=m20

Very silty sand
~200=bl, pl=Np

Sandy, clayey sllt
~200w58 LL=22; Pl=b

Sandy, clayey sllt
~200=65; Ll=24; Pl=b

Sandy, slity clay
-200=66; LL=25; PI=8

Sandy, clayey slit
~200=71; LL=23; Pl=7

Claystone
~200=89; Li=hl; pi=2h

Claystone
~200=89; Lielil, Pl=b

LABORATORY PERMEABILITY TEST RESULTS

Compactlon

Dry
Density

(pef)

100,2

99.8
17.5

112,4

108.2

. 108.8

93.1

Molsture % of Surcharge Permeablllty
Content ASTH D698  Pressure Ft./Yr, Cm/Sec
(%) (psf)

19,4 96 500 0,81 7.8x10"7
1,7 96 500 Iy, 45 i, 3x 106
20,7 97 500 1.55 15106
20,3 96 500 26,50 2,6x¥0“5
18,5 95 500 0,22 2, 11077
9,7 98 500 0,308 3, 7x10°7
12,9 95 500 0.60 5.8x10°7
1h,7 95 500 0.1 1ix10™7
15.5 96 500 0.43 4, 2x10"7
12,6 95 500 0.56 5. 11077
23.9 93 500 0.12 I.2x10~7
22,1 94 500 5.0x10°7%

pll sulfurlc acld liquor used durlng percolatlion test [nterval,
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Purpose: To determine the required soil cover thicknesses to limit radon emissions from the

Method:

Results:

White Mesa tailings impoundments to 20 pCi/mzfsec using United States Nuclear
Regulatory Commission (NRC) approved methods and inputs. The White Mesa
Mill site is located in Blanding, Utah.

Determine the geotechnical and radiological properties of the tailings and cover
materials based on NRC-accepted methods and existing database values
previously collected. Input parameters into the computer modeling program
“RADON?” to determine the radon flux values through the cover materials. A
variety of scenarios adjusting cover thicknesses were run to determine the
optimum thickness of cover materials to meet NRC specifications. It was
assumed that the tailings located in the three cells at the White Mesa Mill site
(Cells 2, 3, and 4A) have similar properties (Figure 1). Therefore, cover layer
configurations as determined by the RADON model are applicable to the three
tailings cells.

A 2-layer uranium mill tailings cover composed of (from top to bottom) a 2-foot
layer of random fill and a 1-foot compacted clay layer will meet NRC
specifications. In addition to the tailings cover materials, a minimum of 3 feet of
random fill will be placed between the tailings and soil cover to fill the currently
existing freeboard. This 3 foot layer was included for modeling purposes since it
will assist in reducing the radon flux from the tailings impoundments. This layer,
however, is not considered a part of the actual soil cover. The resulting radon flux
exiting the top cover layer of the tailings impoundment will be 13.6 pCi/mzlsec
(see Appendix Al for RADON output).

As indicated in the “Effects of Freezing on Uranium Mill Tailings Covers
Calculation Brief” (6/17/96), 6.8 inches of the top random fill cover layer will be
effected by freeze/thaw conditions at Blanding Utah. This suggests that 6.8
inches of the top layer may not contribute to reductions of radon emanation from
the tailings covers. To conservatively compensate for effects from freezing and
thawing, 6.8 inches were subtracted from the top random fill cover layer.
Executing the RADON model based on this cover configuration resulted in a
radon flux emanation of 17.6 ;}Céfmzfges (see Appendix A2 for RADON output).

NRC specifications (Regulatory Guide 3.64) requires that a uranium tailings cover
“.produce resonable assurance that the radon-222 release rate would not exceed
20 g}Qifmzfsec for a period of 1,000 years to the extent reasonably achievable and
in any case for at least 200 years when averaged over the disposal area over at

orimin whitshradon® cle (87167841
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least a one-year period” (NRC, 1989). Therefore, the above design with
accounting for freezing and thawing conditions is adequate.

Parameters: The RADON model requires input of the following parameters for all tailings and
soil cover layers:
- layer thickness (centimeter (cm));
porosity;
mass density (g/cm3);
radium activity (pCi/gr), source term, or ore grade percentage;
emanation coefficient;
weight percent moisture (long-term) (percent), and,
diffusion coefficient (cm”/sec).

H

H]

H

¥

]

1

Physical and radiological properties for Tailings and Random Fill were analyzed by Chen
and Associates (1987) and Rogers and Associates (1988) respectively. See Appendix B1
for analysis results. Clay physical data input for RADON modeling are included in
Appendix B2 and were analyzed by Advanced Terra Testing (1996) and Rogers and
Associates (1996).

The following cover profile was modeled.

_ Random fill (2°)
g8 Clay (17)
Random fill (3° min.)

\ > \ }/ \ > \ \/Tailings[iéfi’ (500cm)]

This cover configuration represents the actual cover layer thicknesses which would be
constructed on site. The cover profile above was adjusting for modeling purposes to
account for freezing and thawing conditions. The modeled profile is identical to the one
above with the exception of the top random fill layer which was reduced to 1.4 feet (2
feet minus 6.8 inches). It is assumed that 6.8 inches of the top cover layer effected by
freeze/thaw conditions will not contribute to reductions in radon emanation from the
tailings covers.

criefn-whiteiradont clc [9/16/94)



"Tﬂ"Environmental

By TAM Date 9/11/96 Subject EEN - White Mesa Page 3 of 32
Chkd By Wi Date C’f}ib\fik@ Radon Calculation Proj No 6111-001
Layer thicknesses

The thickness of the tailings was assumed to be effectively an infinitely thick radon source. In
accordance with NRC criteria (Reg. Guide 3.64, p. 3.64-5) a tailings thickness greater than about
100-200 cm is considered to be effectively, infinitely thick. A value of 500 cm represents an
equivalent infinitely thick tailings source. The actual tailings thickness of Cell 3 at White Mesa
is approximately 28 feet (850 cm), therefore, a value of 500 ¢cm was used for the RADON model.

A minimum of 3-feet (91.5 cm) of random fill will cover the tailings to fill the existing freeboard
and bring the tailings piles up to the subgrade elevation of the soil cover. A 1-foot (30.5 cm)
layer of compacted clay covers the random fill with an additional 2 feet (61 cm) of random fill
overlying the clay layer. Adjusting for freeze/thaw conditions results in a (43 cm) random fill
layer overlaying the clay layer.

Poraosity

Porosity is calculated from the specific gravity and dry bulk density according to the following
equations;

1. Dry bulk density = [(specific gravity)(density of water)])/[1 + e] (Ref.: Principles & Practice
of Civil Engineering, 1996, equation 14.5.6). See Appendix C.

2. Porosity = [e / (1+e)] x 100 (Ref.: Principles & Practice of Civil Engineering, 1996, equation
14.5.4). See Appendix C.

Max. Dry Bulk Dry Specific | Density of “e” porosity
Density Density Gravity | Water (Ib/ft’) | (2) A3)
(Ib/tt) (b/) (1)
Tailings (4) 104.0 988 2.85 62.4 0.80 44%
Clay (5) 113.5 1078 239 62.4 038 28%
Random fill (4) | 120.2 1142 2.67 624 0.46 31.5%

Notes:

1. Bulk dry density is 95% of the ASTM Proctor maximum dry density for all materials.

2. Calculated using Equation 1 above where “e” is the volume of voids per volume of solids.

3. Calculated using Equation 2 above.

4. Physical tailings and random fill data from Chen and Associates (1987) included in Appendix
BI.

5. Clay physical data from Advanced Terra Testing (1996) and Rogers and Associates (1996)
included in Appendix B2.

crhefn-whiteioadont cic (8718/9%%)
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Mass Density
Mass densities were measured by Rogers and Associates (1988 and 1996) to be (see Appendix
B1 and B2):
Tailings = 1.45 g/em’
Clay = 1.72 g/cm3
Random Fill = 1.85 g/em’

Radium Activity, Source Term, or Ore Grade %

Radium activity values from Rogers & Associates (1988 and 1996), were input for White Mesa
tailings and cover materials (Appendix B1 and B2). The radium activity values are:

Tailings = 981 pCi/gm
Clay = 1.5 pCi/gm
Random Fill = 1.9 pCi/gm.

Emanation Coefficient

Emanation coefficient input for the tailings and cover materials are measured values from Rogers
& Associates (1988 and 1996), included in Appendix B1 and B2. The coefficients are:

Tailings = 0.19

Clay = 0.22

Random Fill = 0.19

Note: Use of NRC’s default value of E=0.35 is not considered appropriate since laboratory
analyses of emanation coefficients are available.

Weight Percent Moisture

Long-term moisture content (weight percent moisture) was assumed to be 6% for the tailings.
NRC Regulatory Guide 3.64 states, “if acceptable documented alternative information is not
furnished by the applicant, the staff will use a reference value of 6% for the tailings moisture
content because 6% is a lower bound for moisture in western soils” (NRC, 1989). Laboratory
data does not exist to determine the actual weight percent moisture of tailings therefore, thisis a
conservative assumption.

The weight percent moisture of the new clay source (UT-1) is also unknown therefore, it was
assumed that the average weight percent moisture from clay (site #1 and site #4) would be
equivalent to the new clay source (UT-1). This is also a conservative assumption as the new clay

criefn whitetvadon? . cic {3/14/9%)
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source is believed to be of better quality. Weight percent moisture values for clay and random
fill were derived from the “Summary of Capillary Moisture Relationship Test Results” figures
included in Appendix B1. Weight percent moisture values used for modeling purposes are:

Tailings = 6%
Clay = 14.1%
Random Fill = 9.8%

Diffusion Coefficient

Diffusion coefficient input for the tailings and cover materials are measured values from Rogers
& Associates (1988 and 1996), included in Appendix B1 and B2. The coefficients used for
tailings and random fill were an average of the two values presented. The coefficients for each
material are as follows:

Tailings = 0.0142 cm*/sec

Clay = 0.0091 cm’/sec

Random Fill = 0.0082 cm®/sec

References;

Advanced Terra Testing, 1996, Physical soil data, White Mesa Project, Blanding Utah, July 25,
1996.

Chen and Associates, 1987. Physical soil data, White Mesa Project Blanding Utah.
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Version 1.2 - MAY 22, 1989 - G.F. Birchard tel.# (301)492-7000 52
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS

DATE/TIME OF THIS RUN
09-10-1996/18:06:33

EFN - WHITE MESA

CONSTANTS

RADON DECAY CONSTANT .0000021 s™-1
RADON WATER/AIR PARTITION COEFFICIENT .26

SPECIFIC GRAVITY OF COVER & TAILINGS 2.65

GENERAL INPUT PARAMETERS

LAYERS OF COVER AND TAILINGS 4

DESIRED RADON FLUX LIMIT 20 pCi m™-2 s™-1

LAYER THICKNESS NOT OPTIMIZED '

DEFAULT SURFACE RADON CONCENTRATION 0 pCi 1”°-1

RADON FLUX INTO LAYER 1 0 pCi m™-2 s*-1

SURFACE FLUX PRECISION .001 pCi m™-2 s™-1

LAYER INPUT PARAMETERS

LAYER 1 TAILINGS

THICKNESS 500 cm

POROSITY .44

MEASURED MASS DENSITY 1.45 g cm™-3

MEASURED RADIUM ACTIVITY 981 pCi/g™-1

MEASURED EMANATION COEFFICIENT .19

CALCULATED SOURCE TERM CONCENTRATION 1.290D-03 pCi em™-3 s”-1

WEIGHT % MOISTURE 6 %

MOISTURE SATURATION FRACTION .198

MEASURED DIFFUSION COEFFICIENT .0142 cm™2 " -1

LAYER 2 RANDOM FILL (FILL FREEBOARD)

THICKNESS 91.5 cm

POROSITY .315

MEASURED MASS DENSITY 1.85 g cm™-3

MEASURED RADIUM ACTIVITY 1.9 pCi/g™-1

MEASURED EMANATION COEFFICIENT .19

CALCULATED SOURCE TERM CONCENTRATION 4.452D-06 pCi cm™-3 s”-1
IGHT % MOISTURE 9.800000000000001 %

STURE SATURATION FRACTION .576 . .
MEASURED DIFFUSION COEFFICIENT 8.200000000000001D-03 cm 2 8 -1



CLAY (UT-1)

ROSITY

MEASURED MASS DENSITY

MEASURED RADIUM ACTIVITY

MEASURED EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE

MOISTURE SATURATION FRACTION
MEASURED DIFFUSION COEFFICIENT

LAYER 4 RANDOM FILL

THICKNESS

POROSITY

MEASURED MASS DENSITY

MEASURED RADIUM ACTIVITY

MEASURED EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE

MOISTURE SATURATION FRACTION
MEASURED DIFFUSION COEFFICIENT

DATA SENT TO THE FILE ‘RNDATA’

N FO1 CN1 ICOsT

4 0.000D+00 0.000D+00 0
LAYER DX D b

1 5.000D+02 1.420D-02 4.400D-01

2 9.150D+01 8.200D-03 3.150D-01

3 3.050D+01 9.100D-03 2.800D-01

4 6.100D+01 8.200D-03 3.150D-01

N

P

30.5

.28

1.72

1.5

.22
4.257D-06
14.1

.866
.0081

61

.315

1.85

1.9

.19
4.452D-06

cm

g cm™-3
pCi/g”-1

pCi cm™-3 s°-1

k1

cm™2 s87-1

Cri

g cm™-3
pCi/g™-1

pCi cm™-3 s”-1

9.800000000000001

.576

8.2000000000060001D~03

ON DEFAULT DRIVE

CRITJ ACC
.000D+01 1.000D-03

e} XMS RHO
.290D~03 1.977D-01 1.450
.452D-06 5.756D-01 1.850
.257D-06 8.661D~01 1.720
.452D-06 5.756D-01 1.850

Yy

cm™2 s*-1



BARE SOURCE FLUX FROM LAYER 1: 4.667D+02 pCi m*-2 s”-1

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.

(cm) (pCi m™-2 s87-1) (pCi 17-1)
1 5.000D+02 1.233D+02 4.519D+05
2 9.150D+01 2.562D+01 7.892D+04
3 3.050D+01 1.962D+01 2.276D+04
4 6.100D+01 1.361D+01 0.000D+00




T"ﬂ"Envige ental

By TAM Date 64 Subject EFN - White Mesa Page \\ of 32
Chkd By Date _Radon Calculation Proj No 6111-001
Appendix A2

eysin-whitelradon2 cle {3/10/961



wwwww *krkk ] RADON I*#ckdo ..o -

Vergion 1.2 - MAY 22, 1989 - G.F. Birchard tel.# (301)492-7000
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS

E

DATE/TIME OF THIS RUN
09-10-1996/14:46:46

EFN - WHITE MESA (ACCOUNTING FOR FREEZE/THAW CONDITIONS)

CONSTANTS
RADON DECAY CONSTANT .0000021 s™-1
RADON WATER/AIR PARTITION COEFFICIENT .26
SPECIFIC GRAVITY OF COVER & TAILINGS 2.65

GENERAL INPUT PARAMETERS

LAYERS OF COVER AND TAILINGS 4

DESIRED RADON FLUX LIMIT 20 pCi m™-2 s”-1
LAYER THICKNESS NOT OPTIMIZED

DEFAULT SURFACE RADON CONCENTRATION 0 pCi 1°-1
RADON FLUX INTO LAYER 1 0 pCi m™-2 s”-1
SURFACE FLUX PRECISION .001 pCi m™-2 s*-1

LAYER INPUT PARAMETERS

LAYER 1 TAILINGS

THICKNESS 500 cm

POROSITY .44

MEASURED MASS DENSITY 1.45 g cm™-3

MEASURED RADIUM ACTIVITY 981 pCi/g™-1

MEASURED EMANATION COEFFICIENT .19

CALCULATED SOURCE TERM CONCENTRATION 1.290D-03 pCi cm™-3 s7-1

WEIGHT % MOISTURE 6 %

MOISTURE SATURATION FRACTION .198

MEASURED DIFFUSION COEFFICIENT .0142 cem™2 s7-1

LAYER 2 RANDOM FILL

THICKNESS 31.5 om

POROSITY .315

MEASURED MASS DENSITY 1.85 g cm” -3

MEASURED RADIUM ACTIVITY 1.9 pCi/g™-1

MEASURED EMANATION COEFFICIENT .19

CALCULATED SOURCE TERM CONCENTRATION 4.452D-06 pCi cm™-3 g7 -1
GHT % MOISTURE 9.800000000000001 %
STURE SATURATION FRACTION .576

BASURED DIFFUSION COEFFICIENT 8§.200000000000001D-03 cm™2 s7-1




LAYER 3 CLAY

ICKNESS

ROSITY

MEASURED MASS DENSITY

MEASURED RADIUM ACTIVITY

MEASURED EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE

MOISTURE SATURATION FRACTION
MEASURED DIFFUSION COEFFICIENT

LAYER 4 RANDCM FILL

THICKNESS

POROSITY

MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
MEASURED EMANATION COEFFICIENT

CALCULATED SOURCE TERM CONCENTRATION

WEIGHT %
MOISTURE
MEASURED

MOISTURE
SATURATION FRACTION
DIFFUSION COEFFICIENT

DATA SENT TO THE

FILE ‘RNDATA’

N FO1 CN1 ICOST

4 0.000D+00 0.000D+00 0
LAYER DX D p

1 5.000D+02 1.420D-02 4.400D-01

2 $.150D+01 8.200D-03 3.150D-01

3 3.050D+01 9.100D-03 2.800D-01

4 4.300D+01 8.200D-03 3.150D-01

P

30.5 cm /
.28 !%éﬁb
1.72 g cm™-3

1.5 pCi/g”-1

.22

4.257D-06 pCi cm™-3 s™-1

14.1 %

.866

.0091 cm™2 s7-1

43 cm

.315

1.85 g cm™-3

1.9 pCi/g™-1

.19

4.452D-06 pCi cm™-3 -1
9.800000000000001 %

.576

8.200000000000001D-03 cm™2 st-1

ON DEFAULT DRIVE

CRITJI ACC
.000D+01 1.000D-03

Q XMS RHO
.290D-03 1.877D-01 1.450
.452D-06 5.756D-01 1.850
.257D-06 8.661D-01 1.720
.452D~-06 5.756D-01 1.850



BARE SOURCE FLUX FROM LAYER 1: 4.667D+02 pCi m™-2 s*-1

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.

(cm) (pCi m"-2 s7-1) (pCi 17-1)
1 5.000D+02 1.237D+02 4.514D+05
2 9.150D+01 2.679D+01 7.622D+04
3 3.050D+01 2.123D+01 1.944D+04
4 4,.300D+01 1.756D+01 0.000D+00
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Table 3.4-1

Physical Properties of Tailings
and

Proposed Cover Materials

Atterberg % Passing Maximum Optimum
Limits Specific No. 200 Dry Density Moisture

Material Type L PI Gravity Sieve (pcf) Content
Tailings 28 6 2.85 46 104.0 18.1
Random Fill 22 7 2.67 48 120.2 11.8
Clay 29 14 2.69 56 121.3 12.1
Clay ' 36 19 2.75 68 108.7 18.5

Note: Physical Soil Data from Chen and Associates (1987).




« | .
A Rogers & Associates Engineering Corporation
E Post Office Box 330 W/ Z

Salt Lake City, Utah 84110 15+
{801} 263-1600

March 4, 1988

Mr. C.0.Sealy C8700/22
Umetco Minerals Corporation

P.0. Box 1029
Grand Junction, €0 81502

Dear Mr. Sealy:

We have completed the tests ordered on the four samples shipped to us.
The recults are as follows:

. 3
Radium Emanation Diffusion (g/cm™)

Samnle pCi/gm Fraction Coeffic. Density Moisture Saturation
Tailings 981+4 0.19:0.01 2.0E-02 1.45 13.2 0.39
' 8.4E-03 1.44 19.1 0.56
Composite {2,3,85) 1.6E-02 1.85 6.5 0.40
4 SE-04 1.84 12.5 0.75
Site #1 1.6E-02 1.85 8.1 0.48
> 1.4€E-03 1.84 12.6 0.76
Site #4 1.1E-02 1.65 _  15.4 0.63
4.2e-04 1.65 19.3 0.80

The samples will be shipped back to you in the next few weeks. If you have
any questions regarding the results on the samples please feel free to call.

Sincerely,

(e Won

Renee Y., Bowser
Lab Supervisor

515 East 4500 South - Sali Lake City, Utah 84107



A  Rogers & Associates Engineering Corporation

E Post Office Box 330
Salt Lake City, Utah 84110
{801} 263-1600
HpY 12 1988
May 9, 1988
Mr. C.0. Sealy 8700722

UMETCO Minerals Corporation
P.0. Box 1029
Graand Junction, CO 81502

Dear Mr. Sealy: )
The tests for radium content and radon emanation coefficient in the
following sumples have been completed and the results are as follows:

Radon
Sample Radium (pCi/g) Emanation Coefficient
Random (2,3 & %) 1.9 + 0.1 0.19 + 0.04
Site 1 2.2+ 0.1 0.20. + 0.03
Site 4 2.0 % 0.1 0.11 ¥ 0.04

If you have any questions regarding these results please feel free to
call Dr. Kirk Nielson or me.

Sincerely,

(rpous G

Renece Y. Bowser
Lab Supervisor

515 East 4500 South - Salt Lake City. Utah 84107

| %/%/
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ATTERBERG LIMITS TEST

ASTM D 4318 23
2.
CLIENT Titan Env. JOB NO. 2234-04
BORING HNO. DATE SAMPLED
DEPTH DATE TESTED 7=~25~96 WERB, RV
SAMPLE NO. ur-1
SOIL. DESCR.
TEST TYPE AETTERBERG
Plastic Limit
Determination
1 2 3
Wt Dish & Wet Soil 3.34 4.06 3.42
Wt Dish & Dry Soil 2.96 3.57 3.03
Wt of Moisture 0.38 0.49 0.39
Wt of Dish 1.05 1.11 1.06
Wt of Dry Soil 1.91 2.46 1.97
Moisture Content 19.90 19.92 19.80
Liquid Limit Device Number 0258
Determination
1 2 3 4 5
Number of Blows 39 27 18 14 9
Wt Dish & Wet Soil 12.18 10.42 10.92 12.33 10.06
Wt Dish & Dry Soil 6.64 5.67 5.87 6.53 5.34
Wt of Moisture 5.54 4.75 5.05 5.80 4.72
Wt of Dish 1.10 1.06 1.06 1.10 1.08
Wt of Dry Soil 5.54 4.61 4.81 5.43 4.26
Moisture Content 100.00 103.04 104.99 106.81 110.80
Ligquid Limit 103.1
Plastic Limit 19.9
Plasticity Index 83.3

Atterberg Classification CH

Data entry by: NAA Date: 7-26~96

FileName: TIGOUT1 ADVANCED TERRA TESTING, INC.



Moisture Content

112
111
110
108
108
107
106
105
104
103
102
101

100

Atterberg Limits, Flow Curve

L UT-1

]

Number of Blows

25

Plasticity Index

100

PLASTICITY CHART

, . UT-1

s

Cloor

CL-ML

Liguid Lirnit

A Clzssification

100

“he



C PACTION TEST Ty
ASTM D 1557 A

CLIENT: THan Env. JOB NO. 2234-04
BORING NO. SOIL DESCR.

PTH DATE SAMPLED
“SAMPLE NO. uT-1 DATE TESTED 7-25-96 RV

Moisture determination

1 2 3 4 5

Wt of Moisture added (mi) 100.00 150.00 250.00 350.00 450.00
Wi, of soil & dish (@) 384.26 393.92 291.42 24420 281.17
Dry wi. soil & dish {g) 350.60 35561 251.40 202.69 225.04
Net loss of moisture (g) 33.66 38.31 40.02 41.51 56.13
Wi. of dish (g) 8.01 8.34 8.31 8.29 8.43
Net wi. of dry soil (@) 342.59 347.27 243.09 184.40 216.61
Moisture Content (%) 9.83 11.03 16.46 21.35 25691
Corrected Moisture Content
Density determination
Wi of soil & mold (ib) 14.20 14.49 14.68 14.59 14.46
Wit. of mold (Ib) 10.36 10.36 10.36 10.36 10.36
Net wi. of wet soil (Ib) 3.84 413 4.32 423 4.10

t wt of dry soil (Ib) 3.50 372 3.71 3.49 3.26

y Density, (pcf) 104.89 111.59 111.28 104.57 97.69
Corrected Dry Density (pcf)
Volume Factor 30 30 30 30 30
Zaia enfered by, RV Bate: 7-26-96

checked by._ ix?7 Date: (-0 -9

fleName: TIPRUT-1 ADVANCED TERRA TESTING, INC
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Proctor Compaction Test
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Zero Air Voids Curve
(D SGET rted-below
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Moisture Content (%)
- Best Fit Curve & Actuzl Data

- Zero Air VoidsCurve 3 SG = 2.70

-

OPTIMUM MOISTURE CONTENT = 13.9 MAXIMUM DRY DENSITY = 1135
ASTM D 1557 A, Rock correction applied? N
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PERMEABILITY DETERMINATION
FALLING HEAD

FIY¥ED WALL
CLIENT Titan Environmental JOB NO. 2234-04 Z?/
72~
BORING HNO. SAMPLED
DEPTH TEST STARTED 7-28-96 CaL
SAMPLE NO. Ur-1 TEST FINISHED 8~-7-96 CARL
S0IL DESCR. Remolded 95% Mod Pt. € OMC SETUP NO. 1
SURCHARGE 200
MOISTURE/DENSITY BEFORE AFTER
DATA TEST TEST
Wt. Soil & Ring(s) (g) 386.9 404.5
Wt. Ring{(s) (g} 93.0 93.0
Wt. Soil (g) 293.9 311.4
Wet Density PCF 122.3 120.5
Wt. Wet Soil & Pan (g) 302.4 319.9
Wt. Dry Soil & Pan (g) 266.2 266.2
Wt. Lost Moisture (g) 36.2 53.8
Wt. of Pan Only {g) 8.5 8.5
Wt. of Dry Soil {g) 257.7 257.7
Moisture Content % 14.1 20.9
Dry Density PCF 107.2 99.7
Max. Dry Density PCF 113.5 113.5
Percent Compaction 94.4 87.8
ELAPSED BURETTE BURETTE PERCOLATION RATE
TIME READING READING FT/YEAR CM/SEC

(MIN) hl (CC) h2 (cC)

0.2
2599 10.8 10.8 0.14 1.4E-07"
1427 14.2 14.2 0.09 8.4E-08.
1440 16.8 16.8 - 0.07 6.5E-08
1440 18.6 18.6 0.05 4.6E-08
1440 20.2 20.2 0.04 4.1E-08
1440 21.6 21.6 .04 3.7E-08
1469 23.0 23.0 0.04 3.6E-08
1440 24.4 0.04 3.7E-08
L crmmami s
Data Entered By: HAA Date: B-8-986
Date Checked By: J«] Date: _ g-8-%

Filename:TIFHUTL ADVANCED TERRA TESTIRG, IHC.



Rogers & Associates Engineering Corporation

7
REPORT OF RADON DIFFUSION COEFFICIENT MEASUREMENTS 32
(TIME-DEPENDENT DIFFUSION TEST METHOD RAE-SQAP-3.6)
Report Date:  vape
Coatract:  CI0000
By: _ _BCR
Daic Recerved: 896
Sample Kientification:_ Titan Environmental S N
Radon Diffusion Specific
Moisture Density Coefficient Saturation | Cravity
Sampla‘m (Dry Wt. %) (g/em?) (cm?/g) (Mp/P) (g/em3)
UT-1 14.5% 1.72 9.1E-03 089 2.39
RAE
Poat Office Box 830
Balt Lake City « Utah 84110
{BO1) 7683-1600
SEP-U3-1996 1416 SA12621527 P.a3




Rogers & Associates Engineering Corporation

7/“1/3 .

REPORT OF RADIUM CONTENT AND EMANATION
COEFFICIENT MEASUREMENTS

(LAB PROCEDURE RAE-SQAP-3.1)

Report Date: 97396
Contract:__CO6008

By: __BCR

Date Reccived: . 896

Sample Mentfication:__Titan Enviroomental e

| Moisture Radon Emanation Radium-226
Sample ID (Dry Wt. %) CoefTicient (pCilg) Comments
UT-1 14.6% 0221004 1.54£03
RAE
Post Office Box 330
Salt Lake City = Utah 84116
(801) 263-1600
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14-8 ‘ Soil Mechanics

14.5 Other Useful Equations for Weight-Volume
Problems

It is strongly recommended that weight-volume problems be solved using phase diagrams rather
than only formulas, as completing a phase diagram clearly indicates whether sufficient information is
known to complete the problem, whether information is insufficient and assumptions must be made, or
whether too much information is present and the problem is overconstrained. For example, it may not be
immediately apparent from the information given whether a soil is saturated until all quantities are calcu-
lated. Nevertheless, following are given additional useful equations that may be used to solve certain
classes of weight-volume problems.

A very useful equation relating four different quantities is
Se =wG, (14.5.1)

For saturated soils (S = 100%) there results
e=wG, (145.2)

The relationships between the void ratio and porosity are

_on
A e (14.5.3)
and n= Paro‘in *3
P e A s
The total unit weight can be obtained as \[‘A""“‘* % Sﬂ(} &{S
(G +5e)y,  (+w)y, (1455)
1+e  w/S+1/ G
The dry unit weight can be obtained as f‘{ Dy Bl Dﬁx«%iﬁfé
# ....Gyw = GTYw ég ec bt 6""‘&

E 7“' 1$+e 1+(Z;Gs 75) &) (14'5 6)

\/N" D_Ln?)fg of WV

—EXAMPLE 14.8
Rework example 14.6 using equations introduced in this section.

Solution. Se = wG,

S =wG, /e = (20)(2.65)/(0.800) = 0.6625 or 66.3%

e 0800 _na,
*The - T+0500 st
1 -
Arwly, __ (Q200624) 1907 /e

T w/S+1/G, 02/06625+1/265

, =Sy _ (265)(624)
I Y 1+0.800

=919 Ib/ft
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Method:

Results:
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To determine the required soil cover thicknesses to minimize surface water
infiltration through the White Mesa tailings impoundments so that precipitation
will not fully penetrate the soil cover. The White Mesa Mill site is located in
Blanding, Utah. The performance of the tailings cover was evaluated using the
Hydrologic Evaluation of Landfill Performance (HELP) Model. The HELP
model was developed to facilitate rapid, economical estimation of the amounts of
surface runoff, subsurface drainage, and leachate that may be expected to result
from the operation of a wide variety of possible cover designs.

Determine the soil properties of the cover materials and climatic properties of
Blanding, Utah based on existing database values previously collected, and
acceptable default parameters. Input parameters into the computer modeling
program “HELP” to determine the percolation through the cover materials. A
variety of scenarios adjusting cover thicknesses were run to determine the
optimum thicknesses of cover materials to eliminate percolation through the
bottom cover layer. The modeled tailings cover consists of a compacted clay
layer over the tailings, with a random fill soil layer covering the ciay.

The model was developed for Cell 3 at the White Mesa Mili since it is the largest
of the three cells to be covered (Cells 2, 3, and 4A). Figure 1 shows the location
of the cells. The cover requirements determined for Cell 3 will be applied to the
remaining cells as well. This is a conservative approach since the remaining cells
are smaller in size and require less time and distance for precipitation runoff.

A two-layer uranium mill tailings cover composed of a 2-foot layer of random fill
over a I-foot compacted clay layer will reduce percolation into the tailings
material to a negligible quantity (see Appendix A for HELP results). As indicated
by the model results, precipitation will either runoff the soil cover or be
evaporated.

The cover thicknesses recommended above were also determined to be the
minimum thickness requirements for White Mesa tailings covers based on results
from radon flux calculations (see “Calculation of Radon Flux from the White
Mesa Tailings Cover”, 9/11/96). As indicated in the Radon Flux calculation, to
restrict radon flux to 20 pCi/m2/sec, (Regulatory Guide 3.64), a cover consisting
of 2-feet random fill and 1-foot compacted clay is required.

oo (95187981
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Parameters:  The HELP model requires input of the following parameters for the cover
materials:

- Weather Data:
Evapotranspiration
Precipitation
Temperature
Solar Radiation

- Soil and Design Data:
Landfill area (area of Cell 3)
Percent of area where runoff is possible
Moisture content initialization

- Cover Layer Data:
Layer type
Default soil/material texture number
Runoff curve number

Weather Data

Evapotranspiration and solar radiation data was input using the default parameters from Grand
Junction, Colorado. Grand Junction is located north east of Blanding Utah in a similar climate
and elevation. The elevation at Grand Junction is 4,600 feet and the elevation at Blanding Utah
is 5,600 feet. Figure I in Appendix B shows the locations of Blanding and Grand Junction in
relation to one another.

Precipitation data from 1988 to 1993 (skipping 1989) was obtained from Utah State University
{see Appendix C). Daily precipitation values for the five years were input manually into the
HELP model. Temperature data was obtained from the Dames & Moore (1978) and is also
included in Appendix C. Daily temperature data was not available for manual entry therefore,
the computer calculated mean monthly temperatures based on the default location {(Grand
Junction, Colorado). These values were then edited to match the actual mean monthly
temperatures for Blanding, Utah.

cihafinawhitaiheipl olg (87167561
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Soil and Design Data

The surface area of Cell 3 at the White Mesa Mill, Blanding, Utah was used for the landfill area
value. The surface area, as indicated on Figure 1, is 78.7 acres. It was assumed that runoff was
possible over 100% of this area and that no rain would sit on the tailings cover.

Cover Layer Data

Laver Thickness:

A two-layer cover over approximately 28 feet of uranium mill tailings was used to ran the HELP
model. Actual cover thicknesses which would be constructed on site consist of 2-feet of random
fill over a I-foot compacted clay layer. This cover profile was adjusted for modeling purposes to
account for freezing and thawing conditions. As indicated in the “Effects of Freezing on
Uranium Mill Tailings Covers Calculation Brief” (6/17/96), 6.8 inches of the top random fill
cover layer will be effected by freeze/thaw conditions at Blanding, Utah. This suggests that 6.8
inches of the top layer may not contribute to reductions of infiltration into the tailings piles. To
conservatively compensate for effects from freezing and thawing, 6.8 inches were subtracted
from the top random fill cover layer. Therefore, modeled layer thicknesses consisted of 17.2
inches of random fill over 12 inches of clay.

LQEQP‘ Z VRe.

The random fill soil layer was classified as a vertical percolation layer. Vertical percolation
layers are composed of moderate to high permeability material that drains vertically, primarily as
unsaturated flow. The clay layer was classified as a barrier soil liner. This material consists of
low permeability soil designed to limit percolation/leakage and drains only vertically as a
saturated flow.

Moisture Storage Parameters:;

Required moisture storage parameters such as; porosity, field capacity, wilting point, initial soil
water content, and permeability, are interrelated with the exception of permeability. The porosity
must be greater than zero but less than 1. The field capacity must be between zero and T but
must be smaller than the porosity. The wilting point must be greater than zero but less than the
field capacity, and the initial moisture content must be greater than or equal to the wilting point
and less than or equal to the porosity (U.S. EPA, 1994).

Based on these relations, actual measured porosity and permeability values were input for
random fill {Chen and Associates, 1987) and clay {Advanced Terra Testing, 1996, sample UT-1).
See Appendix D) for physical property data. In addition, wilting point data for the layers was sct

sihefnowhizeihelpl.ole [3/16/5%)
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equal to the long-term moisture content of the materials and the soil water content was adjusted
to equal the optimum moisture content. Field capacity values just less than the porosity’s were
assumed to maintain the interrelationship of the parameters.

Runoff Curve Number

The runoff curve number was calculated by the HELP model based on a minimum surface slope
of 0.2%, slope length of 1,200 feet, soil texture of the top layer, and vegetation. A slope length
of 1,200 feet was assumed to be the maximum distance which precipitation would travel over the
soil cover. The top layer on the tailings cover will be minimum 37 of rock riprap (sandstone)
therefore, no vegetation will exast. This top layer, however, was not included in the model to
determine percolation quantities.

References:

Advanced Terra Testing, 1996, Physical soil data, White Mesa Project, Blanding Utah, July 25,
1996.

Chen and Associates, 1987. Physical soil data, White Mesa Project, Blanding, Utah.

Dames & Moore, 1978. “Environmental Report, White Mesa Uranium Project, San Juan County
Utah”, January 20, 1978, revised May 15, 1978.

Principles & Practice of Civil Engineering, 2nd Edition, 1996.

1.5, Environmental Protection Agency (EPA), 1994. “The Hydrologic Evaluation of Landfill
Performance (HELP) Model”, September, 1994,

Utah Climate Center, Utah State University, Daily Precipitation Values, Station #42073807,
Blanding, Utah, January 1988 through December 1993,
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& HYDROLOGIC EVALUATION OF LANDFILL PERFORMANCE
& HELP MODEL VERSION 3.01 (14 OCTOBER 1994}
*x DEVELOPED BY ENVIRONMENTAIL LABORATORY

* & USAE WATERWAYS EXPERIMENT STATION

* % FOR USEPA RISK REDUCTION ENGINEERING LABORATORY
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PRECIPITATION DATA FILE: C:\HELP3\PRECIP.D4
TEMPERATURE DATA FILE: C: \HELP3\TEMP2.D7
SOLAR RADIATION DATA FILE: C:\HELP3\SOLAR.D13
EVAPOTRANSPIRATION DATA: C:\HELP3\EVAP.D11
SOII, AND DESIGN DATA FILE: C:\HELP3\efn-fin2.D10
OQUTPUT DATA FILE: C:\HELP3\efn-fin2 .0UT

TIME: 14: 9 DATE: 9/11/199¢6

U

R L s i S A E X T RS SR R TR S TS R SR E S A S E X RS SRS SRR RS SRR E SRS LSRR SRS S EESE S

TITLE: EFN - White Mesa

L e R R E R R R R R R R s R R R R S EE R

NOTE: INITIAL MOISTURE CONTENT OF THE LAYERS AND SNOW WATER
WERE SPECIFIED BY TEE USER.

TYPE 1 - VERTICAL PERCOLATION LAYER
MATERIAL TEXTURE NUMBER 88

THICKNESS = 17.20 INCHES
POROSITY = 0.3150 VOL/VOL

FIELD CAPACITY 5= 0.3140 VOL/VOL
WILTING POINT = 0.0980 VOL/VOL
INITIAL SOIL WATER CONTENT = 0.1180 VOL/VOL
EFFECTIVE SAT. HYD. COND, =  0.856%95999000E-06 CM/SEC

LAYER 2



TYPE 3 - BARRIER SOIL LINER
MATERIAL TEXTURE NUMBER 89

THICENESS = 12.400 INCHES
POROSITY = 0.2800 VOL/VOL

FIELD CAPACITY = 0.2799 VOL/VOL
WILTING POINT = 0.1410 VOL/VOL
INITIAL SCIL WATER CONTENT = 0.2800 VOL/VOL
EFFECTIVE SAT. HYD. COND. = 0.369899995000E-07 CM/SEC

GENERAL DESIGN AND EVAPORATIVE ZONE DATA

NOTE: 8CS RUNCFF CURVE NUMRER WAS COMPUTED FROM DEFAULT
SOIL DATA BASE USING SOIL TEXTURE #27 WITH BARE
GROUND CONDITIONS, A SURFACE SLOFPE OF 0.% AND
A SLOPE LENGTH OF 1200. FEET.

5C5 RUNOFF CURVE NUMBER = 96 .40

FRACTION OF AREA ALLOWING RUNOFF = 100.0 PERCENT
AREA PROJECTED ON HORIZONTAL PLANE = 78.700 ACRES
EVAPORATIVE ZONE DEPTH = 17.2 INCHES
INITIAL WATER IN EVAPORATIVE ZONE = 2.0306 INCHES
UPPER LIMIT OF EVAPORATIVE STORAGE = 5.418 INCHES
LOWER LIMIT OF EVAPORATIVE STORAGE = 1.686 INCHES
INTTIAL SNOW WATER = 0.00C INCHES
INITIAL WATER IN LAYER MATERIALS = 5.390 INCHES
TOTAL INITIAL WATER = 5.390 INCHES
TOTAL SUBSURFACE INFLOW = 0.00 INCHES/YEAR

EVAPOTRANSPIRATION AND WEATHER DATA

NOTE: EVAPOTRANSPIRATION DATA WAS OBTAINED FROM

GRAND JUNCTION COLORADO

MAXIMUM LEAF AREA THDEX = .00

START OF GROWING SEASON (JULIAN DATE} = 108

END CF GROWING SEASON (JULIAN DATE) = 293

AVERAGE ANNUAIL WIND SPEED = B8.10 MPH
AVERAGE 15T QUARTER RELATIVE HUMIDITY = £0.00 %
AVERAGE Z2ND QUARTER RELATIVE HUMIDITY = 36.00 %
AVERAGE 3RD QUARTER RELATIVE HUMIDITY = 36.00 %
AVERAGE 4TH QUARTER RELATIVE HUMIDITY = 57.00 %

NCTE: PRECIPITATION DATA FOR BLANDING UTAH

Was ENTERED BY THE USER.



NOTE: TEMPERATURE DATA WAS SYNTHETICALLY GENERATED USING

COEFFICIENTS FOR GRAND JUNCTION COLORADC
NORMAL MEAN MONTHELY TEMPERATURE (DEGREES FAHRENHEIT) q
JAN/JUL PEB/AUG MAR/SEP APR/OCT MAY /NOV JUN/DEC / bal
27.50 32,90 38.10 47.10 5740 6690
73.60 70.90 £3.00 51.60 38.50 28.80

NOTE: SOLAR RADIATION DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR GRAND JUNCTION COLORADO

STATION LATITUDE = 39.07 DEGREES

EF XTSRS X EESE LSS L LSS E SRS LIS EEE SR SR EEE LIRS EEETEEEE S EEREEEEEESSESERERERESEREEEEEEEE LS

AVERAGE MONTHLY VALUES IN INCHES FOR YEARS 1988 THROUGH 1593

PRECIFPITATION
TOTALS 2.10 1.32 0.92 0.46 1.31 0.60
1.17 1.37 1.16 1.24 1.07 1.18
STD. DEVIATIONS 1.85 1.43 0.72 0.37 0.71 0.62
0.92 0.43 0.35 0.66 0.51 0.71
RUNOFF
TOTALS 1.455 0.858 0.542 0.265 0.871 G.389
0.774 0.885 0.802 0.785 0.713 0.568
STD. DEVIATIONS 1.967 1.206 0.425 0.240 0.472 0.454
0.691 G.350 0.220 0.495 G.432 0.441
EVAPOTRANSPIRATION
TOTALS 0.700 0.41% 0.331 0.224 0.413 G.231
0.353 0.45%0 0.424 0.394 0.4G2 0.534
STD. DEVIATIONS 0.072 0.24¢6 0.226 0.1310 0.256 0.201
9.243 0.21% 0.223 0.235 0.141 G.18%

PERCOLATION/LEAKAGE THROUGH LAYER 2

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
STD. DEVIATIONS 0.0000 6.0000 0.0600 0.0000 0.0000 ¢.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000



AVERAGES OF MONTHLY AVERAGED DAILY HEADS (INCHES) 133%

AVERAGES 0.00600 0.0000 0.6000 0.6000 0.0000 G.0000
0.0000 0.0000C 0.0000 0.0000 G.0000 0.0000
STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.00060 ¢.0600
6.0000 G.0000 0.0000 0.0000 0.0000 0.0000

R E R R S RIS EE E TR AR R SR SRS R AL RS RS A EE R SR EEE R S ISR PR R E R R R R Y ]

IZF S SRS S SRR E RS S SRS RERLESESAESER SRS ELEELTEES LRSS EEE N E LSRR EEEEREEES EEEEEEESERETERE

AVERAGE ANNUAL TOTALS & (STD. DEVIATIONS) FOR YEARS 1988 THROUGH 199¢3

INCHES CU. FEET PERCENT
PRECTPTTATION 13.50  (  2.614)  3971537.7  100.00
RUNOFF 9.048 { 2.4802) 2584718.25 65.081
HTEVAPOTRANSPIRA?ION 4.908 { 0.7521) 1402180.62 35.306
  f3ERCOLATIONfLEAKAGE THEROUGH 0.00000 ( 0.00000) 0.000 0.00000
FROM LAYER 2
AVERAGE HEAD ACROSS TOP 0.000 0.000)
OF LAYER 2
CHARGE TN WATER STORAGE ~0.054 ( 0.1827) ~-15362.23 -0.387

I R R R R A R E R R E L AN R S E R R e RSP E R EEEEERESF RS LA R R R
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PEAK DAILY VALUES FOR YEARS 1988 THROUGH 1993 ivg%

- (xcmes)  (cv. FT.)

PRECIPITATION ““;j%; wwwww ;;;;g;t;i;*”

RUNOFF 1.684 481108.4370

PERCOLATION/LEAKAGE THROUGH LAYER 2 0.000000 0.900000

AVERAGE HEAD ACROSS LAYER 2 0.000

SNOW WATER 2.96 845040.4370

MAXIMUM VEG. SOIL WATER (VOL/VOL) 0.1182

MINIMUM VEG. SOIL WATER (VOL/VOL) 0.0962

I EEE S S S E R S A S S SR SRS S S S R SRS S RS R R X S RS TSRS S RS S S RS EE AR E R AR RS EE RS E SR
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FINAL WATER STORAGE AT END OF YEAR 1993 \'7’/3%
”””””””””””””””” LAYER  (INCHES)  (voLsvon)
1 1.7607 0.1024
2 3.3600 0.2800
SNOW WATER 0.000

FEAERFEA A AAFT AR A TR AT AL A A AT AL AT A XA EA TR AL A AT AR EFARTRAFT AR I A A F A A A LA AN A RARA KT EE TSR A 4 &
FHREA KA XA AAF AT AKX AA XA AL A AT RA A FAZTFE AR AT A AR A AL TR AR A RS d Ed o b addhdvhhh b bdehthdtd
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TALIDES ArD QADDAMA Eriy Trobsens
Table 3.4-1

Physical Properties of Tailings
and

Proposed Cover Materials

Atterberg % Passing HMaximum Optimum

Limits Specific Ho. 200 Ory Density Moisture
Material Type  LL PI Gravity Sieve {pcf} Content
Taiiings 28 6 2.85 46 104.0 18.1
Random Fill 22 7 2.67 48 120.2 11.8
Clay 29 14 2.69 56 121.3 12.1
Clay 36 19 2.75 68 108.7 18.5

Note: Physical Soil Data from Chen and Associates (1987).
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CLIENT Titan

BORIRG HNO.
DEPTH
SAMPLE NO.
SOTL. DESCR.
SURCHARGE

PERMEAILITY DETERMINATION

FALLING HEAD
FIXED WALL

Envirconmental

Ur-1

Remolded 95% HMod Pt. @ OMC

200

HKOISTURE /DENSITY

DATA

Wt. Soil & Ring
Wt. Ring(s} (g
wWt. Soil (q)

(s} (@)
}

Wet Density PCF

Wt. Wet Scil & Pan (g}
Wt. Dry Soil & Pan (g)
Wt. Lost Moisture {g}

Wt. of Pan Only
Wt. of Dry Soil

(9)
(9)

Moisture Content %
Dry Density PCF
Max. Dry Density PCF

Percent Compact

icn

BEFCORE AFTER
TEST TEST

386.9 404.5
93.0 93.0
293.9 311.4
122.3 120.5%

302.4 3159.9
266.2 266.2

36.2 53.8
8.5 8.5
257.7 257.7
i4.1 20.9
107.2 99.7
113.5 113.5
94.4 87.8

ELAPSED BURETTE BURETTE

TIME READING
(MIN}  hl (CC)
0.2
2599 10.8
1427 14.2
1440 16.8
1440 18.6
1440 20.2
1440 21.6
1469 23.0
1440

. Data Entered By: HNAR

fifﬁate Checked By: 5§3§ —

Filename:TIFHUTI

READING
h2 (cc)

i0.8
14.2
16.8
18.6
20.2
21.6
23.0
24.4

Date: B~8-8%6
Date: %_§;§E

JOB RO. 223404

SAMPLED

TEST STARTED 7-28-96 Al
TEST FINISHED 8~7-96 CAL
SETUP NO. 1

PERCOLATION RATE
FT/YERR CM/SEC

0.14 1.4E-07
0.09 8.4E~08.
0.07 6.5E-08
0.05 4.6E-08
0.04 4.1E-08
0.04 3.7E-08
0.04 3.6E~08

0.04 3.7E~08 = PW%L{«}/CCLF(Y)

ADVANCED TERRA TESTING,

IKC.
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Porosity “

Porosity is calculated from the specific gravity and dry butk density according to the following

equations;

1. Dry bulk density = [(specific gravity)}{(density of water)]/{1 +e] (Ref: Principles & Practice of

Civil Engineering, 1996). See Appendix C.

2. Porosity = {e/ (1+¢)] x 100 {Ref: Principles & Practice of Civil Engineering, 1996). See

Appendix C.
Max. Dry Dry Bulk Specific = | Density of “e” porosity
Density Density Gravity (1) { Water (I/f%) | (3) @)
W) M) | i) @)
Tailings 104.0 936 2.85 624 0.90 47%
Clay (5) 115.0 103.5 2.72 62.4 064 [39%
Random fill | 1202 1082 2.67 62.4 0.54 35%
Notes:

1. Physical soil data from Chen and Associates (1987) included in Appendix B.

2. Bulk dry density is 90% of the ASTM Proctor maximum dry density for all materials.

3. Calculated using Equation 1 above.
4. Calculated using Equation 2 above. :
5. Clay physical data are average values from site #1 and site #4 clay stockpiles as given by

Umetco Minerals Corp. 1988.
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TASLE
SUMMARY OF LARORATORY TEST RESULTS
page ! of 1
.
HATURAL Haxlecn | Optlmum | ATTIRREAS LINITS CRADATION ANALYSIS ALAOLDED PEAMEABILITY
Test | Depth | Ory Paliturs — tpacitic $all
wele | {Ft.) jrolsture Dry Dens ity | Loatent | Lfeuld Plasticley Kax Pmurs Priting Lasn than pry Holtture Gravity Typs
Content [Denylty Limlt tndax $iza #100 . Benslty | Content TN e, /iae,
%) {pef {pef) (%) {4 =t (=) o (%) {pef) x)
FRER AN ' H7.5 1 1 20 3 #e 58 I3 114 16,4 0.57 5.5x10%7 Sandy $11t
3 1.8 7. 1 S K16 §2 SI‘;#C’:"S’”Y'
s 17het0 okt | 185 1 8 3% tn, 56 1 1oz, 22,0 0,088 822108 1,65 theareon. |
' $hhty Clay™
6 111 10,3 25 7 s 77 Sandy Cliy
! Stie.
g B4 I Y 8 #4 70 Yandy Clay
8 5.5 13,1 ke bt 62 faleareous
Sandy St
g 0~ 8.1 He #18 53 sand = S}t
o bef } 14 16 #4 73 Sendy Clay
1 £4-41 0 H 6 #16 65 . Siltstonss,
' T tlayitone
11 (38 i0t, 0 20,6 53 33 . K16 88 55 45,0 18,1 0,068 6,6!!0"8 1.67 Yestharsd
Claystane
) Jul 17,1 19/ 13 48 a4 Calciraous
S1tL Llay
ER 2.1 ha v 2 #4 83 Veathered
Ve g o Cirpstone
08 134 1068 | 19.¢ L] 8 378 0. 65 17 103, 4 18,0 o.012 1,2x10" 1,64 Yod, Lalearac]
Sandy {lay
19 2.3 1Lk ‘ 19 b 1] £4 Samdy 8§11t
As o Hrs |o1ne 23 3 #16 70 t6s.9 | 12,4 0,035 | 3.n1078 S3ndy Clayar
Lo N sl
11 17 13,2 26 v/ i # 73 Sandy C1dy -
/41 13 R 24 30 87 Wasthered
# Clevitone
A b 61 v// 10 #19 13 Sisyatans
As 134 1103 26 9 A4 57 Sandy Lley
b hing 15,3 4} ’/ He # g1 Veatharad
. Claystona
el 6-1 12,7 18 10 38 i, n . Sandy Clay
\_g 7.3 a3 14 H #16 53 Sandy $1it
32 5.84 5.4 13 6 #30 13 Sandy Clayey
site
3 o0-h 15,8 01,5 1 5 48 T 110.5 1.5 0,63 &, fxto"7 SS;'n;fY Clayey
18 - IR LN 15 7 th 3/8 i, 43 102,4 17.9 9,9h1 4, 0x50"8 §andy Clay
ho b hesd 8.4 16,2 L) / 9 8 84 27 104, b 165 9.017 T s g $andy Clay

Li%
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TABLE §
SUMMARY OF LABG&):?GM’ TEST RESULTS
Page ! of 2
g HATUR AL Kaximom | Sptisem ATTIASELRG LIAITS CAADATION ANALYS 1S KEMOLOED PERKEASILITY
Test | depth | ory  Jolitura ; . S , tpaclfle a1t
Hote {(#2.) Mafsturs Jry BDanilty Eantant tieuld - Plastielty Hak [ Priting Lags than Bry Mafsture Sravity Typa
' Comtant Density {Imlt taden $ita X000 A4 Danmg bty " | Content ft,/yr, em,fraL,
SN TYTIA R CTIS I N D WK 1 (x) {2 ) (pet) | (1)
by T | g-n} 5.8 | 12 8 378 1a, 60 Sandy Llay
B2 fr1jeitd 7.6 %/ 10 3/8 In, 73 Sendy Clay
Py firene . w7 1 4 & Chayster
| 43 1130164 AN 5.9 e h 3/8 ta, L] Ity tok, 15,8 8. 01k 1 axt07t 161 Claystonr
h 4.7 1.8 30 s i 3/8 1n, .78 Caleareout
' " i ' Sendy Clay
b 5.1 11,3 1 & #18 78 ‘S;Td-;‘ Clayay
. i
44 1.t} w0 7 g /8 in, 8% ) Sandy Ciay
L | 5.9 H1o.g 15,5 3/ §18 71 105, 2 1.9 2,13 3.ix1070 Sandy £y
w7 5 #8 55 Caleareous
/{9 e Sandy 511t
sl Ol 12,1 23 9 K © g4 Sandy Clay
54 5.5} 1.8 I BT #30 71 Sandy {lay
55 igi-tok 18 / i3 #h 71 Sandy Clay
f o | 5qe 12,3 35 7 1 #4 15 g Sty
51 Gt b1 21 ] #l4 75 Sendy §$10t
3 Hp i in, b Calosreguy
1 iti-tld g1 S by
83 b 10/ ih 8 68 Sendy €.
44 - Gy 0 HP #i6 ik Sttty 3 ;
58 1 748 5.4 28/ i3 ¥4 67 Sindy Clay
vl k 1% In, b Calearssuy
10 Jh-ti R 17 iin Sand L S1it
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TABLE i1
LABORATORY PERMEABILITY TEST RESULTS
Compactlon
Sampie Soll Type 7 Dry Holstura $ of O Surcharge Permeabil|lty
Denslty Content ASTH D698 Pressure
(pef) (£) {psf) (Ft/yr) (Cm/$
TH 2§ 0'=5! Sandy SI1t 111.6 16.4 95 500 0.57 5.5
TH 5 8 7¢'-10¢ Caleareous S$ilty Clay 102,1 22.0 1ol 500 0,085 8.2
TH 12 8 2'-5! Wsatherad Claystone 35.C 18.3 g4 500 0,068 6.6x10
TH 15 g 1 -ki' | Calcarsous Sandy Clay 103.4 18.0 97 500 0,012 .2x10
TH 19 p 0'-3t | Sandy, Clayey SIlt 109.9 12.4 g4 500 0.035 3. hx16
\\.‘ . ™
TH 17 @ 0=k Sandy, Clayey SIlt 110.5 1.5 93 500 0.63 6. 1x10
TH 38 @ 5°-77 Sandy Clay 1024 7.9 52 500 0,0k hooxl0
TI40 g hi-54t | Sandy Clay 106, 4 16.4 97 500 0.017 1.6x10"
TH 43 6 134-1647 Claystone 104, 15.8 35 500 0.024 2.3x%10°
TH f;g g f‘iw7' Saﬂd'f Cfay ]05.2 ]3«9 95 SOO 0'33 3.0 NTJ
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Freeze/Thaw Evaluation

EE=S= Environmental



T"A"Environmental

By JFL_ Date 6/17/96 Subject EEN - White Mesa Page_ | of 1§
Chkd By Tam Date 3]\ 19V Effect of Freezing on Tailings Cover Proj No_6111-001

Pu POSE:

Method:

To determine if freeze/thaw conditions will impact the performance of the White
Mesa uranium mill tailings cover. This calculation brief predicts the depth of
frost which may be anticipated at the mill site. Only frost depth is evaluated since
this would have the greatest impact on cover integrity (i.e. increasing permeability
or damage by frost heave).

A digital computer program of the modified Berggren equation for calculating the
depth of freeze or thaw in a multi-layered soil system was used for purposes
presented in this calculation. This method, used for determining the frost depth, is
considered adequate for Uranium Mill Tailings Remedial Action (UMTRA)
Projects by the U.S. Department of Energy for the following reasons:

o It calculates depth of frost based on a zero degrees Celsius isotherm, whereas
the frozen front occurs some distance above this line.

e Extrapolation of current weather records beyond 200 years is not reliable.

e Extreme changes in temperatures for the 1,000 year design life are not
anticipated based on geomorphic evidence.

Parameters for the cover materials based on accepted methods and existing
database values previously collected, were input into the computer modeling
program to determine the depth of frost penetration. A cover thickness of 2 feet
random fill over 1 foot of compacted clay (as determined by HELP and RADON
computer modeling) was used.

Assumptions: The model assumes:

e One-dimensional heat flow with the entire soil mass at its mean annual
temperature prior to the start of the freezing season.

e At the start of the freezing season, the surface temperature changes suddenly
from the mean annual temperature to a temperature below freezing and
remains at this temperature throughout the entire freezing season.

e The effect of latent heat is considered as a heat sink at the moving frost line.

e Soil freezes at a temperature of 32 degrees Fahrenheit.

c:\efn-white\freeze2.clc {9/11/96}
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By JFL  Date 6/17/96 Subject EFN - White Mesa Page Jof |¥
Chkd By TAm Dateq[1\ 14, Effect of Freezing on Tailings Cover Proj No_6111-001
Results: The total frost penetration depth is less than 6.8 inches. Therefore, the 2-foot

layer of random fill will provide adequate protection to the underlying 1-foot clay
layer. See Appendix A for computer modeling results.

Parameters: The computer program requires input of the following parameters for the soil
cover layers:
- freezing index (degree);
- length of season (days);
- mean annual temperature (degrees Fahrenheit);
- n-factor;
- layer thickness' (inches);
- water content (percent);
- dry unit weight (Ibs/cubic foot);
- heat capacity (Btu/cubic foot-deg F);
- thermal conductivity (Btw/foot-hour-deg F), and;
- latent heat of fusion (Btu/cubic foot).

Freezing Index/Length of Season/Mean Annual Temperature

Default values from Grand Junction, Colorado were used for the freezing index and length of
season. Grand Junction, Colorado was used for default parameters since it is similar in elevation
and climate to Blanding Utah. An actual mean annual temperature for Blanding Utah from
Dames & Moore (1978) was used for modeling purposes (see Appendix B).

N-factor

A default n-factor of 0.70 for sand and gravel surface type was used as per recommended in the
freeze/thaw model guidelines (Aitken and Berg, 1968).

Soil type

Soil type was considered to be fine grained soil for both cover layers. Soil type number is 5.

c:\efn-white\freeze2.clc {9/12/96]
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By _JEL_ Date 6/17/96 Subject EFN - White Mesa Page 3 of | ¥
Chkd By A Date 4y 91, Effect of Freezing on Tailings Cover Proj No 6111-001
Layer thickness’

The thickness of the cover materials were determined by infiltration and radon flux modeling
programs to be 2 feet of random fill over 1 foot of clay. For this calculation, a single 36-inch
layer was used. This was used because the random fill and clay soil have very similar properties.

Moisture Content
74
Optimum moisture content from Chen and Associates (1987) and Advanced Terra Testing (1996)

was used for the random fill and the clay (UT-1) layer respectively. This data is included in
Appendix B.

Optimum moisture content:
random fill =11.8%
clay =13.9%

A weighted averaged moisture content of 12.5 percent was used for this analysis.

Soil Density

Soil dry density was determined from Chen and Associates (1987) for random fill and Advanced
Terra Testing (1996) for clay. The maximum dry density for the random fill was measured to be
120.2 pounds per cubic foot (pcf) and the maximum dry density for the clay was measured to be
113.5 pcf . Assuming the soil will be compacted to 95 percent of the maximum density, the
weighted average bulk soil density would be 112 pcf.

Heat Capacity

Based on the nomographs presented in Aitken and Berg (1968) and included herein as Figure 1,
using an average soil density of 112 pcf and an average moisture content of 12.5 percent yields a
heat capacity of 30 Btw/ft’ ° F.

Thermal Conductivity

Thermal conductivity of the soil cover was assumed to be similar to that for a dry sand. The
thermal conductivity of a dry sand is reported to be 0.19 Btw/ hr. ft °F (Perry, Robert H. et al.,
1984) (see Table 1).
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By _JFL_ Date 6/17/96 Subject EFN - White Mesa Page 4 of (&
Chkd ByTAm Date /)] Tk Effect of Freezing on Tailings Cover Proj No_6111-001
Latent Heat

Based on the nomographs presented in Aitken and Berg (1968) and included herein as Figure 1,
using an average soil density of 112 pcf and an average moisture content of 12.5 percent yields a
Latent Heat of 2000 Bt/ ft .

References:

Advanced Terra Testing, 1996. Physical soil data, White Mesa Project, Blanding Utah, July 25,
1996.

Aitken, George W. and Berg, Richard L., 1968, “Digital Solution of Modified Berggren Equation
to Calculate Depths of Freeze or Thaw in Multilayered Systems”, October, 1968.

Chen and Associates, 1987. Physical soil data, White Mesa Project Blanding Utah.

Dames & Moore, 1978. “Environmental Report, White Mesa Uranium Project, San Juan
County, Utah, January 20, 1978, revised May 15, 1978.

Perry, Robert H. et al., 1984. “Perry’s Chemical Engineers’ Handbook, Sixth Edition”, McGraw
Hill Book Company, 1984.

U.S. Department of Energy, 1988, “Effect of Freezing and Thawing on UMTRA Covers”
Albuquerque, New Mexico, October 1988.

c:\efn-white\freeze2.cic [9/12/96]



3260 Pi CAL AND CHEMICAL DATA

Taore A

~FABHE-8+998 Thermal Conductivities of Sorme Building and Insulating Materials*
k = Btu/(h-{t})(°F/ft)

Apparent A ppareat] T
ensity casity
», Ib.fcu. . o, Ib./cu.
Material ft.at |1, °C. k Material ft.at ¢ +C. t
room
tempera-
ture
85 | 10| 0.003 B N
Bo| 0% /|
120 2 .43 R 30 1026
sss [ s 0% 4] 3 0%
"2 ol o8z o1 381 ‘o
12 601 114 0| e 082
2.3 |-200 .043 17.2 204 040
2.3 [ 0% - 12.2 871 074
3% 0 .087 molded pipe covering (Note 2). ............. 26.0 204 051
3% 100 m 260 | 81 “088
36 200 A0 4 vol. calcined earth and 1 vol. cement, poured
36 400 RY.) and fired (Note 2) .8 204 16
43.5 {—200 0% . 871 n
4.5 0 135 Y Dolomite............ooveniiiiiiiiiiaa.., 50 10 3
0.2 38 025 | Ebonite............... 0.10 i
177 038 Eoamel, silicate........ 0.50.75
...... 6-100] 041 Felt, wool ............. 30 0.03
132 20 43 Fiber insulating board 2 02
Fiber, red............. 20 ¥
(with binder, baked) 20-97 097
...... 27 1.8 Gascarbon............ 0-100] 279
...... 1315 2.7 lass ... o] 0.240.73
us 0.62 Borosilicate type..... 30-75 0.63
115 1100 .63 Window glass - | 0.3-0.61
...... 4 Sods glasy........ .. s 0304
96.7 3.0 Gragite............... e 1023
200 67 Graphite, longitudinal.......... 201 95,
200 3 . powdered, through 100 mesh 41 0104
200 1315 1.0 Gypsum (molded and dry) 20 5
Diatomaceous earth, patural, scroes strata Hair felt (perpendicular to fibers) 30 o
Note2).....ooooviiii i, .7 204 0.051 Tee..oooo i 0 N
2.7 871 .77 »
tomaceous, natursl, paralld to strata 0.020
WNote2)....oo 77 | 204 681 © 038
2.7 871 106 .- 49
Diatomaceous earth, molded and fired (Note 2) ﬁ %}: .:g I 092
4 el
Diatomaceous earth aod clay, molded and |~} " e .o o * T T 10 30 .o
fired (Note 2)......ooeemsnnnnn . 23 ) 4 14 csia (powdered). ... 9.7 Y ‘33
423 &7 .19 Magnesia t carbonate)............... .. 13 2 0.03¢
earth, high burn, large pores Magnesium oxide (compressed). .. __.......... 49.9 20 .32
Note3)......o.ocoaiiiii ... 37 .13 Marble............... e b L2107
37 1000 B = 50 0.25
Fire clay (Missourd)........ooouevnoa b T 200 .58 10.033-9.05
600 .85 0.0225
1000 .95 024 A
1400 1.02 075
Kaolin insolating brick (Note 3)............ z 500 0.15 W4 5
Kaolin insulating Sirebeick (Note 4) g lgg %0 3"
in i i ick (Note 4).......... .9 K
19 760 H3 0.88 b
Magnesite (86.8% MO, 63% Ferl, 3% %0 .7
C0,26% 8i0 by wt),............ 0.0 158 204 22 .14 4
158 60| 16 . 05
158 1200 1.1 og E
Ri 5
Silicon carbide brick, recrystallised (Note 3)..{ 129 6001 107 21 092 %
’ 19 800 9.2 Ad 0, 3
129 1000 8.0 X . 3
19 1200 7.0 0.03 P
19 1400 6.3
Calcium earbonate, natural................... 162 30 13 .02
White marble.............o00 00000 T .. 1.7 0%
.............................. 0.4 064
Calcium sulfate (45,0), artifical. . ... 0" 22 0n
plaster (actificaal).... ... 0000 132 75 .43 .86
(building)............... ... .00 779 2 .25 27
Cambric (varpished).....................00 1 T 38 091 0.09-0.097 ;
Carbon, gas........... ... ... LT 0-1000 2.0 0.16
94 —184] 0.55 .08
{ 0 3.6 04
........... 0.037 034
A2
043 0.025-0.03
051 0.12
Clinker (granular). g i
Coke, petroleam......... ... 3; ?g]
Coke, petroleum (20-100 mesh). 0.55 062
Coke &wdcred) ............. At
Concrete (cinder). . .20 2
fstone)............. .54 021
(1:4 dry) 44
Marks, “ Mechanical

ceTs

. E!;,gi_n‘ * Handbook,™ 4th ed., McGraw-Hill, New York, 1941, ““Internstional Critical Tables,” McGraw-Hill, 1929, and other sources.
For sdditional data, ueezpp. 458-459.

Note 1: B. Kamp [,
treatise on Formsation and Properties of Boiler Scale.
Note 2: Townahend and Wi hem, & Met., 39, 219 (1932).

Note 3: Norton, “Refractories,” 24 ed., McGraw-Hill, New Yock, 1942,
Note 4: Norton, private communication.

Ree: Peeeys THEMICAL Evaweeps ' HADBOOK 1434
e Edmony.

- Lech. Physik, 12, 30 (1931)] shows the effect of increased porosity in decreasing thermal conductivity of boiler scale. Partridge [University
of Michigan, Eng. Rescarch Bull. 15, l93CO}lnapub' ed & 170- For it

En
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Appendix A

ci\efn-white\freeze2.clc (9/11/96}



WEATHER STATIONS in Colorado:

Design Hean

Freezing Anmual

Index Temp .

Station Location (°F days) °F)

1 = Alamosa 2274 41.3
2 = Buckley ANGB 577 50.3
3 = Colorado Springs 633 48.7
4 = Denver 629 56.3
5 = Grand Junction 1101 52.6
6 = Pueblo 676 52.3

Length
of
Freezing
Season
(days)

Enter the number representing the data you want:

(0 to input your oun data):

qlulak
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LOCATION and WEATHER DATA

Input weather data for your location in Colorado:

DESIGN AIR FREEZING Index (F-Days): 1101
MEAN ANNUAL TEMPERATURE (F): 49.8

LENGTH of FREEZING SEASON (Days): 86

Fwa
/Ex(\\l‘i\:



CHOGSE an APPROPRIATE N-FACTOR

N-Factor #*
Surface Type (Freezing)
1= Poffi nd: Cement (snou—free) 0.75
2 .= Asph 0.70
3:= 1.600
4= d:-Gravel (snou-free) 0.70
6= To,input your own N-Factor

eqer goﬁr option: ¥

Fany

% N-Factor varies:uwith lattitude, wind speed; cloud cover, and other
climatic conditiops;

AL
g4t
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INFORMATION for ‘#:WER 1:

Choose the appropriate soil type for this layer —

Portland Cement stabilized layer
fisphalt stabilized layer

Snou

Course—grained soil
Fine-grained soil

Insulating layer

Organic soil

N U W N
[T T R £ VN { I 1]

Enter your option: S

AUA
apw\k
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LAYER PARAMETERS

Default UValues
Parameters for LAYER 1, Fine-grained Ualues Used
Layer Thickness (inches) 2.0 36.0
Moisture Content: (% dry weight) 17.0 12.5
Dry Umnit Ueigh@fg}bS/cubic foot) 122.0 112.0
Heat Capacity téfﬁzcubic foot °F) *» 29.5 36.0
Thernal COnductj;itg (Btufoot hour °F) =  0.99 0.19
Latent Heat of;Fusion (Btuscubic foot) * 2016.0 2000

* rccalculated'based upon new MOISTURE CONTENT-WEIGHT value(s).

...<return> for Defauit Values...

Thm
Qfuly
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Summary: MODIFIED BERGGREN SOLUTION

Design Freezing Index (AIR) = 1101 F-days
Design Freezing Index (SURFACE) = 7?71 F-days
Mean Annual Temperature = 49.8 °F
Length of Freezing Season = 86 Days
LAYER FREEZING INDEX DISTRIBUTION
LAYER THICKNESS
#: Type (inches) Each Layer ficcum Berggren
Calculations
1: Fine-grained < 6.8 145 € could not

TOTAL FROST PENETRATION =

6.8 inches

End of Frost Penetration

converge
Surface DFI

Do you want a hard copy of this data (Y or default N)7?

Trm
Al
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c:\efn-white\freeze2.clc [9/11/96]
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Material Type

Tailings

-12- ”"/\z
TADES AR (LADDXMA FruL PRoP e e

Table 3.4-1

Physical Properties of Tailings
and

Proposed Cover Materials

/R;;;n Fill

Clay

Clay

Atterberg % Passing Maximum Optimum
Limits Specific No. 200 Dry Density Moisture

L PI Gravity Sieve (pcf) Content
28 6 2.85 46 104.0 18.1
22 7 2.67 48 120.2 11.8
29 14 2.69 56 121.3 12.1

36 19 2.75 68 108.7 18.5

Note: Physical Soil Data from Chen and Associates (1987).
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PURPOSE:

Design of Erosion Protection layer of Riprap for the Cover of Uranium Tailings

An erosion protection layer of rock riprap is required to protect the soil cover for the uranium mill
tailings at Blanding, Utah. The cover is supposed to have a design life of 1000 years according to
requirements set by U.S. Nuclear Regulatory Commission [Ref: “Final Staff Technical Position -
Design of Erosion Protection Covers for Stabilization of Uranium Mill Tailings Sites”, 1990; U.S.
Nuclear Regulatory Commission (U.S.N.R.C.)]. Hence the erosion protection layer should be
designed accordingly. A design for the stone size and overall riprap thickness required for erosion
protection is provided in this document.

METHODOLOGY:

The design for rock riprap for protection of top and side slopes of the cover is based on the
guidelines provided by the following documents:

a) “Methodologies for Evaluating Long-Term Stabilization Designs of Uranium Mill Tailings
Impoundments” (NUREG/CR-4620), 1986; U.S. Nuclear Regulatory Commission

b) “Final Staff Technical Position - Design of Erosion Protection Covers for Stabilization of
Uranium Mill Tailings Sites”, 1990; U.S. Nuclear Regulatory Commission (U.S.N.R.C.)

¢) “Development of Riprap Design Criteria by Riprap Testing in Flumes”(NUREG/CR-4651),
1987, U.S. Nuclear Regulatory Commission

The top of the cover and the side slopes will be designed separately as the side slopes are much
steeper than the top of the cover. Overland flow calculations will be determined based on the
guidelines set by Nuclear Regulatory Commission and the site data. The size of the riprap placed on
top of the tailings cover will be determined using the Safety Factor method (NUREG/CR-4651),
while the Stephenson method (NUREG/CR-4651) will be applied for those placed along the side
slopes.
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A:  Overland Flow Calculations

The methods for overland flow calculations are same for top and side slopes of the cover. The
results have been tabulated under Table 1A and 2A respectively. The formulas, methodologies and
equations used for overland flow calculations are discussed in this part of the document. The
calculations are based on unit width of drainage area.

Average Slope ‘S’ and Length of drainage basin ‘I.’: Figure 1 shows the direction of drainage for
cells 2, 3 & 4. Table 1A calculates the flow parameters by varying slopes and slope lengths of cells
2, 3 & 4. Runoff and flow calculations have been provided for slopes ranging from 0.001 to 0.008
for cells 2 and 4 and from 0.001 to 0.005 for cell 3. As the slopes are very gentle, for each cell the
drainage length varies negligibly and hence has been considered constant for calculation purpose.
The drainage lengths have been measured from the site map. For erosion protection design of the
side slopes, a side slope of SH:1V and the maximum value of drainage lengths for cells 2, 3 & 4
have been considered ( Table 2A).

Probable Maximum Precipitation (PMP): The 1-hour local storm PMP for White Mesa is 7.76
inches (data from NOAA, 1977).

Time of Concentration of Rainfall, T.:

0.77 0.77

T, = 0,00013§f§5—h0urs = 0.00013§——- x 60mins (Ref: Equation 4.44 in NUREG/CR-4620)

0.385

where, S = average slope of drainage basin and L = length of drainage basin in feet
The percentage of 1-hour precipitation is obtained by interpolating from Table 2.1 of NUREG/CR-
4620. The minimum value of T, used in this table is 2.5 minutes.

% PMP: The percentage for 1-hour precipitation (PMP) is obtained by interpolating from table 2.1
of NUREG/CR-4620.

Rainfall Depth:
Precipitation Amount (inches) = % PMP x PMP = % of 1-hour precipitation x PMP (Ref: Eqn. 2.1,
NUREG/CR-4620).

Precipitation intensity, ‘i’
Precipitation intensity in inches/hour can be computed as (Ref: Eqn. 2.2, NUREG/CR-4620):
i = rainfall depth (inches) x [60 / {rainfall duration T, (minute)} ]

Runoff Coefficient, C: Runoff coefficient depends on climatic conditions, the type of terrain,
permeability, and storage potential of the basin. Runoff Coefficient has been assumed to be 0.8 for
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the top of cover and the side slopes (Ref: Appendix D, section 2.4 (Example) in “Final Staff
Technical Position”, U.S.N.R.C.).

Unit Area, A: Area of 1-ft wide drainage basin
A = Length of drainage basin (ft.) x width (ft.) =L x 1 sq. ft. = [ Lx1/(43560)] Acres

Peak discharge per unit width for the drainage basin, g:
By Rational method, q = CiA, where C, i & A have their usual meanings [q in cu. ft./sec (cfs), 1 in
inches/hour and A in acres] (Ref: Eqns. 4.42 and 4.43, NUREG/CR-4620).

Flow Concentration Factor:

From section 4.9 of NUREG/CR-4620, “...it is reasonable to assume that values between 2 and 3
are attainable with only a slight evolutionary change in cover.” Thus, a flow concentration factor of
3 and 2 have been assumed for top and side slopes respectively (as the top of cover is flatter than the

side slopes, it has been assumed that concentration of flow will be higher on the top than along the
side slopes).

Concentrated discharge per unit width for the drainage basin, g.:
q. (cu. ft./sec) = q x flow concentration factor

Manning’s Roughness coefficient, n:
Assumed n = 0.03 for graded loam to cobbles (Ref: table 4.2, NUREG/CR-4620)

Denth of water, D:

Depth of water in ft.,D = [T%é%\l—}_—s—}s (Ref: Eqn. 4.46, NUREG/CR-4620), where q. is in cu. ft./sec

Permissible Velocity:
The cover permissible velocity is between 5 to 6 ft./sec (Ref: section 4.11.3, NUREG/CR-4620)

Flow Velocity. V:

Using continuity equation,

discharge = velocity x cross-sectional area
oq, = Vx (D xunit width) = VxDx1

- V(in ft./sec) = 4
Dx1
For all the calculations provided in Table 1A and 2A for top of cover and side slopes respectively,

Vdcvelopcd < Vpermissiblc
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B.1 Preliminary Size (Dso) of Riprap along Top of Cover

According to recommendations by U.S.N.R.C. [Ref: Appendix D, section 2.2 (step 5), “Final Staff
Technical Position], recent studies have indicated that Safety Factor method is more applicable for
designing rock for slopes less than 10%. The slopes along top of the cover for all the cells 2, 3 and 4

do not exceed 10%. Hence the Safety Factor method has been adopted to calculate the median
diameter Dy, of the rock particles used for riprap.

According to the Safety Factor method for determination of stone size, if the Safety Factor (S.F.) is
greater than unity, the riprap is considered to be safe from failure (Ref: Section 3.4.1,“Development
of Riprap Design Criteria by Riprap Testing in Flumes”, NUREG/CR-4651). For calculations to
determine the riprap size for top of cover, a safety factor of 1.1 has been assumed and the Ds,

corresponding to this safety factor has been computed. Table 1B tabulates the results for the safety
factor method.

The equations 3.5 through 3.9 of NUREG/CR-4651 (see appendix) for Safety Factor method are
provided below :

cosO tan¢
n tand + sind cosP

' n[l +sin(A + [5):‘

SF= - ————— e eqn. A, (eqn. 3.5 of NUREG/CR-4651)

.......................... eqn. B; (eqn. 3.6 of NUREG/CR-4651)

2
21t
N = e eqn. C; (eqn. 3.7 of NUREG/CR-4651)
(Gs - 1)')/ w x DSO
To =Y DS eqn. Dy (eqn. 3.8 of NUREG/CR-4651)
4 CosA
B=tan | =———F—| s eqn. E; (eqn 3.9 of NUREG/CR-4651)
2sinf .
+ SinA
n tang
where,
A = angle between a horizontal line and the velocity vector compoment measured in the plane
of side slope (refer to fig. 3.10f NUREG/CR-4651)
0 = side slope angle
S = side slope =tan 6
) = angle of repose (friction angle) of rock
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Ty = bed shear stress

Ds,  =representative stone size

G = Specific gravity or relative density of the rock

D = depth of flow

Yw = specific weight of the liquid (in this case, water)

n &n’ = stability numbers

B = angle between vector component of the weight, Ws, directed down the side slope and the

direction of particle movement

For top of the cover, as slopes are very gentle, for all practical purposes, A can be considered to be
equal to zero (Ref: pg 22, NUREG/CR-4651)

Thus for A=0:cosA=1,sin A= 0.

Hence, equation 3.9 of NUREG/CR-4651 can be reduced to

B = m-'[g-ti’%] ........................................ eqn E, (eqn 3.10 of NUREG/CR-4651)
sin
Also, equation 3.6 of NUREG/CR-4651 can be reduced to
. 1+ sin

n:‘q[ 5 B} .......................................... eqn. B,
) = 40° (see Table 3)
G, = 2.48 (see Table 3)
Yo ~ =6241b/M

The values for depth of water ‘D’ have been computed in Table 1A. Table 1B provides the

preliminary Dsq size for each of cells 2, 3 & 4 by varying the slope and the length of the drainage
basin.

Dsqcalculated by CSU method

According to CSU method (Ref: NUREG/CR-4651, Phase-11),

Dy =5.23 x (slope)o‘43 X (discharge)o‘56

The results of Dy, computed by CSU method have been included in table 1B (values of discharge
have been computed in table 1A to compare with those obtained by Safety Factor method.
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B.2 Preliminary Size (Dso) of Riprap along Side Slopes

According to recommendations by U.S.N.R.C. (Ref: Appendix D, section 2.2 (step 5), “Final Staff
Technical Position”), recent studies have indicated that Stephenson method is more applicable for
designing rock for slopes less than 10%. As the side slopes (SH:1V) have a value of S=1/5=02 =
20%(>10%), the Stephenson method (Ref: “Development of Riprap Design Criteria by Riprap
Testing in Flumes”, NUREG/ CR-4651) will be most appropriate.

By Stephenson method, the median size for rock, Dy is given by the following equation (Ref: eqn.
3.15, NUREG/CR-4651):

2
7 1 3
q.(tan6)® x n s
Dy, = : H
Cyg x[(1 - n,)(G, —1)(cosd)(tand — tand )*
where, q, = Concentrated discharge in cu. ft./sec
0 = Slope angle = tan™ (S) = tan™ (0.2) = 11.31°
¢ = Friction angle of the rock = 40° (see Table 3)
G, = Relative Density of the rock = 2.48 (see Table 3)
g = Acceleration due to gravity = 32.2 ft./sec?
n, = Porosity of the rock = 0.30 (for sandstone) [Ref: (a) “Origin of Sedimentary
Rocks” and (b) Table 3
C = Empirical factor [ 0.22 for gravel/pebble and 0.27 for crushed granite]
Also, K = Qliver’s constant [1.2 for gravel and 1.8 for crushed rock]

The results for q, from table 2A have been substituted into the above equation and the solution

tabulated in table 2B. The value of Ds, has been multiplied by the Oliver’s constant K to insure
stability.

Dsg_calculated by CSU method
According to CSU method (Ref: NUREG/CR-4651, Phase-II),

Dgy=5.23 x (slope)o‘43 X (discharge)o'56
The results of Dy; computed by CSU method have been included in table 2B to compare with those
obtained by Stephenson method.
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C: Oversizing of Riprap based on durability and Overall Riprap Thickness

Cl Modification of Size (Dso) of Riprap based on Durability

Tables 3 and 4 include the properties of the rock to be used as protective cover material. Based on
these values and according to the scoring criteria set by U.S.N.R.C. (Ref: Appendix D, sections 6.2,
6.2.1,6.2.2 and table D-1 in “Final Staff Technical Position”), a rock rating analysis has been
provided in Table 4. The results show a rock rating of 55.74%, which according to U.S.N.R.C. can
be used for non critical areas like top slopes and side slopes.

Thus the oversizing required = 80-55.74 = 24.26%
[ref: (a) Appendix D, section 6.2.2B, “Final Staff Technical Position”; U.S.N.R.C. (oversizing

required based on a 80-rating), (b) Appendix D, section 6.4 (example), “Final Staff Technical
Position” and (c) Table 4.

However a oversizing factor of 25 % has been used. Thus the nominal diameter Dy, obtained in
tables 1B and 2B has been multiplied with 1.25 to obtain a modified rock size Ds, (tables 1C and

2C).

C.2 Overall Riprap Thickness

According to the Safety Factor method, it is recommended that the riprap thickness be at least 1.5
times the D, value whereas according to the Stephenson method the riprap thickness should be at

least 2 times the Ds, value. The results based on the above recommendations are shown in tables 1C
and 2C respectively.

RESULTS:

Results of the calculations have been tabulated under tables 1A, 1B, 1C, 2A, 2B, 2C respectively.
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“Development of Riprap Design Criteria by Riprap Testing in Flumes” (NUREG/CR-4651),
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Project #.  6111-001 Date: June 1896
Cllent: EFN, White Mesa Prepared by: KG
Location:  Blanding, Utah Checked by:
Overland Flow Caicuiations for Top Portlon of the Cover
Table 1A; Calculation for Runoff and Flow parameters
Maximum Average Drainags Area Manning's 1-hour Denlgn Time of Peak Concantrated
Length "L Stope per ft. run Roughness | precipitaton Storm Concentration,T¢ %PMP Rainfall Preclpitation | Runoft Flow Discharge | Discharge Depth of Flow Pearmissible
Cell No. | of Drainage 8" AszLxift Coefficient amount Caloulated value Minimum Value = % of 1-hour Depth intansity | Coefficient| Cancentra- | per unlt per unit water, "0" | Velocity,V = Velocity
Basin n (using Eqn.4.44, | value,based used preacipitation T e tion ft. width fi. width {eqn. 4.46, Discharge
(appx.) NUREG 4820) on table 2.1, (Table 2.1, Factor q=ClA qc NUREG 4820) [ c.s. Area
NUREG 4620 NUREG 4620
ft. ft.A sq. ft. | Acres inches minutes minutes minutes inches Inches/hr, cu.ft/sec. | cu.flisec. ft. f/ssc. fLisec.
1350 0.0080 1350 | 0.0310 0.03 7.76 PMP 12.88 25 12.88 68.90 5.35 24.92 0.8 3 0.62 1.85 0.593 3.13
1350 0.0072 1350 | 0.0310 0.03 7.76 PMP 13.41 2.5 13.41 70.18 5.45 24.37 0.8 3 0.60 1.81 0.604 3.00
2 1350 0.0070 1350 | 0.0310 0.03 7.76 PMP 13.65 25 13.58 70.53 5.47 24.23 0.8 3 0.60 1.80 0.807 297
1350 0.0060 1350 | 0.0310 0.03 7.7¢6 PMP 14.38 285 14.38 7252 5.63 23.48 08 3 0.58 1.75 0.624 2.80
1350 0.0050 1350 | 0.0310 0.03 1.76 PMP 15.43 2.5 15.43 74.69 5.80 22,54 0.8 3 0.56 1.68 0.643 2.61
1350 0.0040 1350 | 0.0310 0.03 7.76 PMP 16.81 25 16.81 76.90 6.97 21.30 0.8 3 0.63 1.58 0.664 2.38
1350 0.0030 1350 | 0.0310 0.03 7.76 PMP 18.78 25 18.78 80.06 6.21 19.84 0.8 3 0.49 1.48 0.694 213
1350 0.0020 1350 | 0.0310 0.03 7.76 PMP 21.96 25 21.96 83,37 8.47 17.68 038 3 0.44 1.31 0.731 1.80
1350 0.0010 1350 [ 0.0310 0.03 7.76 PMP 28.67 2.5 28.67 88.07 8.83 14.30 0.8 3 0.35 1.06 0.793 1.34
1100 0.0050 1100 | 0.0253 0.03 7.76 PMP 13.18 25 13.18 69.63 5.40 24.60 0.8 3 0.50 1.49 0.599 2,49
1100 0.0040 1100 | 0.0253 0.03 7.76 PMP 14.36 25 14.38 7247 5.62 23.49 0.8 3 0.47 1.42 0.623 2.28 5.6
3 1100 0.0030 1100 [ 0.0253 0.03 7.76 PMP 16.04 25 18.04 75.67 5.87 21.96 0.8 3 0.44 1.33 0.652 2.04
1100 0.0020 1100 | 0.0253 0.03 7.76 PMP 18.756 25 18.76 80.00 8.21 19.86 0.8 3 0.40 1.20 0.694 1.74
1100 0.0013 1100 | 0.0253 0.03 7.76 PMP 22.14 25 22.14 83.50 8.48 17.56 0.8 3 0.35 1.06 0.733 1.45
1100 0.0010 1100 { 0.0253 0.03 7.76 PMP 24.48 2.5 24.48 85,14 8.61 16.19 0.8 3 0.33 0.88 0.755 1.30
1250 0.0080 1250 | 0.0287 0.03 7.76 PMP 1213 25 12.13 67.12 5.21 25.75 0.8 3 0.59 1.77 0.577 3.07
1250 0.0070 1250 | 0.0287 0.03 7.76 PMP 12.77 25 12.77 68.66 5.33 25.02 0.8 3 0.57 172 0.591 2.92
4 1250 0.0060 1250 | 0.0287 0.03 7.76 PMP 13.56 25 13.66 70.53 5.47 24.23 0.8 3 0.56 1.67 0.607 275
1260 0.0057 1250 | 0.0287 0.03 7.76 PMP 13.83 25 13.83 71.18 5.52 23.97 0.8 3 0.56 1.65 0.612 270
1250 0.0050 1250 | 0.0287 0.03 7.7¢6 PMP 14.54 25 14.54 72.90 5.68 23.34 0.8 3 0.54 1.61 0.827 2.57
1250 0.0040 1250 | 0.0287 0.03 7.76 PMP 15,85 25 15.85 75.35 5.85 22.14 0.8 3 0.51 1.52 0.649 2.35
1250 0.0030 1250 | 0.0287 0.03 7.76 PMP 17.70 25 17.70 78.32 6.08 20.60 0.8 3 0.47 1.42 0.678 2.08
1250 0.0020 1250 | 0.0287 0.03 7.76 PMP 20.69 25 20.69 82.48 6.40 18.56 0.8 3 0.43 1.28 0.719 1.78
1250 0.0010 1250 { 0.0287 0.03 7.76 PMP 27.02 2.5 27.02 86.92 6.74 14.98 0.8 3 0.34 1.03 0.778 1.33
Rainfall % of 1-hr.
Ouration ; precipitation
(min.)
2.5 a5
5 45
10 82
15 74
20 82
30 88
45 85
80 100

Table 2.1 of NUREG 4820
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TITAN ENVIRONMENTAL

Project #: 6111:001

Date: June 199¢

Ciient: EFN, White Mess Propared by: KG
Location: Blanding, Utah Checked by:
Riprap Design for Top portion of the Cover
Table 18; Calculation for prellminary sizing of rprap, D5Q
Spaecitic Bed Rock Dt
Siope of Channel Depth of weight of | Shear gpecific | Angle of Do Safety by CSU
Celi Ro. s [] fow, O water Stress Graviy fiction A cosd | sin@ | cosr | sini | tane by n tanp p cos n Factor method
Y 1% DS G, ¢ Safety Factor method
A, Jegrees [3 v/eu | brsg R degress | degroes inches [ Gecrees inches
0.0080 0.468 0.563 82.4 0.298 248 40 o 1.000 | 0.008 | 1.000 | 0.000 | 0.838 08¢ 0.0741 0807 47,582 | 08.708 0.024 09007 .10 083
0.0072 0413 0.604 82.4 0.271 248 40 0 1.000 | 0,007 | 1.000 | 0.000} 0.838 082 0oes;: 0508 | 62920 | 8807 | 0019 opos| 1.10 087
2 0.0070 0.401 0.807 824 0.286 2.48 40 0 1.000 | 0.007 | 1.000 | 0.000} 0.838 0.80 0.088] 0910 64,520 | 08,949 0.018 0910; 1.10 o.es
0.0080 0.344 0624 82.4 0.233 249 40 [ 1.000 | 0.008 | 1.000 | 0.000} 0.839 070 0058! 0810 | 63634 | 89,100 { 0018 0910 1.10 0.79
0.0060 0280 0.643 62.4 0.201 248 40 o 1.000 | 0.008 | 1.000 ] 0,000 | 0.83¢ 0.80 0.060{ 0912 | 76518 | 89.2581 | 0.013 0912 1.0 0.72
0.0040 0.229 0.864 82.4 0.186 248 40 o 1000 | 0,004 | 1,000 | 0.000 1 0836 0.50 0.041| 0812 | 96061 | 88401 | 0010 0912( 1.10 0.83
0.0030 0.172 0.894 62.4 0.130 248 40 0 1.000 | 0.003 | 1.000 | 0.000 | 0.83¢ 030 0.033; 0900 [ 127,128 80.648 | 0.008 0.908f 1.10 0.53
0.0020 0.116 0.7M 62.4 0.081 248 40 Q 1000 | 0.002 | 1.000 | 0.000} 0839 0.29 0.023] 0906 | 189,975 | 80.808 0.008 0.008| 1.10 0.42
0.0010 0.057 0.793 82.4 0.048 2.48 40 4 1.000 | 0.001 | 1.000 | 0.000 | 0.838 0.18 0.012] 0912 { 382,876 | 89.850 0.003 0.912] 1.10 0.28
0.0060 0.288 0.599 82.4 0.187 248 40 0 7,000 | 0,005 | 1.000 | 0.000 | 0.839 0.68 0.047] 0811 | 76416 | 69.260 | 0.013 0811 130 0.87
0.0040 0.22¢ 0.823 024 0.166 2.48 40 [ 1.000 | 0.004 | 1.000 { 0.000 | 0.83¢ 0.47 0.030f 0913 98,721 § 89.401 0.010 0813| 110 0,80
3 0.0030 0.472 0862 82.4 0.422 248 40 [} 1.000 | 0.003 | 1.000 | 0.000 ; 0.839 037 0.030]| 0.013 | 127,681 | 80.581 0.008 0913; 110 050
0.0020 0.116 0.6984 624 0.087 248 40 0 1.000 | 0.002 | 1.000 | 0.000 | 0.839 0.28 0.022} 0908 ; 190.587 ; £9.699 0.006 0.808] 1.10 0.40
0.0013 0.074 0,733 82.4 0.058 2.48 40 ] 1.000 | 0.001 | 1.000 | 0.000 ] 0.839 0.18 0.018] 0812 | 204.19¢ | 89.805 0.003 0912] 1.10 0.31
0,000 0.057 0.766 82.4 0.047 248 40 0 1.000 | 0.001 } 1.000 | 0.000| 0.839 0.14 00121 0.808 | 370.944 | 89.948 0.003 09081 1.40 0.27.
0.0080 0.468 0.577 824 0.288 2.48 40 [} 1.000 | 0.008 | 1.000 | 0,000 } 0.838 0.87 0.072] 0.808 47866 | 66.799 3.621 0.800: 1.10 090
0.0070 0.401 0.891 824 0.256 2.48 40 4 1.000 | 0.007 | 1.000 } 0.000 | 0.838 0.76 0.086) 0.908 54.450 | 88.948 0018 opo8} 110 0.84
4 0.0080 0.344 0.807 62.4 0.227 248 40 ] 1.000 | 0.006 | 1.000 | 0.000 | 0.839 o.ee 0.087} 0912 63.742 | 89.101 0.018 0912 10 0.77
0.0057 0327 0812 62.4 0.218 248 40 [ 1.000 | 0.008 | 1,000 | 0.000} 0839 068 0086] 0907 | 88776 [ 89.442 | 0015 0907} 1.0 076
0.0060 0.206 0.627 82.4 0.198 248 40 [ 1.000 | 0,006 | 1.000 | 0.000 | 0.838 0.58 0.049] 0912 76.531 | 89.281 0.013 0912 110 0.70
0.0040 0.228 0.846 62.4 0.182 248 40 0 1,000 | 0004 § 1.000 1 0.000 | 0839 048 00400 0912 96.624 | 89,401 0.010 0912{ 1.10 0.82
0.0030 0.172 0.878 824 0127 248 40 0 1.000 { 0.003 | 1.000 | 0.000 | 0.838 0.38 0.032{ 0.91% 127.413 ) 88.580 0.008 00 1.10 0.52
£.0020 G115 0718 824 00080 248 40 0 1000 | 0002 | 1000 { 0.000} 0.839 027 0.023| 0.907 | 190.227 | 80.699 0.008 0907} 110 041
0.0010 0.087 0.778 82.4 0.048 2.48 40 0 1.000 | 0.001 | 1.000 | 0.000 | 0.839 0,15 0.012] 0.908 | 380.782 | 88.850 0.003 0.908] 1.10 0.27

Do Oversizing Modifiad [Thicknes [ Overal
Slope of | based oniFactor based on| Do of Rlprap | Rlprep
Cefl No. | channel Salety Rock Quality aker layer Thickness
s Factor | (rom previous |oversizing| =1.5x0s0 | suggested
Method raport)

A inches inches | inches inches
0.0080 0.88 1.26 1.14 1,87
0.0072 0.82 1.26 1.02 1.63
0.c070 0.80 1.25 0.88 1.48
2 0.0060 0.70 125 0.88 1.4
0.0060 .80 1.26 0.75 143
0.0040 0.50 1.25 0.82 0.83
0.0030 0.38 1.25 0.48 673
0.0020 028 1.25 0.34 0.52
0.0010 0.18 1.25 0.18 0.28
0.0050 0.68 1.25 0.70 1.08
0.0040 0.47 1.25 058 0.87

3 0.0030 0.37 128 0.48 0.88 3

0.0020 026 1.25 033 0.48
0.0013 0.18 1.25 0.22 0.3
0.0010 0.14 1.28 0.18 0.27
0.0080 o.87 1.25 1.08 1.82
0.0070 0.78 1.26 087 1.48
0.0060 0.88 1.26 0.88 1.28
0.0087 0.68 1.26 0.82 1.23
4 0.0060 0.68 1.26 0.7 1.10
0.0040 0.48 1.26 0.81 0.81
0.0030 0.38 1.26 0.48 on
0.0020 027 1.25 0.34 051
0.0010 0.16 1.25 0.18 0.27

WMARMOR2.XLS
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TITAN ENVIRONMENTAL

Project#  6111-001 Date: June 1996
Client: EFN, White Mesa Prepared by: KG
Location: Blanding, Utah Checked by:
Overiand Flow Calculations for Side Siopes of the Cover
Table 2A; Calcutation for Runoff and Flow parameters
Maximum Average Time of % PMP Precipitation | Precipitation{ Runoff Flow Peak Concentrated Depth of Flow Parmissible
Length, "L" Slope Drainage Area Manning's 1-hour Design Concentration, T¢ % of 1-hour Amount intensity | Coefficient | Concentra-{ Discharga | Discharge water, "D" | Velocity,V = Velocity
of Drainage °s" per fi. run Roughness | precipitation | storm | Calculated value |  Minimum value Value | precipitation it c” tion per unit per unit (eqn. 4.46, | Discharge | (sec.4.11.3 of
Basin A=zLx1R Coefficient amount (using Eqn.4.44, | based on table 2.1, | used {Table 2.1, Factor ft. width ft. width NUREG 4620) | c.s. Area | (NUREG 4520)
(appx) n NUREG 4620) NUREG 4620 NUREG 4620 q = CiA G
ft. A sq. ft. Acres inches minutes minutes minutes inches inches/r. cu.ft/sec. | cu.ft/sec. R fl./sec. fl/sec.
275 0.2000 275 0.0063 0.03 7.76 PMP 1.10 25 25 27.5 213 51.22 0.8 2 0.26 0.52 0.105 4.93 5-6
Rainfal} % of 1-hr.
Duration precipitation
(min.)
2.5 27.5
5 45
10 62
15 74
20 82
30 89
45 95
60 100

WMARMOR2.XLS
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TITAN ENVIRONMENTAL

Project# 6111-001

Date: June 1996

Client: EFN, White Mesa Prepared by: KG
Location:  Blanding, Utah Checked by:
Riprap Design for Side Slopes of the Cover
Table 2B: Calculation for preliminary sizing of ripr:
Slope of Channel Angle of friction | Concentrated | Relative density Stephenson Dso by Stephenson Method Oliver's Modified | Dso based
for rock discharge per of Rock Porosity Type of Constant tan 6 cos @ tan ¢ (Egn. 4.28 of Constant Dso on CSU
S 2 [ unit ft. width, q. G, n, Riprap [of NUREG 4620) K method
ft./ft. degrees degrees cu. ft./sec ft. inches inches ft.
0.200 11.310 40 0.52 2.48 0.3 gravel/pebbles 0.22 0.200 0.981 0.839 0.22 2.70 1.2 3.235 1.81
0.200 11.310 40 0.52 248 0.3 crushed granite 0.27 0.200 0.981 0.839 0.20 2.35 1.8 4.234 1.81

Table 2C: Diameter of Riprap modified based on_durability, and Qverall Riprap Thickness

Dso Oversizing Modified Thickness Overall
Slope of | based on | Factor based on Dso of Riprap Riprap Type of
channel | Stephenson| Rock Quality after layer Thickness Riprap
S Method (from previous oversizing =2x Dso suggested
report)

fLift. inches inches inches inches

0.200 3.235 1.25 4.04 8.09 12 gravel/pebbles

0.200 4.234 1.25 5.29 10.58 12 crushed granite

WMARMOR2.XLS



TABLE 3

N B “ 2

N N AR EE

D B M

~np— Ea— S W

WHITE MESA CHANNEL A ROCK APRON WITH 24%

RIPRAP SIZING — STEPHENSON'S METHOD OVERSIZE
ENTER

UNIT FLOW RATE *g" 427 CFS/FT

ROCKFILL POROSITY — n 0.3

SLOPE ANGLE 11.3 DEGREES

FRICTION ANGLE (UDEGREES |

SPECIFIC GRAVITY OF ROCK

D—100 (BASED ON 1.25xD50) 12.00 INCHES  14.88°

D—50 960 INCHES  12.6*

WHITE MESA CHANNEL B ROCK APRON
RIPRAP SIZING — STEPHENSON'S METHOD

ENTER

UNIT FLOW RATE *g* 3.26 CFS/FT
ROCKFILL POROSITY - n

SLOPE ANGLE 11.3 DEGREES
FRICTION ANGLE 40 DEGREES
SPECIFIC GRAVITY OF ROCK 2.48

D—100 (BASED ON 1.5xD50) 12.03 INCHES  14.9"
D—50 8.02 INCHES  9.94°



THALE o

NRC SCORING CRITERIA FOR DETERMINING ROCK QUALITY
WHITE MESA ROCK PROTECTION

ROCK TYPE

Limestone = 1
Sandstone = 2
Igneous = 3

TEST SCORE * MAX.

LABORATORY TEST RESULT SCORE WEIGHT WEIGHT SCORE
Specific Gravity 2.48 4.60 6 27.60 60.00
Absorption, % 1.75 3.50 5 17.50 50.00
Sodium Sulfate, % 0.60 10.00 3 30.00 30.00
L/A Abrasion (100 revs), % 8.40 5.94 8 47.53 80.00
Schmidt Hammer 0.00 0.00 13 0.00 0.00
Tensile Strength, psi 0.00 0.00 4 0.00 0.00

ROCK RATING, %

RATING ANALYSIS:
Critical Areas— REJECTED
Oversizing, % =

Non—Critical Areas— OVERSIZING REQUIRED
Oversizing, % = 24
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FINAL
STAFF TECHNICAL POSITION
DESIGN OF EROSION PROTECTION COVERS FOR
STABILIZATION OF URANIUM MILL TAILINGS SITES

1. INTRODUCTION

Criteria and standards for environmental protection may be found in the
‘Uranium Mill Tailings Radiation Control Act (UMTRCA) of 1978 (PL 95-604) (see
Ref. 1) and 10 CFR Section 20.106, "Radioactivity in Effluents to Unrestricted
Areas." In 1983, the U. S. Environmental Protection Agency (EPA) established
standards (40 CFR Part 192) for the final stabilization of uranium mill
tailings for inactive (Title I) and active (Title II) sites. In 1980, the
United States Nuclear Regulatory Commission (NRC) promulgated regulations (10
CFR Part 40, Appendix A) for active sites and later revised Appendix A to
conform to the standards in 40 CFR Part 192. These standards and regulations
establish the criteria to be met in providing long-term stabilization.

These regulations also prescribe criteria for control of tailings. For
the purpose of this staff technical position (STP), control of tailings is
defined as providing an adequate cover to protect against exposure or erosion
of the tailings. To help licensees and applicants meet Federal guidelines,
this STP describes design practices the NRC staff has found acceptabie for
providing such protection for 200 to 1000 years and focuses principally on the
design of tailings covers to provide that protection.

Presently, very little information exists on designing covers to remain
effective for 1000 years. Numerous examples can be cited where covers for
protection of tailings embankments and other applications have experienced
significant erosion over relatively short periods (less than 50 years).
Experience with reclamation of coal-mining projects, ror example, indicates
that it is usually necessary to provide relatively flat slopes to maintain
overall site stability (Wells and Jercinovic, 1983, see Ref. 2).

Because of the basic lack of design experience and technical information
in this area, this position attempts to adapt standard hydraulic design methods
and empirical data to the design of erosion protection covers. The design
methods discussed here are based either on: (1) the use of documented
hydraulic procedures that are generally applicable in any area of hydraulic
design; or (2) the use of procedures developed by technical assistance
contractors specifically for long-term stability applications.

It should be emphasized that a standard industry practice for stabi]i;ing
tailings for 1000 years does not currently exist. However, standard practice
does exist for providing stable channel sections. This practice is widely used
to design drainage channels that do not erode when subjected to design flood
flows. Since an embankment slope can be treated as a wide channel, the §taff
concludes that the hydraulic design principles and practice associated with



2.1.2 Long-Term Stability

As required by 40 CFR 192.02 and 10 CFR Part 40, Appendix A, Criterion 6,
stabilization designs must provide reasonable assurance of control of
radiological hazards for a 1000-year perijod, to the extent practicable, but in
any case, for a minimum 200-year period. The NRC staff has concluded that the
risks from tailings could be accommodated by a design standard that requires
that there be reasonable assurance that the tailings remain stable for a period
of 1000 (or at least 200) years, preferably with reliance placed on passive

.controls (such as earth and rock covers), rather than routine maintenance.

2.1.3 Design for Minimal Maintenance

Criteria for tailings stabilization, with minimal reliance placed on
active maintenance, are established in 40 CFR Part 192 and 10 CFR Part 40,
Appendix A, Criteria 1 and 12. Criterion 1 of 10 CFR Part 40, Appendix A
specifically states that: “Tailings should be disposed of in a manner [such]
that no active maintenance is required to preserve conditions of the site."
Criterion 12 states that: "“The final disposition of tailings or wastes at

milling sites should be such that ongoing active maintenance is not necessary
to preserve isolation."

It is evident that remedial action designs are intended to last for a long
time, without the need for active maintenance. Therefore, in accordance with
regulatory requirements, the NRC staff has concluded that the goal of any
design for long-term stabilization to meet applicable design criteria should be

to provide overall site stability for very long time periods, with no reliance
placed on active maintenance. . '

For the purposes of this STP, active maintenance is defined as any
maintenance that is needed to assure that the design will meet specified
longevity requirements. Such maintenance includes even minor maintenance, such
as the addition of soil to small rills and gullifes. The question that must be
answered is whether longevity is dependent on the maintenance. If it {s
necessary to repair gullies, for example, to prevent their growth and ultimate

erosfon into tailings, then that maintenance is considered to be active
maintenance. )

2.1.4 Radon Release Limits

Titles 40 CFR 192.02 and 10 CFR Part 40, Appendix A require that earthen
covers be placed over tailings at the end of milling operations to limit
releases of radon-222 t& not more than an average of 20 picocuries per square

- meter per second (pCi/m“s), when averaged over the entire surface of the
disposal site and over at least a aone-year period, for the control pericd of
200 to 1000 years. Before placement of the cover, radon release rates are
calculated in designing the protective covers and barriers for uranium m111
tailings. Additionally, recent regulations promulgated under the Clean Air Act



design follows the procedure for a soil cover, because the layer is

predominantly soil, rather than rock.

2.2 Design Procedures

A step-by-step procedure for designing riprap for the top and side slopes
of a reclaimed pile is presented below:

Step 1. Oetermine the drainage areas for both the top slope and the side

slope. These drainage areas are normally computed on a unit-width
basis.

Step 2. ‘Determine time of concentration (tc).

The-;c is usually a difficult parameter to estimate in the design of
a rock layer. Based on a review of the various methods for
calculating tc, the KRC staff concludes that a method such as the
Kirpicﬁ method, as discussed by Nelson, et al. (1986, see Ref. D2),
should be used. The tc may be calculated using the formula:

tc = (11.9L3/H)'385 , where L = drainage length (in miles)

H = elevation difference (in feet)

Step 3. O<ternine Probable Maximum Floid (PMF) and Probable Maximum
Precipitatioa (PHMP).

Techniques for PMP determinations have been developed for the entire
United States, primarily by the Natianal QOceanographic and
Atmospheric Administration, in the form of hydrometeorological
reports for specific regions. These techniques are commonly accepted
and provide straightforward procedures for assessing rainfall

potential, with ainimal variability. Acceptable methods for

b-3



Step 4.

Step 5.

determining the total magnitude of the PMP and various PMP

intensities for specific times of concentration are given by Nelson,
et al. (1986, see Ref. D2, Seqtion 2.1).

Calculate peak flow rate.

The Rational Formula, as discussed by Nelson et al. (1986, see Ref.
02), may be used to calculate peak flow rates for these small
drainage areas. Other methods that are more precise are also

acceptable; the Rational Formula was chosen for its simplicity and
ease of computation.

Determine rock size.

Using the peak flow rate calculated in Step 4, the required 050 may
be determined. 'Recent studies performed for the NRC staff (Abt,

et al., 1988, see Ref. D3) have indicated that the Safety Factors
Hethod is more applicable for cesigning rock for slopes less than 10
percent and that.thg Stephenson Method is more applicable for slopes

greater than 10 percent. Other methods may also be used, if properly
justified.

2.3 Recommendations

Since it is unlikely that clogging of thelriprap voids will not occur over
a long period of time, it is suggested that no credit be taken for flow through

the riprap voids. Even if the voids become clogged, it is unlikely that

stability will be affected, as indicated by tests performed for the NRC staff
by Abt, et al. (1887, see Ref. 04).

If rounded rather than angular rock is used, some increase in the average

rock size may be necessary, since the rock will not be as stable.

Computational madels, such as the Safety Factors Method, provide stability

D-4



coefficients for different angles of repose of the material. The need for

oversizing of rounded rock is further discussed by Abt, et al. (1987, see Ref.
D4).

2.4 Example of Procedure Application

Determine the riprap requirements for a tailings pile top slope with a
length of 1000 feet and a slope of 0.02 and for the side slope with an
additional length of 250 feet and a slope of 0.2 (20 percent).

Step 1. The drainage areas for the top slope (Al) and the side slope

(A2) on a unit-width basis are computed as follows:

Al

(1000) (1) / 43560 = 0.023 acres

A2

i

(1000 + 250) (1) / 43560 = 0.029 acres.

Step 2. The tcs are individually computed for the top and side

slopes, using the Kirpich Method, as discussed by Nelson, et al.
(1986, see Ref. D2).

te = [(AL.9)(L)3 /M]3
For L = 1000 feet and H = 20 feat,

tc = 0.12 hours = 7.2 minutes for the top slope
For L = 250 feet and H = 50 feet,

tc = 1.0 minute for the side slope.

0-5



Therefore, the total tc for the side slope is equal to 7.2 + 1.0, or
8.2 minutes.

Step 3. The rainfall intensity is determined using procedures discussed
by Nelson, et al. (1986, see Ref. D2), based on a 7.2-minute PMP of
4.2 inches for the top slope and an 8.2-minute PMP of approximately
4.5 inches for the side slope. These incremental PMPs are based on a
one~hour PHP of 8.0 inches for northwestern New Mexico and were

derived using procedures'discussed by Nelson, et al. (1986, see Ref.
D2).

Rainfall intensities, for use in the Rational Formula, are computed
as follows:

il = (60)(4.2)/7.2 = 35 inches/hr for the top slope
iz = (60)(4.5)/8.2 = 33 inches/hr for the side slope.

Step 4. Assuming a runoff coefficient (C) of 0.8, the peak flow rates are
calculated using the Rational Formula, as follows:

Q1 = (0.8) (35) (0.023)

H

0.64 cfs/ft, for the top slope, and

Q2 = (0.8) (33) (0.029) 0.77 cfs/tt, for the side slope.

Step 5. Using the Safety Factors Method, the required rock size for the
pile top slope {s calculated to be:

050 = 0.6 inches. -

Using the Stephenson Method, the required rock size for the side

slopes is calculated to be:

D-6



050 = 3.1 inches.

2.5 Limitations

The use of the aforementioned procedures is widely applicable. The
Stephenson Method i{s an empirical approach and is not applicable to gentle
"slopes. The Safety fFactors Method is conservative for‘steep slopes. Other
methods may also be used, if properly justified.

3.  RIPRAP DESIGN FOR DIVERSION CHANNELS

3.1 Technical Basis

The Safety Factors Method or ather shear stress methods are generally
accepted as reliable methods for determining riprap requirements for channels.
These metﬁods are based on a comparison of the stresses exerted by the flood
flows with the allowable stress permitted by the rock. Documented methods are
readily available for determining flow depths and Manning “n* values.

3.2 Design Procedures

3.2.1 Normal Channel Designs

In designing the riprap for a diversion channel where there are no
particularly difficult erosion considerations, the design of the erosion

protection is relatively straightforward.

1. The Safety fFactors Method or other shear stress methods may be used

to determine the riprap requirements.

2. The peak shear stress should be used for design purposes and can be

determined ty substituting the value of the depth of flow (y) in the shear

D-7



6. OVERSIZING OF MARGINAL-QUALITY EROSION PROTECTION

6.1 Technical Basis

The ability of some rock to survive without significant degradation for
long time periods is well-documented by archaeological and historic evidence
(Lindsey, et al., 1982, see Ref. D13). However, very little information is
available to quantitatively assess the quality of rock needed to survive for
long periods, based on its physical properties.

In assessing the long-term durability of erosion protection materials, the
NRC staff has relied principally on the results of durability tests at several
sites and on information, analyses, and methodology presented in NUREG/CR-4620
(Nelson,;gg_gl., see Ref. D2). This document provides a quantitative method
for determining the oversizing requirements for a particular rock type to be

placed at specific locations on or near a remediated uranium mill tailings
pile.

Staff review of actual field data from several tailings sites has
indicated that the methodology may not be sufficiently flexible to allow the
use of “borderline" quality rock, where a particular type of rock fails to meet
minimum qualifications for placement in a specific zone, but fails to qualify
by only a small amount. This may be very important, since the selection of a

particular rock type and rock size depends on its quality and where it will be
placed on the esmbankment.

Based on KRC staff review of the actual field data, the methodology
previously derived has been modified to incorporate additional flexibility.
These revisions include madifications to the quality ratings required for use
in a particular placement zone, re-classification of the placement zones,
reassessment of weighting factors based on the rock type, and more detailed

procedures for computing rock quality and the amount of oversizing required.
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Based on an examination of the actual field performance of various types
and quality of rock (Esmiol, 1967, see Ref. 014), the NRC staff considers it
important to determine rock properties with a petrographic examination. The
case history data indicated that the siﬁg]euost important factor in rock
deterioration was the presence of smectites and expanding lattice clay
minerals. Therefore, if a petrographic examination indicates the presence of
'such minerals, the rock will not be suitable for long-term applications.

6.2 Design Procedures

Design procedures and criteria have been developed by the NRC staff for
use in selecting and evaluating rock for use as riprap to survive long time
periods. The methods are considered to be flexible enough to accommodate a

wide rangé of rock types and a wide range of rock quality for use in various
long-term stability applications.

The first step in the design process is to determine the quality of the
rock, based on its physical properties. The second step is to determine the
amount of oversizing needed, if the rock is not of good quality. Various com-

binations of good-quality rock and oversized marginal-quality rock may also be
considered in the design, i{f necessary.

6.2.1 Procedures for Assessing Rock Quality

The suitability of rock to be used as a protective cover should be
assessed by laboratory tests to determine the physical characteristics of the
rocks. Several durability tests should be performed to classify the rock as
being of poor, fair (intermediate), or good quality. For each rock source
under consideration, the quality ratings should be based on the results of
about three to four different durability test methods for initial screening and
about six test methods for final sizing of the rock(s) selected for inclusion
in the design. Procedures for determining the rock quality and determining a

rock quality “score” are developed in Table D1.
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6.2.2 Oversizing Criteria

Oversizing criteria vary, depending on the location where the rock will be
placed. Areas that are frequently saturated are generally more vulnerable to
weathering than occasionally-saturated areas where freeze/thaw and wet/dry
cycles occur less frequently. The amount of oversizing to be applied will also
-depend on where the rock will be placed and {ts importance to the overall
perfaormance of the reclamation design. For the purposes of rock oversizing,
the following criteria have been developed:

A. Critical Areas. These areas include, as a minimua, frequently-
bt

saturated areas, all channels, poorly-drained toes and

aprons, control structures, and energy dissipation

areas.

Rating

80~100 - No Oversizing Needed

65~80 - Oversize using factor of (80-Rating), expressed as the

percent increase in rock diameter. For example, a rock with
a rating of 70 will require oversizing of 10 percent. (See

example of procedure application, given in Section 6.4, p.
D-28)

Less than 65 - Reject

8. Non-Critical Areas. These areas include occasionally-saturated
T e

AR—

araas, top slopes, side slopes, and well-drained
~ Ty -

toes and aprons.
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Rating

80-100 - No Oversizing Needed

50-80 - Oversize using factor of (80-Rating), expressed as the

percent increase in rock diameter

Less than 50 - Reject

0-26



‘lnuLEl D1

Scoring Criteria for Determining Rock Quality -

Score

corat Weighting Factor
Laboratory 10 9
Test [Inestone Sandstone Tgneous Good d - Fgfr : : goor < 1 y
Sp. Gravity 12 6 9 2,75 2.70 2.65 2.60 2.55 2,50 2.45 2.40 2.35 2.40 2.25
Absorption, % 13 5 2 . .3 5 .67 .83 1.0 1.5 2.0 2.5 3.0 3
Sodium )
Sulfate, % 4 3 11 1.0 3.0 5.0 6.7 8.3 10.0 12.5 15.0 20.0 25.0 30.0
/A Abrasion
(100 revs), % 1 8 1 1.0 3.0 5.0 6.7 8.3 10.0 12.5 15.0 20.0 25.0 30.0
Schmidt Hammer 11 13 ? 70.0 65.0 60.0 54,0 47,0 40.0 32.0 24.0 16.0 8.0 0.0
Tensile Strength, ’ '

6 A 1400 1200 1000 833 666 500 400 300 200 100 O

psi

10

1. Scores were derived from Tables 6.2

Uranium M111 Tailings and Covers:

5. Welighting Factors are

%ous Test Procedures,
based on inverse of ranking
these tests may be derived using Ta

Yar

3. Test methods should b
Ref. D13), so that proper
where several methods may be
used in the scoring procedure.

e standardized,
correlations can be made.
used; the method discussed by Kilsson

der1ved from Table 7 of
" by 6. N. puPuy, Engineering Geology,

of test methods for each rock type.
ble 7, by counting upward from the bottomn of the table,

6.5, and 6.7 of NUREG/CR-2642 - *Long-
Literature Review,” 1982 (see Ref.ogg3§?rn Survivability of Riprap for Armoring

*petrographic Investigations of Rock Durability and Comparisons of

July, 1965 (see Ref, D15). Weighting factors are

Other tests may be used; weighting factors for -

{f a standard test is avaflable and should be those used in MUREG/CR-2642

(see

This is particularly important for the tensile strength test

D-27
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6.3

Recommendations

Based on the performance histories of various rock types and the
overall intent of achieving long-term stability, the following recommenda-
tions should be considered in assessing rock quality and determining
riprap requirements for a,particu]ér design.

The rock that is to be used should first be qualitatively rated at least
“fair" in a petrographic examination conducted by a geologist or engineer
experienced in petrographic analysis. See NUREG/CR-4620, Table 6.4 (see
Ref. D2), for general guidance on qualitative petrographic r;tingsi In

addition, if a rock contains smectites or expanding lattice clay minerals,
it will not be acceptable.

An occasionally-saturated area is defined as an area with underlying
filter blankets and slopes that provide good drainage and are steep enough
to prec]dde bbnding, considering differential settlement, and are located
well above normal groundwater leveis; otherwise, the area is classified as
frequently-saturated. HNatural channels and relatively flat man-made
diversion channels should be classified as frequently-saturated.
Generally, any toe or apron located belcw grade should be classified as
frequently-saturated; such toes and aprons are considered to be
poorly-drained in most cases.

Using the scoring criteria given in Table D1, the results of a durability
test determines the score; this score is then mulitipliied by the weighting
factor for the particular rock type. The final rating should be
calculated as the percentage of the maximum possible score for all
durability tests that were performed. See example of procedure

application for additional guidance on determining final rating.

Far final selection and oversizing, the rating may be based on the

durability tests indicated in the scoring criteria. Other tesis may also
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be substituted or added, as appropriate, depending on rock type and site-
specific factors. The durability tests given in Table D1 are not intended
to be all-inclusive. They represent some of the more commonly-used tests
or tests where data may be publishéd-or readily-available. Designers may
wish to use other tests than those presented; such an approach is
acceptable. Scoring criteria may be déve1oped for other tests, using
procedures and references recommended in Table D1. Further, if a rock
type barely fails to meet minimum criteria for placement in a particular
area, with proper justification and documentation, it may be feasible to
throw out the results of a test that may not be particularly applicable
and substitute one or more tests with higher weighting factors, depending
aon the rock type or site location. In such cases, consideration should be
given to performing several additional tests. The additional tests should
be those that are among the most applicable tests for a specific rock

type, as indicated by the highest weighting factors given {n the scoring
criteria for that rock type.

The percentage increase of oversizing should be applied to the diameter of
the rock. '

The oversizing calculations represent minimum increases. Rock sizes as

"large as practicable should be provided. (It is assumed, for example,

that a 12-iach layer of 4-inch rock costs the same as a 12-inch layer of
6-inch rock.) The thickness of the rock layer should be based on the con-
structab{1ity of the layer, but should be at least 1.5 x DSJ‘ Thicknesses
of less than 6 inches may be difficult to construct, unless the rock size
is relatively small.

6.4 Example of Procedure Application

It is proposed that a sandstone rock source will be used. The rock has been

rated "fair" in a petrographic cxamination. Representative test results are

given. Compute the amount of oversizing necessary.
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Using the scoring criteria in Table D1, the following ratings are computed:

Lab Test Result  Score Weight  Score x Weight Max. Score
Sp. Gr. 2.61 7 6 42 60
Absorp., X 1.22 4 5 20 50
Sod. Sulf., X 6.90 6 3 18 ’ 30
L.A. Abr., % 8.70 5 8 40 80
Sch. Ham. 51 6 13 78 130
Tens. Str., psi 670 6 4 24 40
. Totals 222 390

The final rating is computed to be 722/230 or 57 percent. As discussed in
Section 6.2, the rock is not suitable for use in frequently-saturated areas,
but is suitable for use in occasionally-saturated areas, if oversized. The

oversizing needed is equal to (80 - 57), or a 23 percent increase in rock
diameter.

6.5 Limitatfons

The procedurs previously presented {s intended to provide an approximate
quantitative method of assessing rock quality and rock durability. Although
the procedure should provide rock of reasonable quality, additional data and
studies are needed to establish performance histories of rock types that have a
score of a specific magnitude. It should be emphasized that the procedure is

only a more quantitative estimate of rock quality, based on USBR classification
standards.
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It should also be recognized that durability tests are not generally
intended to determine if rock will actually deteriorate enough to adversely
affect the stability of a reclaimed tailings pile for a design life of 200 to
1000 years. These tests are primarily intended to determine acceptability of
rock for various constructiaon purposes for design lifetimes much shorter than
1000 years. Therefore, although higher ' scores give a higher Jegree of
confidence that significant deterioration will not occur, there is not complete
assurance that deterioration will not occur. Further, typical construction
prajects rely on planned maintenance to correct deficiencies. It follows,
then, that there is also less assurance that the oversizing methodology will
actual]y-result in rock that will only deteriorate a given amount in a
specified time period. The amount of oversizing resulting from these
calculations is based on the engineering judgment of the NRC staff, with the
assistance of contractors. However, in keeping with the Management Position
(USNRC, 1989, see Ref. D17), the staff considers that this methodology will
provide reasonable assurance of the effectiveness of the rock over the design

lifetime of the project.
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The rainfall depth for a specific site is estimated by determining the

rainfall duration and/or appropriate time of concentration. The resulting
rainfall depth in inches, is

PMP rainfall depth = (% PMP) x (PMP) (2.1)

where the percent PMP is obtained from Table 2.1 and the PMP is obtained
from the appropriate PMP design storm presented in Section 2.1.1.

The rainfall intensity, i, in inches per hour can be computed as
60

i = rainfall depth (inches) x (2.2)
rainfall duration (minutes)

The rainfall intensity determined from Equation 2.2 is generally a conser-

vative value and represents the peak rainfall intensity of the design
storm.

To compute the rainfall intensity for any rainfall duration, it is
recommended that a rainfall intensity versus rainfall duration curve be
plotted on semilogarithmic paper. Because of the extremely conservative
rainfall intensity values obtained for short durations, it is recommended
that the minimum rainfall duration be 2.5 minutes. Rainfall depths should
be extracted from the appropriate Hydrometeorological Report.

2.2 PMP COMPARISON STORMS

A comparison of estimates of the PMP with greatest observed rainfall
and estimates of the 100-year events for areas both east and west of the
105° meridian was prepared (NWS, 1980). Information from 6500 precipita-
tion reporting stations in the eastern U.S. and about 2100 stations in the
west was used. Including storm durations of 6 to 72 hours, the study indi-
cated that 177 separate storm events have been recorded in which the rain-
fall was greater than or equal to 50 percent of the PMP for stations east
of the 105° meridian. Only 66 separate storm events were recorded west of

the 105° meridian where rainfalls were greater than or equal to 50 percent
of the PMP.

The National Weather Service also reported the number of storm events
which met or exceeded the 100-year rainfall values and compared them with
the regional PMP values (NWS, 1980). Table 2.2 summarizes these rainfall
events for 6 and 24-hour storms occurring over a 10 square mile area. It
is interesting to note that & storm has not been officially recorded west
of the Continental Divide that exceeds 90% of the PMP value. However, it
is evident that a number of storms approach the PMP values, thereby sub-
stantiating that the prescribed PMP values are not extremely conservative.
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4.1.5.6 Gully Width

The width of the qully across the top of the qully at the point of
maximum depth can be estimated from Figure 4.5. Having computed the maxi-
mum depth, Dpax and knowing the uniformity coefficient, C;, the top
width is estimated to be approximately 5.6 feet. However, the gully width
will widen over time to where the gully side wall stands at an angle less
than the angle of repose of the cover material.

4.2 EMBANKMENT AND SLOPE STABILIZATION USING RIPRAP

Rock riprap is one of the most economical materials that is commonly
used to provide for cover and slope protection. Factors to consider when
designing rock riprap are: (1) rock durability, density, size, shape,
angularity, and angle of repose; (2) water velocity, depth, shear stress,
and flow direction near the riprap; and (3) the slope of the embankment or
cover to be protected. Through the proper sizing and placement of riprap

on any impoundment cover, rill and gully erosion can be minimized to ensure
long term stabilization.

The primary failure mechanism of concern is the removal of material
from the impoundment due to shear forces developed by water flowing paral-
lel and/or adjacent to the cover as described by Nelson et al. (1983). One
purpose of the cover is to expedite the removal of precipitation and tribu-
tary waters away from the cover to minimize seepage and percolation.
However, when surface waters are not properly managed, extreme erosion may
result and endanger the impoundment stability. For example, slopes are
often designed and constructed to develop sheet flow conditions. After
many years of exposure, sheet and rill erosion, and localized settlement,
the hydraulic conditions have significantly altered causing flows to merge
or concentrate into drainage channels. The greater the concentration of
flow into the drainage channels, the greater the erosion potential.

4.2.1 Zone Protection

The design requirements for pltacing riprap rock on a cover vary
depending upon cover location. It is suggested that four areas exist on
the cover in which different failure mechanisms can result from tributary

drainage. The four areas or zones of concern are presented in Figure 4.6
and include:

1. Zone 1: This zone is considered the toe-of-the-slope of the
reclaimed impoundment. The riprap protecting the slope toe must
be sized to stabilize the slope due to flooding in the major
watersheds and dissipate energy as the flow transitions from the
impoundment slope into the natural terrain. Zone I is considered
a zone of frequent saturation.

2. Zone Il: This is the area along the side slope vhich remains 1in
the major watershed flood plain (PMF). The rock protection must
resist not only the flow off the cover, but also floods. The
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Fig. 4.6. Zones of a reclaimed impoundment requiring riprap protection.
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riprap must serve as embankment protection similar to river and

canal banks. Zone II is considered a zone of occasional satura-
tion.

3. Zone IlI: Riprap should be designed to protect steep slopes and
embankments from potential high overtopping velocities and exces-
sive erosion. Flows in Zone III are derived from tributary

drainage and direct runoff from the reclaimed site. Zone III is
considered a seldom saturated zone.

4. Zone IV: Rock protection for Zone IV is generally designed for
flows from mild slopes. Zone IV will usually be characterized by

sheet flow with low flow velocities. Zone IV is considered a zone
of seldom saturation.

Since the rock protection requirements are significantly different on
various locations on the cover, it should be apparent that each riprap
design procedure available was formulated to address a specific applica-
tion. Since a single riprap design procedure does not necessarily meet all
of the cover protection requirements, recommendations will be made indicat-
ing which zone(s) each riprap design procedure best addresses.

Because the frequency of wetting or saturation varies by zone, the
durability requirements of the riprap may vary by zone. The concept of
durability and oversizing will be addressed in Chapter 6 of this report.

4.2.2 Design Procedures

Presently, several methods are available to assist the designer in
determining the appropriate rock size for protection of impoundment covers,
embankments and unprotected slopes from the impact of drainage waters.
Alternative riprap design methods summarized herein are

1. Safety Factors Method

2. The Stephenson Method

3. Corps of Engineers Method

4. The U.S. Bureau of Reclamation Method

These riprap design procedures are but examples of the many methods
available.

4.2.2.1 Safety Factors Method

The Safety Factors Method (Richardson et al., 1975) for sizing rock
riprap is quite versatile in that it allows the designer to evaluate rock
stability from flow parallel to the cover and adjacent to the cover. The
Safety Factors Method can be used by assuming a rock size and then
calculating the safety factor (S.F.) or allowing the designer to determine
a S.F. and then computing the corresponding rock size. If the S.F. is
greater than unity, the riprap is considered safe from failure; if the S.F.
is unity, the rock is at the condition of incipient motion; and if S.F. is
less than unity, the rmiprap will fail.
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where dgg is the mean rock size in feet. A graphical representation

for determining n is presented in Figures 4.12 and 4.13. However, these
values were developed for uniform flow condition over submerged riprap.
When overtopping flows on steep slopes begin to cascade, n values will

increase and may range from 0.07 to 0.09 or higher. (Abt and Ruff, 1985
and COt, 1970).

Table 4.2. Manning Coefficient, n.

Channel Material Manning Coefficient, n
Fine sand, colloidal 0.020
Sandy loam, non-colloidal 0.020
Silt loam, non-colloidal 0.020
Alluvial silts, non-colloidal 0.020
Ordinary firm loam 0.020
Volcanic ash 0.020
Stiff clay, very colloidal 0.025
Alluvial silts, colloidal 0.025
Shales and hardpans 0.025
Fine gravel 0.020
Graded loam to cobbles, non-colloidal 0.030
Graded silts to cobbles, colloidal 0.030
Coarse gravel, non-colloidal 0.025
Cobbles and shingles 0.035

Source: Morris and Wiggert, 1972.

4.8 COVER EROSION RESISTANCE EVALUATION

The cover design should be evaluated to determine if the unprotected
slopes(s) can withstand overland or sheet flow with a minimum of erosion.
Based upon the site-specific cover and precipitation parameters, the design
sheet flow velocity should be estimated. A comparison of the design flow
velocity with the cover permissible flow velocity can be performed.
Furthermore, the design velocity can be used to determine the sediment

discharge using the Universal Soil Loss Equation (Chapter 5) and for sizing
stone protection (Section 4.2).

The design velocity will usually be determined from the peak discharge
generated from the Probable Maximum Flood (PMF). The PMF can be estimated
by

(a) Using computer models, i.e., HEC-1 (COE, 1974), that are widely
accepted by the engineering profession.

"ﬁ-i‘.-,.
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(b) Applying the Rational Method for tributary areas that are less
than approximately one square mile in area.

The Rational formula is commonly expressed as

Q = CiA (4.42)

where Q is the maximum or design discharge in cfs, C is a runoff coeffi-
cient dependent upon the characterization of the drainage basin, i is the
rainfall intensity expressed in inches per hour and A is the tributary area
expressed in acres. When a unit width approach is taken, the area A, is

the slope(s) length times the unit width. Therefore, Equation 4.42 would
be presented as

q = CiA, (4.43)

for a unit width analysis.

4.8.1 Runoff Coefficient

The runoff coefficient, C, is related to the climatic conditions and
type of terrain characteristic of the watershed including soil materials,
permeability and storage potential. Values of the coefficient C are

presented in Table 4.4 (Lindsley et al., 1958), Table 4.5 (Chow, 1964), and
Table 4.6 (ASCE, 1970 and Seelye, 1960).

Table 4.4. Values of Coefficient C.

Type Area Value of C
Flat cultivated land, open sandy soil 0.20
Rolling cultivated land, clay-loam soil 0.50
Hi1l land, forested, clay loam soil 0.50
Steep, impervious slope 0.95
Vs

Source: Lindsley, et al, 1958.

The selection of a coefficient value requires considerable judgment as
it is a tangible aspect of using the rational formula. It is recommended
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that a conservative value of C be applied for PMF estimation since infil-
tration and storage comprise a low percentage of the runoff. Furthermore,
the C values presented were derived for storms of 5-100 year frequencies.
Therefore, less frequent, higher intensity storms will require the use of a ;
higher C value (Chow, 1964). It is recommended that a runoff coefficient

of 1.0 be used for PMF applications in very small watersheds since the
effects of Tocalized storage and infiltration will be small.

Table 4.5. Values of C for Use in Rational Formula.

Watershed Cover

Soil Type Cultivated Pasture Woodlands

Hith above-average infiltration rates; 0.20 0.15 0.10
usually sandy or gravelly

With average infiltration rates; no 0.40 0.35 0.30
clay pans; loams and similar soils

With below-average infiltration rates; 0.50 0.45 0.40
heavy clay soils or soils with a clay
pan near the surface; shallow soils
above impervious rock

Source: Chow, 1964.

4.8.2 Rainfall Intensity

In order to determine the rainfall intensity, i, the time of concen-

tration, t must be estimated. The time of concentration can be
approximated by:

(a) Applying one of the many accepted empirical formulae such as

0-77

t. = 0.00013

(4.44)
50.385

where L 1s the Tength of the basin in feet measured along the
watercourse from the upper end of the watercourse to the drainage
basin outlet and S is the average slope of the basin. Time of
concentration is expressed in hours. This procedure is not
applicable to rock covered slopes. This expression was
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Table 4.6. Values of runoff coefficient C.

Character of Surface

Runoff Coefficients

Range Recommended
Pavement--asphalt or concrete 0.70-0.95 0.90
Gravel, from clean and loose to 0.25-0.70 0.50

clayey and compact
Roofs 0.70-0.95 0.90
Lawns (irrigated) sandy soil
Flat, 2 percent 0.05-0.15 0.10
Average, 2 to 7 percent 0.15-0.20 0.17
Steep, 7 percent or more 0.20-0.30 0.25
Lawns (irrigated) heavy soil
Flat, 2 percent 0.13-0.17 0.15
Average, 2 to 7 percent 0.18-0.22 0.20
Steep, 7 percent 0.25-0.35 0.30
Pasture and non-irrigated lawns
Sand
Bare 0.15-0.50 0.30
Light vegetation 0.10-0.40 0.25
Loam
Bare 0.20-0.60 0.40
Light vegetation 0.10-0.45 0.30
Clay
Bare 0.30-0.75 0.50
Light vegetation 0.20-0.60 0.40
Composite areas
Urban
Single-family, 4-6 units/acre 0.25-0.50 0.40
Muiti-family, >6 units/acre 0.50-0.75 0.60
Rural (mostly non-irrigated lawn area)
/2 acre - 1 acre 0.20-0.50 0.35
1 acre - 3 acres 0.15-0.50 0.30
Industrial
Light 0.50-0.80 0.65
Heavy 0.60-0.90 0.75
Business
Downtown 0.70-0.95 0.85
Neighborhood 0.50-0.70 0.60
Parks 0.10-0.40 0.20

Source: ASCE, 1970 and Seelye, 1960.
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designed for and applicable to small drainage basins (Kirpich,
1940).

(b) Using the Soil Conservation Service (SCS) Triangular Hydrograph
Theory (DOT, 1977) the t1me of concentration is
038

S0 usveC (¢ P ’3\
’%—E/Eﬁ « TWL,-L (4.45)
(L\' g:"’JN(S( €§y<9»£W~95413¢1,p~«<;vvu

fer ST TV S R
where L is the length (miles) of the Iongest vatercourse frun the

point of interest to the tributary divide, H is the difference in (}f\ﬁ?)
elevation (feet) between the point of interest and the tributary
divide. The time of concentration will be expressed in hours.

The SCS procedure is most applicable to drainage basins of at
least 10 square miles.

Once the rainfall duration or time of concentration is determmined, the

rainfall depth can be computed based on the PMP intensity values estimated
in Section 2.1.2.

4.8.3 Tributary Area

The tributary area may be expressed in a unit width format for design
of rock protection on an embankment. Therefore, the area is the length of
the longest expected or measured water course multiplied by the unit width.
This procedure is primarily applicable to Zones I, II, and III and is not
applicable for drainage ditch design. It should be noted that a unit width
approach to drainage and diversion ditch design is not effective. Ditch
design requires an entire basin analysis in which.a composite inflow hydro-
graph is determined and is routed along the channel. From the inflow
hydrograph, water surface profiles (i.e., HEC-2) can be estimated to deter-
mine flow depth and velocities for riprap design (COE, 1982).

4.8.4 Sheet Flow Velocity

The design velocity for sheet flow on an embankment slope can be esti-
mated by solving the Manning formula presented in Equation 4.39. It is
assumed that the hydraulic radius, R, is approximately equal to the flow

depth, y, and that the design discharge is equal to that estimated by the
Rational Method. Therefore, the depth of flow is

3/5
_ n
Y {1.486 sl 2] 4.46)

where Q is the discharge, S is the slope, and n 1s the Manning coefficient.
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Therefore, the design velocity can be estimated as

VDesign = Q/A (feet/sec) (4.47)

where A is the cross-sectional area of flow.

4.9 FLOW CONCENTRATIONS

Despite the extensive efforts of the impoundment reclamation designer,
reviewer, contractor and inspector, the topographic features of the cover
will alter over time without continual maintenance (Powledge and Dodge,
1985). Cover modifications will result fram differential settlement,
collapsing soils, marginal quality control in cover placement, erosion,
major hydrologic events and monitoring disturbance. Because of these
unpredictable and generally uncontrollable events, tributary drainage areas
evolve that were not originally designed or constructed. The result is

that the peak d1scharge and volume of runoff exceed design 1evels and
increase the erosion potential.

Abt and Ruff (1985) conducted a series of flume experiments on a 1V:5H
prototype embankment protected by riprap with median rock sizes of 2 inches
to 6 inches in diameter. It was observd that 2-4 inch diameter riprap were
highly susceptible to sheet flows converging along the face of the embank-

ment into channels. The discharge in the channel(s) was compared to the
total discharge over the embankment by

1

1-(Q - Q)

CF =

(4.48)

where CF is the concentration factor, Q. is the discharge in the channel
and Q is the total discharge over the embankment. The concentration
factors ranged from 1.1 to 3.2 where flows were less than the failure dis-
charge. These preliminary results indicate that riprap designed for sheet

flow conditions may be subjected to flow channelizations that concentrate 3
times the discharge in a single location.

The peak discharge along a crest or at a design point is a function of
the amount of precipitation, the tributary drainage area, the slope of the
drainage basin, the basin contouring, the cover material and cover protec-
tion. Any modification in one or more of these parameters can impact the
outlet peak discharge. The cover design must account for these potential
changes in the form of a concentration or safety factor. Therefore, a flow
concentration factor may be incorporated into the design process to
adequately evaluate the soil resistance to erosion, to adequately select

and evaluate alternative protective measures and to size riprap vhen
warranted.
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It is difficult to accurately predict the value of the flow concen-
tration factor since limited information is currently available to substan-
tiate design limits. However, it is reasonable to assume that values
between 2 and 3 are attainable with only a slight evolutionary change in
cover. Unless it can be shown that design procedures such as overbuilding
can compensate for differential settlement, it i1s recommended that a
conservative concentration factor be used until additional research can
justify a more reasonable range of values.

To incorporate the flow concentration factor into the stone sizing
procedure of any riprap design method, multiply the design peak discharge
by the flow concentration factor. All subsequent computations, i.e.,

velocity and depth estimate, stone size determination, etc., will reflect
the influence of the flow concentration.

4.10 PERMISSIBLE VELOCITIES

Evaluation of proposed reclamation alternatives should include an
analysis of the critical erosion potential of the cover material. Erosion
potential can be determined based upon the properties of the reclamation
materials as well as the degree of compaction in which the material is
placed. The permissible velocity approach consists of specifying a
velocity criterion that will not erode the cover or channel and will pre-
vent scour. A comparison of the actual or design flow velocities to the
permissible velocities associated with overland flows, sheetflows or chan-
nel flows determines the erosion potential. When the design flow velocity

meets or exceeds the permissible velocity, cover protection should be
considered.

The permissible velocity values presented were developed from experi-
ments performed primarily in canals and stream beds. Therefore, the fol-
lowing permissible velocities should provide a conservative estimate for
evaluating the erosion resistance of the reclaimed covers over long term
periods. In cases where a range of permissible velocities are presented,

it is recommended that the lower velocity be used for determining erosion
potential.

A series of permissible maximum canal velocities was developed by
Fortier and Scobey (1926) and adapted by Lane (1955). The maximum
permissible velocities presented in Table 4.7 are applicable to colloidal
silts. These velocity values were developed for channels without
sinuosity. Lane recommended a reduction of the velocities in Table 4.7 by
13 percent if the canal/channel is moderately Sinuous. The maximum
allowable velocities for sandy-based materials are given in Table 4.8.
Table 4.9 provides limiting velocities for cohesive materials according to
compactness for materials with less than 50 percent sand content. The Soil
Conservation Service maximum permissible velocities (SCS, 1984} for well
maintained grass covers are presented in Table 4.10.

[t is important to recognize that limited information is available
pertaining to permissible velocities on covers under sheet flow conditions.
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Table 4.7. Maximum permissible velocities in erodible channels.

Hater Transporting
Colloidal Silts

Channel Material v (ft/sec)

Fine sand, colloidal

Sandy loam, non-colloidal

Silty loam, non-colloidal
Alluvial silts, non-colloidal
Firm loam

Volcanic ash

Stiff clay, colloidal

Alluvial silts, colloidal

Shales and hardpans

Fine gravel

Graded loam to cobbles, non-colloidal
Graded silts to cobble, colloidal
Coarse gravel, non-colloidal
Cobbles and shingles

. [ ] [ ] ] [ ] [ ] [ . * []
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Soufce: Lane 1955,

Table 4.8. Maximum allowable velocities in sand-based material.

\

Velocity

Material (ft/sec)
Very light sand of quicksand character 0.75 to 1.00
Very light loose sand 1.00 to 1.50
Coarse sand to light sandy soil 1.50 to 2.00
Sandy soil 2.00 to 2.50
Sandy loam 2.50 to 2.75
Average loam, alluvial soil, volcanic ash 2.75% to 3.00
Firm loam, clay loam 3.00 to 3.75
Stiff clay soil, gravel soil 4.00 to 5.00
Coarse gravel, cobbles and shingles 5.00 to 6.00

Conglomerate, cemented gravel, soft slate,

tough hardpan, soft sedimentary rock 6.00 to 8.00

Source: Lane, 1955.
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Therefore, the permissible velocities developed for channels is usually
extended to overland flow situations. When design velocities reach or
exceed those indicated in Tables 4.7 through 4.10, protection is warranted.

Table 4.9. Limiting Velocities in Cohesive Materials.

Compactness of Bed

Fairly Very
Loose Compact Compact Compact
Principle Cohesive Velocit Velocit Velocity Velocity
Material (ft/sec§ (ft/sec{ (ft/sec) (ft/sec)
Sandy clay 1.48 2.95 4.26 5.90
Heavy clayey soils 1.31 2.79 4.10 5.58
Clays 1.15 2.62 3.94 5.41
Lean clayey soils 1.05 2.30 3.44 4 .43

Source: lLane, 1955.

The materials presented in Tables 4.7 through 4.9 can be referenced to
the Unified Soil Classification System as presented by Wagner (1957). An
engineering analysis of the cover material can provide an approximation of

the permissible velocities that the alternative cover materials may with-
stand without supplemental protection.

4.11 PERMISSIBLE VELOCITY EXAMPLE

A tailings disposal site located in the northwest corner of New Mexico
has prepared a reclamation plan for review. The reclamation plan indicates
that a 10 foot thick cap will be placed atop the tailings at a slope of
2.4% with a compaction of 95% of optimum. The cap will be graded as shown
in Figure 4.14 and shall transition into side slopes of 1V:10H. It is
proposed that the cap will be composed of a sandy clay with a coarse gravel
cover. Along the crest, a 12 inch thick layer of riprap will be placed for
at least 8 feet upslope and downslope of the crest to stabilize the
transition. The riprap will have a median stone size of 6 inches. The
gravel cover will have a median rock size of 1.5 inches. The design
reviewer must verify that the gravel cover will resist the potential
velocities that may result on the cap.
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In order to assess the stabilization of the cap agaiast erosion due to
overland flow, information provided in Sections 4.6 through 4.10 of this
report must be utilized. One alternative means of reviewing the design is
presented in the following analysis.

4.11.1 Estimation of Peak Runoff

The peak runoff can be estimated using the Rational formula presented
in Equation 4.43. The three components of the Rational formula that

require consideration are: the runoff coefficient, C; the rainfall inten-
sity, 1; and the tributary area, A.

The runoff coefficient can be estimated by examining Tables 4.4
through 4.6. Since the cap will be composed of a compacted clay, the
infiltration and localized storage will be low. The peak runoff is a

direct function of the estimated localized PMF. Therefore, a reasonable C
value is 1.0.

The rainfall intensity can be estimated by determining the 1l-hr,
1-mi2 local storm PMP value and adjusting the rainfall depth in accor-
dance with the percentages presented in Table 2.1. For northwest New
Mexico, the 1-hr, 1-miZ PMP is estimated to be 9.5 inches after the
appropriate elevation and area adjustments are performed.

The time of concentration, t., should be estimated. Using Equation

4.44, the t. can be estimated where the longest flow path is approxi-
mately 450 feet as

0.77
t, = 0.00013 20T ' (4.49)
(0.024)0-385
and
t. = 0.06 hrs = 3.62 minutes (4.50)

The rainfall depth for variable rainfall durations can be estimated
using the values presented in Table 2.1 which are applicable to northwest
New Mexico. Since the time of concentration is 3.6 minutes, the percent of
the l-hr PMP can be interpolated to be approximately 35 percent. The
rainfall depth is computed using Equation 2.1 to be

Rainfall depth = (0.35) x 9.5 inch = 3.33 inches (4.51)
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A conservative estimate of the rainfall intensity is determined by

applying Equation 2.2.

60
i = 3.33 inches x —— = 55.5 inches/hr (4.52)
3.6

The tributary area, A, can be estimated using a unit width approach
presented in Section 4.8. Since the longest flow path is 450 feet with a
unit width of one foot, the tributary area is 450 square feet. The

tributary area can be converted to acres by dividing by 43,560 square
feet/acre resulting in an area of (.0103 acres.

The peak sheet flow unit discharge at the transition can be computed
by using the Rational formula presented in Equation 4.43.

q = (1.0) (55.5) (0.0103) = 0.57 cfs (4.53)

4.11.2 Sheet Flow Velocity

The sheet flow design velocity can be estimated by first determining
the depth of flow. The depth of flow, y, can be calculated using Equation
4.46. However, the Manning surface roughness coefficient, n, must be
determined. From Equation 4.41, the Manning n value can be calculated as

n = 0.0395 (0.125)1/6 = 0.028

(4.54)
The depth of flow is then computed to be
3/5
(0.57) 0.023 5 = 0.202 feet (4.55)
1.486 (0.024)%
or
y = (0.202 ft) (12 in/ft) = 2.42 inches {4.56)
The design sheet flow velocity is calculated using tquation 4.47.
0.57
V=« = 2.8 feet/sec (4.57)
(1.0)(0.20)
4
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éré'é?é}’és the unit discharge, 1.0 is the width
**is the depth of flow in feet. It should be noted t
tion factor was not incorporated into this computat

of flow in feet ang 0.20
hat the flow concentra-
ion.

4.11.3 Cover Permissible Velocity

The permissib locity for the clay cap covered with gravel has beep
determined to be 5,0-6.0 feet/sec

as_presented in Table 4.8. Since the
“design sheet flow velocity was cal

culated to be 2.9 feet/sec, the cover
should be able to withstand the design flow.
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embankments, channel and unprotected slopes from the impact of flowing
waters. Four riprap design procedures which will be referenced are:
1. Safety Factors Method (SF)
2. The Stephenson Method (STEPH)
3. The U.S. Army Corps of Engineers Method (COE)
4, The U.S. Bureau of Reclamation Method (USBR)

A summary of each method will be presented.

3.4.1 Safety Factors Method

The Safety Factors Method (Richardson et al., 1975) for sizing riprap
allows the designer to evaluate rock stability from flow parallel to the
cover and adjacent to the cover. The Safety Factors Method can be used by
assuming a stone size and then calculating the safety factor (SF) or
allowing the designer to determine a SF and then computing the corresponding

stone size. If the SF is greater than unity, the riprap is considered safe

_ffSTﬁfiilEEEj if the SF is unity, the rock is at the condition of incipient
motion; and if SF is less than unity, the riprap will fail.

The following equations are provided for riprap placed on a side slope
or embankment where the flow has a non-horizontal (downslope) velocity
vector. The safety factor, Sk, is:

cos § tane¢
Sk = (3.5)

7 tan ¢ + sin 6 cos B

where
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o {[1 + sin ()\+B)]} (3.6)
ya
n- 170 (3.7)
(Gg-1) ¥ Dgg
1o = v DS (3.8)
and
-1 COS )
g = tan (3.9)
(2 sing)/(ntang) + sinx ]

The angle, N, is shown in Figure 3.1 and is the angle between a

horizontal line and the velocity vector component measured in the plane of

the side slope. The angle, ¢, is the side slope angle shown in Figure 3.1

and B is the angle between the vector component of the weight, Us,
directed down the side slope and the direction of particle movement. The
angle, ¢, is the angle of repose of the riprap, 7, is the bed shear stress
(Simons and Senturk, 1977), Dgg is the repregentative stone size,
G¢ 1s the specific gravity of the rock, D is the depth of flow, Y is the
specific weight of the liquid, S is the slope of the channel, and n' and 4
are stability numbers. In Figure 3.1, the forces F1 and Fq are the lift
and drag forces, and the moment arms of the various forces are indicated by
the value e as i =1 through 4. Figure 3.2 illustrates the angle of
repose for riprap material sizes.

Riprap is often placed along side slopes where the flow direction is

close to horizontal or the angularity of the velocity component with the
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Fig. 3.1. &ip}r\ap stability conditions as described in the Safety Factors
ethod.
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horizontal is small (i.e., A = 0). For this case, the above equations

reduce to:

t
tan B = 2__32:ﬁ (3.10)

2 sin ¢
and
2 2
Sm - (SF
n = ﬁfl__ﬁﬁ__z_ cos 4 (3.11)
(SF) (s2)
where
tan ¢
- 3.12
o tan 8 ( )

The term Sy is the safety factor of the rock particles against rolling

down the slope with no flow. The safety factor, SF, for horizontal flow may

be expressed as:

SF = Eg.[5§ nz sec2 6 + 4) 0.5 -Sm n sec ] (3.13)

Riprap may also be placed on the cover or side slope. For a cover

sloping in the downstream direction at an angle, a, with the horizontal, the

equations reduce to:

C0S a tan ¢
F - (3.14)
7 tan® sina
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Historic use of the Safety Factors Method has indicated that a minimum
SF of 1.5 for non-PMF applications (i.e. 100-year events) provides a side
slope with reliable stability and protection (Simons and Senturk, 1977),

However, a SF of slightly greater than 1.0 is recommended for PMF or maximum

credible flood circumstances. It is recommended that the riprap thickness
be a minimum of 1.5 times the Dgg. Also, a bedding or filter layer

should underlay the rock riprap. The filter layer should minimally range
from 6 inches to 12 inches in thickness. 1In cases where the Safety Factors
Method is used to design riprap along embankments or slopes steeper than

4H:1V, it is recommended that the toe be firmly stabilized.

3.4.2 Stephenson Method

The Stephenson Method for sizing rockfill to stabilize slopes and
embankments is an empirically derived procedure developed for emerging flows
(Stephenson, 1979). The procedure is applicable to a relatively even layer
of rockfill acting as a resistance to through and surface flow. It is
ideally suited for the design and/or evaluation of embankment gradients and
rockfill protection for flows parallel to the embankments, cover or slope.

The sizing of the stable stone or rock requires the designer to
determine the maximum flow rate per unit width (q), the rockfill porosity
ffgl:_gﬁgw?cceXeration of gravity (g), the relative density of the rock

F~ZE;3:~;;; angle of the slope measured from the horizontal (g), the angle

of friction (¢), and the empirical factor (C).

e
—— T .
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The stone or rock size, Dgg, is expressed by Stephenson as

q(tan g)

7/6né/6 2/3

50 (3.15)

C 91/2 [1-np)(GS—1) cos g (tan ¢ - tan 6)]5/3

where the factor C varies from 0.22 for gravel and pebbles to 0.27 for
crushed granite., The stone size calculated in Equation 3.15 is;thé
representative diameter, Dgg, at which rock movement 1is expected?fgf
unit discharge, q. The representative median stone diameter (Dsotj&f;f‘

then multiplied by Oliviers' constant, K, to insure stability. Oliviers'

-----

constants are 1.2 for gravel and 1.8 for crushed rock. The rochiJ]»lg&er

v

should be well graded and at least two times the Dgg in thickheég. A
bedding layer or filter should be placed under thebrbckfill. t“*'

The Stephenson Method does not account %or up]i}f of;the_stgggs dGé to
emerging flow. This procedure was developed for flow over and fhf;ﬁéh h
rockfill on steep slopes. Therefore, it is recommended that the Stephenson
Method be applied as an embankment stabilization for overflow or sﬁeetf]ow

conditions. Alternative riprap rockfill design procedures should be

considered for toe and stream bank stabilization.
3.4.3 U.S. Army Corps of Engineers Method
The U.S. Army Corps of Engineers has developed perhaps the most

comprehensive methods and procedures for sizing riprap revetment. Their

criteria are based on extensive field experience and practice (COE, 1970 and
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Permeabilitics to water of more than 500 darcics have been measuced in modera
river sands: in ancicnt rocks permeabilities to aic range from a high of several
darcics in coarscr sandstoncs 1o a measurcd low of 107" darcy in a shalc. The
median permeability of petroleum reservoics is oa the order of 0.1 darcy (100 md),

Permeability is normally determined in the laboratory by scaling the side
of the cylindrical rock core, removing any oil in the core with a solvent, and forcing
air longitudinally through the core. Thus permeabilitics ordinarily reported in core
analysis refer to the permeability to dry aic at atmospheric pressurc. The pert-
meability to freshwater, brine, or petrolcum may be much less, depending on the
mineral composition of the rock, particularly thc amount and type of clay minccals
it contains (sce below). Unfortunately, the accuracy of core analysis for determining
permeability is somewhat illusory. When a core is removed from the subsurface,
all confining forces arc removed and the rock matrix expaads in alf dicections,
pactially changing the pore radii and fluid flow paths inside the core. Increases in
permeability of more than 1007, have been documented (Fatt and Davis, 1952).
Presumably the pereentage increase depeads largely on the depth at which the core
was taken and on the mineral composition of the core, particularly its coatent of
clay and mica.

Subsurface measurements of permeability can be made by using semicmpirical
clectric logging techniques, but errors of 100% are possible. A better method in use
in petroliferous rocks is 1o determine the output of 2 well under 2 knowa pressure
drawdown or 1o interpret pressure buildup data during a drill-stem test, The
drill-stem test has the advantage that it repeeseats the cffective permeability of a
large volume of rock under in situ conditions.

Depositional permeability is greatest in a direction cither pacatiel to the bed-
ding or at a small angle to it because of grain oricntations, micaccous foliations
peoduced during deposition of the sediment, and vertical changes in grain size
within the rock unit. Johason and Hughes (1948) examined 33 Devonian 8il sands
in New York and Pennsylvania and found variations in permeability averaging
30% in the planc of the bedding, with differcnces being less pronounced in saads of
higher permeabilitics. Griffiths (1949) observed that sand grains are normafly
imbricated at a low angle to the bedding and, therefore, plancs panalie] to the
bedding are projections of scctions through the individual grains on & planc that
lics at varying angles to varying imbrications. Small variations in grain shape would
result in large differences on the projection planc. He found greatest pecmeabilitics
in threc cores at & low angle to the bedding and attributed the result to the existence
of grain imbrication in the sandstoncs. Mast and Potter (1963) studied permeabili-
ties in the bedding planc of 13 Carbonif d and cluded that
variations in permeability as a result of fabric “are extremely small.™ Cleaddy itis
difficult to generalize about directional peemeability beyond the statement that it
is least in 2 dircction approximately normal to bedding.

In some units, however, jointing oc microfaulting can i permeability
perpendicular to bedding by orders of magnitude (Netson and Haadin, 1977).
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in the sand and undcrcompaction of the mud (Scc. 5.12). The effect of clay miner-
alogy on compaction of muds can be traced primarily to the presence of smectites
or interlayered smectite-illite clays. Smectitic clays contain more water than illitic
or kaolinitic clays and resist compaction of the mud.

Burst (1969) has suggested that the compaction of clays proceeds in three main
stages. In the first, poce-water and water interiayers beyond two are removed by the
action of overburden pressure. At the time of deposition muds may have water
contents on the order of 70 to 907, After a few thousand feet of burial the mud
retains only about 309/ water by volume, of which 20 10 25 is interlayer water
and S to 107 is residual pore water. In the sccond stage, pressure is relatively
ineflective as a dehydrating agent. Dehydration proceeds by heating, which removes
another 10 to 159 of the water. The second stage begins at temperatures close to
80°C and may be accompanicd by diagenctic changes in clay mincralogy. Since
. this is also the temperature at which organic matter matuces to peteoleum (Sec. 9.2),

is possible that explusion of water during the third stage of dlay recrystallization
also the cause of the “primary™ migration of petroleum from source to reservoir
rocks. The third stage of dehydration is akso controtled by temperature but appar-
ently is also very slow, requiting tens to hundreds of years to reach completion.
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and G. V. Chiingae, 1974, Compaction
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Taterlayer water is removed completely, keaving only & few perceat of pore water
in the mudrock.

Authigenesis

Authigenic mi 15 in sandstoncs acc dominantly calcite and quartz cements
but may also be clay mincrals (Chap. 9). Authigencsis in both sands and muds is
favored by increasing compaction, temperature, and salinity, all of which accom-
pany increased depth of burial. The relatioaship between burial depth and the
formation of secondary growths on detrital quartz grains is illustrated for some
Mesozoic sandstones by Fichtbauer (1967) (Fig. 12-8). In some rocks, however,
authigenesis may preserve rather then destroy porosity. Lumsden et al. (1971)
found that authigenic chlorite ings on dctrital quartz grains in the Spiro and
Foster Sands (Peansylvanian, Oklahoma) preserve the butk of depositional porosity

421
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may have resulted simply from citber aa i in p ge of cloagate rock

fragmeats with depth or an increase ia clay coatent of the sandstoncs.

The presence of detrital clay in a sandstone has the same effect as the prescace
of ductile fragments but increases the rate of compaction. Mud bas a very low
bearing strength and noticcable compaction of clayey sandstones can occur at
depths of only 2 few meters.

Increased compaction causcs a -decrease in primary porosity, a feature
observed in several ficld studics. Data relating porosity to burial depth have been
collected from large numbers of subsurface cores in different sedimentary basins
(Fig. 12-5), and it was found that porosity can decrease either lincarly or noalincarly
with depth and at greatly differing rates. Petrographic studics arc needed to deter-
tnine the causes of these differences. The interrclationships among porosity, textural
maturity, and mincralogic composition are well illustrated by Sellcy (1978) in a
study of the occurrence of oil in Jurassic sandstones in the North Sca area (Fig.
12-6). Volcaniclastic sands arc easily altered chemically during diagenesis to:pro-
duce fine-grained matrix. Nearly pure quartz sandstones suffer keast from diagenetic
effects. Arkoses occupy an intermediate position with respect to diagenctic effects.
With respect 10 texture, the situation in the Jurassic rocks is equally clear, with
shallow environments being most texturally mature, distal turbidites the feast.
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The compaction of muds is considerably more eomplcx. than that of sandsw:;s_
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Variations in thesc parameters cause wide variations in the amount of compa o
suffered by different muds at the same burial depth (Fig. 12-7). Coarser .gnmﬂigh
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{0 0.01 xm or less at a depth of 3000 m. These values are an order of magnitude
smalicr than those typical of sandstoncs (sec Fig. 12-3).

The quantitative significance of the sorting of sand grains on porosity of a
sandstone was studied experimentally by Beard and Weyl (1973) for gaussian
distributions. Porosity was csseatially independent of grain size but decreased
sequentially as sorting decrcased from 42.4% porosity in extremely well-sorted
sands to 27.9% in very poorly sorted sands with no clay matrix. This result scems
quite reasonable because smaller grains will lodge between the larger ones. Pryor
(1973) found no significant change in the porosity of river, beach, and dune sands
with change in standard deviation from 0.3¢ to 1.6¢, but his core samples, unlike
thosc in the Beard and Weyl study, were not homogeneous. Pryot’s cores consisted
of many thin, individually well-sorted laminac so that although porosity would be
excellent, the sediment sorting determined in the faboratory might be good or poor
for the corc as a unit.

The porosity of & sandstonc depends on postdcpositional factors as well as
those present at the time and site of deposition. As noted, the most important

-factors during deposition arc clay coatent and the sorting of the sand fraction of

the sediment. Of lesser importance arc initial grain packing, sand mincralogy,
mean grain size (assuming coastant socting), and grain angufarity. Important
postdepositional or diagenctic factors are degree of compaction and the formation
of authigenic minerals.

Compaction

Upon burial, sands compact much kess than mudrocks. The kesser compaction
of sands results from two factors. First, the average sandstonc is composed largely
of quartz grains, and these grains arc undcformable under most sedimentary
conditions. Sccondly, the finer partickes that predomi in drocks are
deposited with initially higher water coatents and this water is quickly expelicd.
Maay investigators have compacted quartz sands in the faboratory with the result
that the thickness of the aggregate has decreased only 10 to 15% due to rearrange-
ment of grains and chipping of graia comers.

The amount of compaction increascs significantly with the proportion of
ductile rock fragments in the detrital fraction of the sand. Such particles as shale,
slate, phyllite, and schist deform casily at shallow depth, decreasing porosity (sec
below) and thinning the stratigraphic section. This decrease in porosity is noticeable
in well logs and was first studicd in thin sections of subsurface cores by Tayloc
(1950). She found that the proportions of the four different types of intergranular
contacts changed with depth of bucial (Fig. 12-4). Tangential coatacts decreased
rapidly in abundauce with depth, whereas the other three types.showed marked
|mcmnswutbqngpuﬂnddosctogﬂberubunddcp(hmaeam
Unfortunately, Taylor did not keep a closc check on changes in
tion with depth; 50 we cannot be certain how much of the increased doscncss of
grains was duc to plastic deformation of elongate ductile fragmeats and how much
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tance. Tortuosity in a sandstoac is usually between 2 and 3; in loose sediment it is
1pproximately onc-half as large. The greater the tortuosity, the slower the flow of
luid through the pore system.

The physical principle on which the mercury injection method is based is
that liquids forming contact angles on solid surfaces of more than 90° (i.c., ron-
wetting fluids) cannot penctrate into small pores unless the injection pressure
excceds the capillary pressure. The higher the injection pressure, the smaller the
pores that can be penctrated by the liquid. In circular pores with radius r the surface
tension o acts along the perimeter of the circle with the foree —2xro. The force
counteracting the intrusion of the liquid parallc to the axis of the pore is —2xro
cos X, where 4 is the angle of contact. The forae caused by the injection pressure
p is xrip. For equilibrium, we obtain

—~2xro cos X = xrip

_20cosd
I 4

The surface tension of mercury is 484.2 dynesfom at 25°C, and the angle of contact
of mercury on silicate mincral surfaces has been determioed cxperimentally to
approximate 141.3°. Using these values,

76

roe
P
when pressure is measured in bars and pore radii in miccomcters (Fig. 12-2).
Using this relationship, mercury injection of a corc yiclds the volume perocatage
of pore throats of any given size in the rock sample (Fig. 12-3).

The porosity of mudrocks varics over esseatially the same range as in sand-
stones, from zcro to about 407, but the definition of porosity in a mudrock is not
as clcar-cut 3 in the coarser-grained rocks. Indecd, the definition and measurement
of porosity in mudrocks present probl not enc d in d Ina
sandstonc composed primacily of quartz and similar minerals, the boundary
between pore space and grain is reasonably well defined. For example, if the pore
space is filled with water, then this free or movable water represcats the pocosity.
The proportion of adsorbed or bound water is usually negligible because the
specific surface of such minerals as quartz is only 1 to 2 m?/g of sediment. (Compare
with clay mincrals below.) In subsurface studics, logging methods that measure
total hydrogen conceantration, such as ncutron logging, <ffectively measurc the
porosity. But mudrocks p a more compkx problem. Many of te clay
mincrals contain water as part of their structure, and this water certainly should
be considered part of the solid rather than part of the pore space. In addition,
wter adsorbed on the surface of the clay flakes normally is not free to move, and

water may form 2 large percentage of the total water between clay flakes in

wdrock. This situation occurs because the specific sucface of clay mincrals
1s very large, on the order of tens of square meters per gram. Within the space
between the grains and their adsorbed water, however, there exists free water
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of mudrock porosity, w¢ usuafly mean the perocnlage of the t .
that coatains frec or casity movable water. B¢ is usually mi?sumd by mecha
f“k cting the rock and mecasuging the amount of fluid mmov:cd or the
'“anY Oomp:f vofumc seduction. These methods are, at best, an :pproxumuo;\ :i
the m:f:om volume because of the possibility of alteting the \v.ﬂcr content of t
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Katw, 1956, Sowr, Geol_ 84, p. 393).

grain volume; and effective porosity, the ratio of interconnected void volume to
total rock volume. Ja detrital silicate rocks, effective porosity is usually only sfightly
less than total porosity.

Methods of Measurement

Cores of. rocks used for porosity determination are normally cylinders one
inch loag and onc inch in diameter. The porosity can be casily determined by gas
expansion, using Boylcs .law. Alternatively, the grain density caa be assumed
(2.65) and the porosity determined by weighing a sample saturated with a fluid
of known density. These experimental methods are suitably accurate and arc the
standards for calibration of all other porosity-determining methods, such as poiat
~ouats in rock thin scctions or subsucface logging techniques. An important point

keep in mind, however, is that the porosity of 13 cm’® of rock may not be repee-
Lentative of a rock unit millions of times larger in volume, particularly because
ficld observations reveal that porositics can vary greatly over small distances with
such factors as clay mincral or rock fragment content.
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The use of subsurface logging techniques (sonic, density, neutron) can some-
times produce porosity values within 17 of the value obtained on the same rock
in a core sample. The advaatages of logging mcthods over core analysis for porosity
determination lic in the much larger volume of rock “sampled.” pechaps 100 times
larger than the laboratory corc, and in the fact that l‘hc mcasurement is made
in situ, before overburden pressure is removed. In addition, there is the matter of
cost. Electric logs are made of all weils, but cores arc taken in refatively few.

In most sandstoncs the bulk of porc space has diameters less than the 30 gm
thickness of a standard thin section and so is difficult or impossibie 1o detect
during examination of the slide unless special techniques are used. The usual
technique is to vacuum-impregnate the rock shice with a colored epoxy before
thin sectioning so that even extremely narrow pores that intersect the planc of the
thin section become visible in uncrossed nicols. This technique, now standard in
industry laboratorics, also makes it possible to distinguish between pores produced
by diagenctic dissolution of detcital grains and pscudopores produced by grain
plucking during grinding of the thin section.

Pore Sizes, Geometry, and Measurement

Pores are irregularly shaped cavitics in a rock; therefore any definition of theit
“size™ is an approximation based on the measurcment technique used to deter-
mine it In some cases, it is possiblc to vacuum-impregnate a porous rock with
cither 1 molten plastic or metal and then dissolve the rock by using suitable reagents
to produce a “ncgative image™ of the rock—that is, its three-dimensional pore
network (Swanson, 1979). This techaique, although uselul for some reseacch pur-
poses, is impractical as a standard method.

The distribution of pore sizes in a rock sample is detcrmined generally by
injection of mercury into the rock. The sizes of pores determined in this way arc
actually the sizes of the pore “throats™ or racrow connections between large pores.
It is the sizes of the throats that coatrol the flow of fluid through rocks, whether
the flow is of mercury during mecasurement of porosily or is water, petroleum,
or natural gas in the subsurface. One deficiency of the mercury injection technique
is that if a large pore, such as a vug, is catered by fiuid through a narrow throat,
the lacge vug will be included within the volume of pore space represented by the
theoat size. A scoond deficiency is that not all pores can be invaded by the mercury
because they may be shiclded by other smaller pores whose displacement pressure
is not exceeded.

The individual pore may be tubular like a capillary tube; or it may be nodulac
and feather out into the bouading constrictions between nodules; or it may be
a thin, intererystalline tabular opening that is 50 to 100 times as wide as it is thick.
The wall of the pore may be clean quartz, fcldspar, or caleite; or it may be coated

with clay mineral particles, platey sccessory mincrals, or rock fragments. The
crookedness of the pore pattern, called the fortuosity, is the ratio between the dis-
tance between two points by way of the connccted pores and the straight-tine dis-




CHAPTER 12

POROSITY AND PERMEABILITY
OF DETRITAL ROCKS

121 INTRODUCTION

The porosity and permceability of sandstones and
ally ncglected by academic geologists. Most of our kn
from the petroleum industry as

mudrocks have been gener-
owledge in this area comes
part of its effort to locate reserves of oil and gas.
Tt is strange that few geologists outside of industry have investigated the porositics
and permeabilities of detrital rocks, for these variables control most diagenctic
processes in rocks. Without adequate permeability to water there can be Fittke
cc ion of sandstones, diagenctic alteration of beavy mincrals, conversion of
smectite to illite, or the myriad of other processes that affect rock after burial
Pore space and permeability are basic aspects of rock fabric and should be studied
s & normal part of a petrologic investigation.

12.2 FABRIC

The term fabric is reserved for “the manner of mutual arrangement in space
of the components of a rock body and of the boundaries between these com-
ponents™ (Jaternational Tectonics Dictionary). 1t thus includes both the packing
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and oricntation of grains. Grain packing strongly .a_ﬂ'ccls both porosity and per-

meability and grain oricntation aflects (_hc pcnf\cablhly (Scci 12.4), )

The least-studied aspect of fabric is packing, “the xpaf:mg or dcns‘x(y pal(c.rn
of mineral grains in 2 rock™ (AGI Glossary). Thc mcafung.of packing and its
distinction from other aspects of fabric, such as ormnu(no?‘ 15 mf:st 'clmrly ,«:n
for the casc of a sediment composed of perfect spheres um.forrf\ in size. Even in
this highly idcalized casc it has been shown that (l'}cr_c are six dlﬂiﬂtn( systematic
ways of arranging the spheres so that cach spl:nc_rc 1s in contact with four or more
adjacent spheres and there are no vacaat positions. The arn'ngcmc:\ls vary from
the “loosest™ cubic packing with a porosity of 47.6% to thc.“ughlcsl rhombohed-
ral packing with a porosity of 26.0%. The six regulac packmgs' do not cxha.usl l}’lc
number of ways that spheres may, in fact, be packc{ boclusc in nature an infinite
number of combinations of the six and of “random™ packings may also be devel-
opcdi(ahn (1956) devised two numerical measures for usc in thin section studics.
1. The packing density is the ratio of the sum of xhc‘lcngth.s of graiin intercepts

1o the total kngth of the traverse across the thin sccuon._l( is 2 measure
of the porosity of a cement-and matrix-{rec sand or of the “matrix-cement-
frec porosity™ of a sandstone that has some matrix and cement,

2. The packing proximity is the ratio of the numb?( of grain-to-grain contacts
(encountered in & traverse across the thin section) to the total number of
contacts of all kinds encountered in the same traverse (Fig. 12-1). If the
grains have oaly small areas of contact with each other, most of the contacts
observed in a thin section will be contacts between 2 grain 'and r{\atnx or
cement; so the packing proximity will be small. In a rock in which there
has been compaction without the imroduclion~ of much cement, mosl-f:('
the grain contacts obscrved will be grain-to-grain contacts and the packing
proximity will be large.

The type of contact between grains can xlso be studied in thin so.aion. In the
deal case of packed sphercs, the only observed contacts between grains w?uld be
tangential ones. But in the case of noaspherical grains or where compaction has
taken place, three other types of contacts can be observed (T aylor, 1950). The four
possible types of contacts are (a) tangential, (b) long—:hat is, a contact that lpp:;r:
as a straight line in the plane of section, (¢) conavocon.vtx, and (d) sutured.
frequency of concavoconvex xnd sutuced contacts fclatm: to lhal of other types
of contacts has been used as a measure of the intensity of compaction of sands.

12.3. POROSITY

Several terms are widely used to indicate the amount of pore space in a rock.
The most common arc porosity, the ratio of void volume to total rock volume
(multiplicd by 100 1o form 2 pereentage); void ratio, the ratio of pore volume to
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PURPOSE:
Stability Analysis of the Side Slopes of the Cover

The purpose of this calculation brief is to evaluate stability of the side slopes of the cover for the
uranium tailings impoundments. The sides of the covers are sloped at 5H:1V. From the old
drawings as published by UMETCO (section B-B), the side slope for Cell 4 is the tallest. Also,
along the southern section of Cell 4, the ground elevation drops rapidly. Hence the side slopes of
the cover located along the southern side of Cell 4 are assumed to be critical and considered for
stability analysis.

METHODOLOGY:

Static and pseudostatic slope stability analyses have been performed for the slope geometry as
shown in Figure 1. The limit equilibrium slope stability code GSLOPE, developed by MITRE
Software Corporation has been used for these analyes. The Bishop’s method of slices has been
applied.

Geometry and Material Properties
Along the southern end of Cell 4, the topography drops at a rate of approximately 5.5% (Figure 2).

The material properties as provided by Dames and Moore, 1978, have been used for these analyses.
The material properties have been listed in Table 1, below.

Material Type of Unit weight, y | Cohesion, ¢ | Angle of
No. Material friction,¢
(pch) (psh) (degrees)

1 Earthfill 123 0 30

2 Tailings 62.4 0 0

3 - Dike 123 0 30

4 Foundation 120 0 28

5 Bedrock 130 10,000 45

Table 1: Material Properties

The surface of the bedrock has been determined from the bore-logs as supplied by Chen and
Associates, 1978. But as this bedrock surface almost coincides with that of the foundation,
assuming the bedrock layer to be about 10 ft. below the lowest point of the foundation surface, will

D:\PROJECTS\6111~001\STABLITY.DOC
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give conservative results. Thus, for the stability analysis, the surface of competent bedrock has been
assumed to be at an elevation of +5540 ft. above mean sea level (MSL).

Factor of Safety and Horizontal Acceleration required for analysis:
A factor of safety of 1.5 and 1.0 are respectively acceptable for static and pseudostatic analyses.
Pseudostatic slope stability analysis has been performed for a maximum seismic coefficient of 0.1g.

RESULTS:

Results of the stability analyses have been presented in this calculation document.

Results for Static case: For static analysis, the maximum Factor of Safety calculated is 2.91 (>1.5).
Results for Pseudostatic case: For pseudostatic analysis, the maximum Factor of Safety calculated
is 1.903 (>1.0) for a ground acceleration of 0.1g.

Hence the side slopes are stable.

REFERENCE:

a) Chen and Associates, Inc., 1978. Soil Property Study, Earth Lined Tailings Retention Cells,
White Mesa Uranium Project, Blanding, Utah.

b) Dames and Moore, 1978. Site Selection and Design Study - Tailing Retention and Mill
Facilities, White Mesa Uranium Project, January 17, 1978.

c) “GSLOPE Limit Equilibrium Slope Stability Analysis”, Mitre Software Corporation,
Alberta, Canada
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RESULTS OF RUN BY “GSLOPE” ANALYSIS




Material

Earthfill
Tailings
Dike
Foundation
Bedrock

Unit Wt C Phi
pcf psf deg
123 0 30
62.4 0 0
123 0 30
120 0 28

130 10000 45

F

Piezo Ru
Surf.

0 0

0 0

0 0

0 0

0 0

= 2,91

Titan Environmental - Bozeman MT
§111.001

EFN White Mesa Slope Stability
7/1996

Static Analysis

WHTMESA1.GSL

100 200 300 400 500 600

700 800 800




DATA FILE NAME..... C:\STABLITY\GSLOPE\WHTMESA1.GSL
T No. 6111.001
le EFN White Mesa Slope Stability
Date 7/1996
Label A Static Analysis
Label B

Max Slice Width 10

Set Neg. Normals to zero Y
No. of Materials 5

Seismic Acceleration 0

External Forces 0

Piezometric Surfaces 0

Unit Wt. of Pore Fluid 62.4
Material Unit Wt Cohegion Friction Piezo Ru

Angle Surface Value

# 1 -Earthfill 123 0 30 0 0
# 2 -Tailings 62.4 0 0 0 0
# 3 -Dike 123 0 30 0 0
# 4 -Foundation 120 0 28 0 0
# 5 -Bedrock 130 10000 45 0 0
Upper Surface of Material # 1 (Earthfill)
X-Coord Y-Coord

0 5550.5

310 5568

480 5602

900 5605

Upper Surface of Material # 2 (Tailings)

X-Coord Y-Coord
0 5550.5
310 5568
390 5568
480 5598
495 5598
500 5596.5
300 5598

Upper Surface of Material # 3 (Dike)

X-Coord Y-Coord
0 5550.5
. 5568
390 5568
480 5598

495 5598



500 5596.5

620 5557.5

900 5560
-er Surface of Material # 4 (Foundation)
X-Coord Y-Coord

0 5550.5

310 5568

390 5568

620 5557.5

900 5560

Upper Surface of Material # 5 {Bedrock}

X-Coord

0
900

There are no explicit external forces in the data set.

Y-Coord
5540
5540



GSLOPE 3.26a

LIMIT EQUILIBRIUM SLOPE STABILITY ANALYSIS
Licensed by MITRE Software Corporation, Edmonton, Canada for use at:-
Titan Environmental - Bozeman MT
Results are for Bishop‘s Modified Method unless otherwise noted.

File C:\STABLITY\GSLOPE\WHTMESAl.GSL Output dated 07-03-1996 at 11:55:05

Material Unit Wt Cohesion Friction Piezo Ru
Angle Surface Value

# 1 -Earthfill 123 0 30 0 0

# 2 -Tailings 62.4 0 0 0 0

# 3 -Dike 123 0 30 0 0

# 4 -Foundation 120 0 28 0 0

# 5 -Bedrock 130 10000 45 0 0

X-centre Y-centre Radius Factor Iterations Slices M Alpha

of Safety Warnings

322 .60 5732.50 165.50 2.9103 4 11 0
22.91 5732.50 165.50 2.9101 4 11 0
$23.23 5732.50 165.50 2.9164 4 12 0
322.60 5733.13 166.13 2.9101 4 11 0
322.91 5733.13 166.13 2.9159 4 12 0
323.23 5733.13 166.13 2.9164 4 12 0
322.60 5733.75 166.75 2.9099 4 11 0
322.91 5733.75 166.75 2.9160 4 12 0
323.23 5733.75 166 .75 2.9164 4 12 0

Minimum Bishop Factor of Safety this run:
322.60 5733.75 166.75 2.9099 4 11 0



Material Unit Wt C Phi Piezg Ru Titan Envirgnmental - Bozeman MT
pcf psf deg Surf. 5111.001
hf] 12 0 30 0
Earthfill 3 0 EFN White Mesa Slope Stability
Tailings 62.4 0 ¢ 0 0
Dike 123 0 30 0 0 7/1996
Foundation 120 0 8 v 0 Pseudostatic Analysis
Bedrock 130 10000 45 0 0
Seismic cgefficient = .1 ground accln. = 0.1g
WHTMESAZ. GSL
F= 1.903
5600 — /
| | ! l l I I I | | I I l | l l |
0 100 200 300 400 500 500 700 800 900
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DATA FILE NAME..... C:\STABLITY\GSLOPE\WHTMESA2 .GSL

J ™ No. 6111.001

L le EFN White Mesa Slope Stability
Date 7/1996

Label A Pseudostatic Analysis
Label B ground accln. = 0.1lg
Max Slice Width 10

Set Neg. Normals to zero Y

No. of Materials 5

Seismic Acceleration .1

External Forces 0

Piezometric Surfaces 0

Unit Wt. of Pore Fluid 62.4

Material Unit Wt
# 1 -Earthfill 123
# 2 -Tailings 62.4
# 3 -Dike 123
# 4 -Foundation 120
# 5 -Bedrock 130

Cohesion Friction Piezo
Angle Surface

30
0
30
28
10000 45

o O O O
SO O OO

Upper Surface of Material # 1 (Earthfill)

X-Coord Y-Coord
0 5550.5
310 5568
480 5602
900 5605

Upper Surface of Material # 2 (Tailings)

X-Coord Y-Coord
0 5550.5
310 5568
390 5568
480 5598
495 5598
500 5596.5
900 5598

Upper Surface of Material # 3 (Dike)

X-Coord Y-Coord
n 5550.5

J 5568
390 5568
480 5598

495 5598

Ru
Value

S o O o0 o0



500 5596.5

620 5557.5

900 5560
" ~er Surface of Material # 4 (Foundation)
X-~-Coord Y-Coord

0 5550.5

310 5568

390 5568

620 5557.5

900 5560

Upper Surface of Material # 5 (Bedrock)

X-Coord

0
900

There are no explicit external forces in the data set.

Y-Coord
5540
5540



GSLOPE 3.26a

LIMIT EQUILIBRIUM SLOPE STABILITY ANALYSIS
Licensed by MITRE Software Corporation, Edmonton, Canada for use at:-
Titan Environmental - Bozeman MT
Results are for Bishop’s Modified Method unless otherwise noted.

File C:\STABLITY\GSLOPE\WHTMESA2.GSL Output dated 07-03-1996 at 12:14:06

Material Unit Wt Cohesion Friction Piezo Ru
Angle Surface Value

# 1 -EBEarthfill 123 0 30 0 0

# 2 -Tailings 62.4 0 0 0 0

# 3 -Dike 123 0 30 0 0

# 4 -Foundation 120 0 28 0 0

# 5 -Bedrock 130 10000 45 0 0

X-centre Y-centre Radius Factor Iterations Slices M Alpha

of Safety Warnings
22.60 5732.50 165.50 1.9036 4 11 0
322.60 5732.50 166.13 1.9067 4 12 0
322.60 5732.50 164.88 1.9160 4 11 0

MIN THIS CENTRE 1.903

322.91 5732.50 165.50 1.9037 4 11 0
322.91 5732.50 166.13 1.9067 4 12 0
322.91 5732.50 164 .88 1.9163 4 11 0

MIN THIS CENTRE 1.903

323.23 5732.50 165.50 1.9066 4 12 0
323.23 5732.50 166.13 1.9068 4 12 0
323.23 5732.50 164 .88 1.9165 4 11 0

MIN THIS CENTRE 1.906

322.60 5733.13 166.13 1.9035 4 11 0
322.60 5733.13 166.75 1.9067 4 12 0
322.60 5733.13 165.50 1.9160 4 11 0

MIN THIS CENTRE 1.903

322.91 5733.13 166.13 1.9062 4 12 0
R22.91 5733.13 166.75 1.9067 4 12 0
322.91 5733.13 165.50 1.9162 4 11 0

MIN THIS CENTRE 1.906



323.23
323.23
323.23

322.60
322.60
322.60

322.91
322.91
322.91

323.23
323.23
323.23

Minimum Bishop Factor of Safety this run:

322.60

5733.13
5733.13
5733.13

5733.75
5733.75
5733.75

5733.75
5733.75
5733.75

5733.75
5733.75
5733.75

5733.75

166.13 1.9066
166.75 1.9067
165.50 1.9164
MIN THIS CENTRE

166.75 1.9034
167.38 1.9067
166.13 1.9159
MIN THIS CENTRE

166.75 1.9062
167.38 1.9067
166.13 1.9161
MIN THIS CENTRE

166.75 1.9066
167.38 1.9066
166.13 1.9163
MIN THIS CENTRE

166.75 1.9034

4

4

4
1.906

S

1.903

N

1.906

1.906

4

12
12
11

11
12
11

12
12
11

12
12
11

11

o

(=]

o

o
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TITAN Environmental
By KG Date 7/96  Subject _ EFN White Mesa Mill Tailings Cover Page 1__ of 2
Chkd By Pl Date j]CI® Stability Analysis of Side Slopes of the Cover ProjNo_6111-001

PURPOSE:

Pseudostatic Slope Stability Analysis of the Side Slopes of the Cover for horizontal
acceleration of 0.12¢g

The purpose of this calculation brief is to evaluate pseudostatic stability of the side slopes of the
cover for the uranium tailings impoundments for a horizontal ground acceleration of 0.12g. The
sides of the covers are sloped at SH:1V. From the old drawings as published by UMETCO (section
B-B), the side slope for Cell 4 is the tallest. Also, along the southern section- of Cell 4, the ground
elevation drops rapidly. Hence the side slopes of the cover located along the southern side of Cell 4
are assumed to be critical and considered for stability analysis.

METHODOLOGY:

Pseudostatic slope stability analyses have been performed for the slope geometry as shown in
Figure 1. The limit equilibrium slope stability code GSLOPE, developed by MITRE Software
Corporation has been used for these analyes. The Bishop’s method of slices has been applied.

Geometry and Material Properties

Along the southern end of Cell 4, the topography drops at a rate of approximately 5.5% (Figure 2).
The material properties as provided by Dames and Moore, 1978, have been used for these analyses.
The material properties have been listed in Table 1, below.

Material Type of Unit weight, y | Cohesion, c | Angle of
No. Material friction,$
(pchH (psH (degrees)

1 Earthfill 123 0 30

2 Tailings 62.4 0 0

3 Dike 123 0 30

4 Foundation 120 0 28

5 Bedrock 130 10,000 45

Table 1; Material Properties

The surface of the bedrock has been determined from the bore-logs as supplied by Chen and
Associates, 1978. But as this bedrock surface almost coincides with that of the foundation,
assuming the bedrock layer to be about 10 ft. below the lowest point of the foundation surface, will

D:\PROJECTS\6111-001\STABLTY2.DOC



TITAN Environmental

By KG_ Date 7/96 Subject ___EFN White Mesa Mill Tailings Cover Page 2 of 2
Chkd By Efﬂ Date Q}Cﬂg Stability Analysis of Side Slopes of the Cover Proj No_6111-001

give conservative results. Thus, for the stability analysis, the surface of competent bedrock has been
assumed to be at an elevation of +5540 ft. above mean sea level (MSL).

Factor of Safety and Horizontal Acceleration required for analysis:
A factor of safety of 1.0 is acceptable for pseudostatic. Pseudostatic slope stability analysis has
been performed for a maximum seismic coefficient of 0.12g as recommended by the Lawrence

Livermore National Laboratory.

RESULTS:

Results for Pseudostatic case: For pseudostatic analysis, the maximum Factor of Safety calculated
is 1.778 (>1.0) for a ground acceleration of 0.12g.

Hence the side slopes are stable.

REFERENCE:

a) Chen and Associates, Inc., 1978. Soil Property Study, Earth Lined Tailings Retention Cells,
White Mesa Uranium Project, Blanding, Utah.

b) Dames and Moore, 1978. Site Selection and Design Study - Tailing Retention and Mill
Facilities, White Mesa Uranium Project, January 17, 1978.

c) Report by “Lawrence Livermore Natioal Laboratory”

d) “GSLOPE Limit Equilibrium Slope Stability Analysis”, Mitre Software Corporation,
Alberta, Canada

D:\PROJECTS\6111-001\STABLTY2 .DOC
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Sersy

— 5600

Material Unit Wt C Phi Piezo Ru Titan Environmental - Bozeman M
pcf pst deg Surf. 6111.001
Barthfill 123 [2] 30 4] 0 .
. EPN White Mesa Slope Stability
Tailings 62.4 [o} 0 o]
Dike 123 0 30 o 0 7/1996
Foundation 120 o 28 0 0 pPseudostatic Analysis
Bedrock 130 10000 45 ¢ [¢]
Seismic coefficient = .12 ground accln. = 0.12g
WHTMESA4 .GSL
P = 1.778
5600 — A
I | I | I | | | | i | | I ] | I |
(4] 100 200 300

400 500 600

700 800 900




DATA FILE NAME..... C:\STABLITY\GSLOPE\+....MESA4 .GSL

Date 7/1996

M T A Pseudostatic Analysis

L 1B ground accln. = 0.12g

Max Slice Width 10

Set Neg. Normals to zexo Y

No. of Materials 5

Seismic Acceleration .12

External Forces [¢]

Piezometric Surfaces [¢]

Unit Wt. of Pore Fluid 62.4

Material Unit Wt Cohesion Priction Piezo
Angle Surface

# 1 -Barthfill 123 4} 30 o
# 2 -Tailings 62.4 [¢] 0 []
# 3 -Dike 123 0 30 0
# 4 -Foundation 120 [0} 28 [}
# 5 -Bedrock 130 10000 45 [}
T Surface of Material # 1 (Baxthfill)
X-Coord ¥-Coord

o] 5550.5

310 5568

480 5602

9200 5605

Upper Surface of Material # 2 (Tailings)

X-Coord Y -Coord
0 5550.5
310 5568
330 5568
480 5598
495 5598
500 5596 .5
900 5598

Upper Surface of Material # 3 (Dike)

X-Coord Y-Coord
o] 5550.5
310 5568
3920 5568

5598
. ‘ 5598
500 5596.5
620 5557.5

900 5560

{
Job No. %/{X \f 6111.001
~itle (\ RFN White Mesa Slope Stability

Ru

Value

o o o © o©



upper Surtace ot Material # 4 (Founda'""":x)
7 X-Coord Y-Coord
o} 5550.5
310 5568
330 5568
5557.5
5560

Upper Surface of Material # & (Bedrock)

X-~Coord Y-Coord
0 5540
900 5540

There are no explicit external forces in the data set.

et
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GSLOPE 3.26a
LIMIT EQUILIBRIUM SLOPE STABILITY ANALYSIS
Licensed by MITRE Software Corporation, Edmonton, Canada for use at:-
Titan Environmental - Bozeman MT
Results are for Bishop’s Modified Method unless otherwise noted.

File C:\STABLITY\GSLOPE\WHTMESA4.GSL Output dated 08-28-1996 at 13:09:05

Material Unit Wt Cohesion Friction Piezo Ru
Angle Surface Value

# 1 -Earthfill 123 0 30 0 0

# 2 -Tailings 62.4 0 0 0 0

# 3 -Dike 123 0 30 0 0

# 4 -Foundation 120 0 28 0 0

# 5 -Bedrock 130 10000 45 0 0

X-centre Y-centre Radius Factor Iterations Slices M Alpha

of Safety Warnings

322.60 5732.50 165.50 1.7777 4 11 0
22.91 5732.50 165.50 1.7778 4 11 0
323.23 5732.50 165.50 1.7804 4 12 0
322.60 5733.13 166.13 1.7777 4 11 0
322.91 5733.13 166.13 1.7801 4 12 0
323.23 5733.13 166.13 1.7804 4 12 0
322.60 5733.75 166.75 1.7776 4 11 0
322.91 5733.75 166.75 1.7801 4 12 0
323.23 5733.75 166.75 1.7804 4 12 0

Minimum Bishop Factor of Safety this run:
322.60 5733.75 166.75 1.7776 4 11 0
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APPENDIX



-chen and associates, inc.
CONSULTI hJ(S ENGINEERS

SOILL FOUNDATION 96 S. ZUNI ° DENVER, COLORADO 20223 . J03/744-7105
ENGINEERING 1924 EAST FIRST STREET CASPER, WYOMING 82601 - 307/234-212%

SECTION 2

Extracted Data From

SOIL PROPERTY STUDY
EARTH LINED TAILINGS RETENTION CELLS
WHITE MESA URANIUM PROJECT
BLANDING, UTAH

Prepared for:
ENERGY FUELS NUCLEAR, INC.
PARK CENTRAL

1515 ARAPAHOE STREET
DENYER, COLORADO 80202

Job No. 16,406 ) July 18, 1978




U here 2]l
| E1I<5613

DlHola 4| .
. E1.=5601

2L weai3.

. »-200—6

FIGURE 2

“LOGS OF EXPLORATORY BORINGS

{CHEN & ASSOCIATES)..... oo

WHITE MESA PROJECT




" Mola ‘14 " Rolet
4 E1.48598; |1l E1.=53

BL.RSSEC |10l TS ERRRERE

SR ol e o 0 1L0GS OF EXPLORATORY BORINGS
R ' e i it o ACHEN. & ASSOCIATES)
T ‘ WHITE MESA PROJECT




!1.. r55§0

el
N
=X

: : " FIGURE 4

LOGS OF EXPLORATORY BORINGS
. (CHEN.A ASSOCIATES)..
'WHITE MESA PROJECT




D Hole 42 .1l IIRSYe k3. il
TEL.=5609 {0l iEL.esEb2T L Do iilllll

-Hole: 39 - .
E1.=3504 [ .

AN

..... . o ;-ZUO‘QV
B B R &1 I e s 411129
Lo g

558

IERSSSY

e 5:5:1p &t ' ..... 3 nd_surface 553
| E = EREERRER I 3 S RN

R D ' FIGURE &
SRS Sh LOGS OF EXPLORATORY BORINGS

"""" e en .{CHEN.& ASSOCIATES).. .. e
D o : : ‘ WHITE MESA PROJECT o




. Hole 46 . .

E1.45589. .. .

. lfole 4§
L E1.=5501 .

.......

ey FIGURE @ :
"'LOGS OF EXPLORATORY BOR
o (CHEN .& ASSOCIATES) ...
WHITE MESA PROJECT

INGS




. rHole 57 .
T R1.35710 .

‘Hola-59 . .
E1.=5827 ..

1 WC=1Z.1.
n ~20Q=64"

- H
i i
3 Lo R I
T i i ~
. : :
- S : :
{ frenrarnen s s coremses enmenn st 5550
5550 —— S I S
..... R 'E
o R S S R

Lo FIGURE 7
LOGS OF EXPLORATORY BORINGS' .
(CHEN. & ASSOCIATES ..o o
‘WHITE MESA PROJECT |




. lelal
E1(=55

Bl

<£t!r

5555

Wl . P o0 SRR B DD

oo - 520025911t

il 3 11L=122 . ke
TR Lo

5 T S S UUR Y FPUETEEEEE FESEEEESS PR TUETES R LT FETRTTRTY ERRETRNETE FRSRREREEY EERERERRRE SEEREEY ERN R ERETREE
5545~ j T ————— Bk
4 ! B

L " FIGURE 8 ’
LOGS OF EXPLORATORY BORINGS :
. f : e ..(CHEN & ASSOCIATES) ..
R S " WHITE MESA PROJECT




N N

=
v

N A

"
Dy

‘EL

| S

14

T E RN

1

1

Sand (SM), siity, fine to medium grained, approximately 40-507 silt,
slightly moist to moist, reddish brown.

Sand, silty to sandy silt (SM-ML), fine to medium grained, approximately
$0-602 silt, slightly moist to moist, reddish browvm.

$11t (ML), sandy, approximately 60-701 silt, fine to wmedium sand size,
slightly caleareous vith depth, slightly moist to moist, reddish brown teo
light brown.

Clay, silty to sandy silt (CL-ML), approximately 60-751 low to non-plastic
fines, fine to medium sand size, slightly to moderately calcareous with
depth, slightly moist, light brown.

Clay (CL), highly calecareous, sandy to silty, approximately 50-752 low
plasticity fines, scattered very hard lenses/layer, dry to slightly modist,
light tan to wvhite.

Weathered claystone (CL-CE), approximately 902 wedium to high plasticdty - - -

fines, moist, ‘gray~brown.
Claystone, bedrock, slightly woist, greenish gray.

Claystone-sandstone bedrock, 1ightly cemented, roughly stratified, fine to
pediun grained, greenish gray.

Sandstone bedrock, well cemented with depth, fine to medium grained, tan to
gray.

Disturbed auger sample.

Test holes were drilling oo May 17 aod 18, 1978 with a l2-4inch,
gingle~-£flight, powver auger. e
Elevations are approximate and taken from contours shown on Fig. 1. S
No free water was found in test holes at the time of drilling.

WC = Water Content (%)

-200 = Percent Passing No. 200 Sieve;

LL = Liquid Limict (2)3

PI = Plasticity Index (2)

NP = Non~Plastic.

: FIGURE ¢ ‘ .
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SECTION 4

Extracted Data From

REPORT
SITE SELECTION AND DESIGN STUDY
TAILING RETENTION AND MILL FACILITIES
WHITE MESA URANIUM PROJECT
BLANDING, UTAH
FOR ENERGY FUELS NUCLEAR, INC.

Dames and Moore

January 17, 1978

09973-015-14
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3.8 -Stability
3.8.1 Slope-Stabitity~ "

The external dikes formed by cover placefient on' Cell 2 will be extended

to a reciaimed slope of 5(H) to-1(V) but may-exist-on-an iiterim basis
as 3(H)_to-1{V)-stopes Until final reclamation. ~A stability analysis
was._.performed using the 3(H) to-1{(V)-slopes..—The-maximum-sectiofi of the
dike wiHtrave a 15-foot wide-berm-at—its—base. The soil strength
parameters used in the analysis are those developed by Dames & Moore
(1978a) and are as follows:

Soil Parameters

for

Slope Stability Analysis

Density C
Section Pcf (Deqgrees) {psf)
Embankment 123 30 0
Tailings 62.4 0 0
Foundation Soils 120 28 0
Bedrock 130 45 10,000
\ﬂféhb
et
N\ N



DEPTH N FEETY

IN FEET

DEPTH

IN FEET

DEPTH

6.0%-118 g 75

10— i3 |
{
s w1

BORING NO. |

EL. 5629.0 FT.

f SM/T rep-srowN FINE SAND AND SILT,
ML | MEDIuM DENSE

1 GRADING CALCAREOUS WITH CiL~
1 L CITE STRINGERS

LIGHT BROWN, SILTY CLAY., Hag™
(WEATHERED CLAYSTONE}

MEDIUM BROWN, VERY FINE-GRAINED

sosf SANDSTONE; INTERLAYERED WELL-
8 3- CEMENTED AND THIN, POORLY-
20 CEMENTED BANDS
HOLE COMPLETED 9/10/77
NO GROUND WATER ENCOUNTERED
BORING NO. 2
EL. 5634.3 FT.
o
IH{ESM/] reo-srown FINE sano ano sILT,
] ML | MEDIUM DENSE
s0/ "l GRADING CALCAREOUS WITH CAL-
opred fiif CITE STRINGERS
s i
t .
i1H b
5. 73-11 90{ ;q f
il
GREEN-BROWN SILTY CLAY (WEATHERED
CLAYSTONE) , HARD
g
15
GREENISH-BROWH, FINE-GRAINED SAND-
50/ STONE; INTERLAYERED WELL CEMENTED
81 AND POORLY-CEMENTED BANDS
20
25 HOLE COMPLETED' 9/10/77
NO GROUND WATER ENCOUNTERED
BORING NO. 4
EL. 5623.2 FT.
0
HHH{ISM/] =ep-Brown FINE sano anp sILY,
ML | MepIum DENSE
1 (3 GRADING CALCAREOUS WITH CAL-
{111 CITE STRINGERS
$.13-107 m 70 it
R e
SDG] GRCEN FINE-GRAINED SAWDSTONE; IN-

TERLAYERED WELL CEMENTED AND
POORLY-CEMENTED BANDS

HOLE COMPLETED 9/10/77
NO GROUND WATER ENCOUNTERED

LOG OF

IN FEET

DEPTH

DEPTH IN FEET

A-B W

-

LA~}

RC

oc
Sc

NOTE:

20

5.61-108 = 10°fM1H

15

20

mo

NA

BORING NO. 5

EL. 5632.9 FT.

0 -
HHIHSMZY pep-arown PIne savo awo sivt,
4 ! ML MEDIUK DENSE
il
) GRADING CALCAREOUS WITH CAL-
\ CITE STRINGERS
6.23-97 1
23-97 m 53M4)
fl o]
\
(s
§
—8 1]
10 1
g? TDS| GREEN TO BROWN, FINZ-GRAINED SAND-

STONE: LAYERED NEDIUM TO WELL CE-
MENTED WITH LITTLE POORLY CEMENTED

HOLE COMPLETED 9/10/77
NO GROUND WATER ENCOUNTERED

BORING NO. 6
EL. 5633.5 FT.

¢ Sm/
ML

MT LT
Q39 \

90AH

RED-BROWN FINE SAND AND SILT,
MEDIUM DENSE
GRADES CALCAREOUS WITH CAL~
CITE STRINGERS AND OCCASIONAL
ZONES OF MASSIVE CALCITE CE-
MENTATION

LIGHT BROWN TOQ GREEN CLAY
(WEATHERED CLAYSTONE), HARD

OFF-WHITE SANDSTONE, VERY WELL

CENENTED

HOLE COMPLETED 9/18/77
HO GROUND WATER ENCOUNTERED

KEY

INDICATES DEPTH AT WHICH UNDISTURBED SAMPLE WAS EX-
TRACTED USING DAMES & MOORE SAMPLER

INDICATES DEPTH AT WHICH DISTURBED SAMPLE WAS EXTRACTED
USING DAMES & MOORE SAMPLER

INDICATES SAMPLE ATTEMPT WITH NO RECOVERY

INDICATES DEPTH AT WHICH DISTURBED SAMPLE WAS -EXTRACTED
USING STANOARD PENETRATION TEST SAMPLER

WEIGHT OF SOIL

DROPPING 30 INCHES

INDICATES NC CORE RUN

RQD*

FIELD MOISTURE EXPRESSED AS A PERCENTAGE OF THE DRY

DRY DENSITY EXPRESSED IN LBS/CU FT

BLOWS/FT OF PENETRATION USING A 140-LB HAMMER

PERCENT OF CORE RECOYERY

INDICATES PACKER TEST SECTION

F PERMEABILITY MEASURED BY SINGLE PACKER TEST IN FT/YR

FRACTURED ZONES)

NOT APPLICABLE (USED FOR RQD IN CLAYS OR MECHANICALLY

ELEVATIONS PROVIDED BY ENERGY FUELS NUCLEAR, INC.

* ROCK QUALITY DESIGNATION -~ PERCENTAGE QOF CORE RECOVERED IN
LENGTHS GREATER THAN 4 INCHES

BORINGS

DAMES £ MOORE

P ATE A-R




IN FEET

DEPTH

BORING NO. 3

EL. $5634.4 FT.

0
f M/ RED K
ML ~BROWN, FINE SAND AND SILT,
LOOSE
7.63-100 : . .
7.0%-109 W3S LT GRADING CALCAKEOUS WITH MINOR
: CALCITE STRINGERS
3 X
;
H
&1 I
10
5.1%-113M
15-1%-113M64 | CL | BROWN SILTY CLAY (WEATHERED CLAY-
STONE), HARD
82/
L B!
20
) SDS| paRK GRAY., FIiii GRAINED, SILTY
.y SANDSTONE WITH YELLOW BANDS: MOSTLY
2VF WELL CEMENTED LUT WITH SOML THIN,
SOFT, CLAYEY BANDS
25
s
a
- 1
30 L 28
| sez | 72 LIGHT GRAY, MEDIUM GRAINED, WELL
CEMENTED SANDSTONE WITH ORANGE
1 1 LIMOKITE STAINED BANDS
i
i
Pas
R
Py S P———
! LIGHT TO MZDIUM CREEN-BROWN,
+ MEDIUM TO COARSE-GRAINED SAND-
| STONE
100
4 %
l's.q
i
| WELL CEMENTED
L
1
t v
GROUND WATER LEVEL 56.8 FT
! ez 1174777
I
P
60
{
. CONGLOMERATE IN LIGHT GRAY, FINE
. SAND MATRIX FROM 62.4 TO 63 FT
i 72
65 GRADES THROUGH WHITE SILTSTONE
1 TO A GREEN CLAYSTONE
I YELLOW, MEDIUM-GRAINED SANDSTONE
5.3
! DRILLING INDICATES GENERALLY
70~ WELL-CEMENTED SANDSTONE WITH
. : HINOR CONGLOMERATE BANCS
BN
1
7_ 1
t
1
ti.2 MATCH LINE
1

OEPTH IN FEET
-
o
w
c:] _— -

-
~
o

-
~
w

145

LOG OF BORINGS

T MATCH LINE

LIGHT GRAY, FINE-GRAINED SAND-
STONE, POORLY CEMENTED IN PARTS

LIGHT BROWN TQ PALE GRAY, FINE T0
MEDIUM~GRAINED SANLSTONE

INTERLAYERED £ANDS OF SANDY, GREEN
CLAYSTONE AND PALE BROWN SANDSTONE

DRILLING IADICATES UNFRACTURED,
WELL CEMENIED SANCSTONE

#OLE COMPLETLD 9/14/77

DAMES E MOORE

‘PLATE A-4



DEPTH IN FEET

DEPTH IN FEEY

DEPTH IN FEET

BORING NO. 7

EL. 5656.9 FT.
° HiISM
u RED-BROWN FINE SAND AND SILT,
MU | seprun oesse
s } : GRADING CALCAREOUS WITH CALCITE
‘01 M bed it STRINGERS AND OCCASIONAL ZONES
3.9%-103 M 11° | 1'{ OF MASSIVE CALCITE CEMENTATION
i [{
.y “IS0S] PALE BROWN, FINE GRAINED, WEATHERED
1o~ SANDSTONE, GRADING HARDER
10 L
33/ DARK BROWN TO DARK GRAY, FINE TO
15 85 MEDIUX GRAINED, WEATHERED SANDSTOJE,
GRADES HARDER AND TAN COLORED
INTERBEDDED HARD AKD VERY HARD,
-] LIGHT GRAY SANDSTONE
20 HOLE COMPLLTED 9/13/77
NO GROUND WATZR ENCOUNTERED
BORING NO. 10
EL. 5690.9 FT.
0
HiHIISM/
LML | ReD-BROwN FINE SawD AND SILT,
| DENSE
8s/|f GRADING CALCAREQUS WITH CAL-

6.7t-106 M 1o-1//1}1iH

CITE STRINGERS
GRADING VERY CALCAREQUS AND

VERY DENSE
i
& 32/ ik
10 3 F
gyt
1)
70 SDS| YELLOW TO GREEN, FINE TO MEDIUM
15 —870 GRAINED, WEATHZRED SANDSTONE
‘GRADING MARD, GREEN, MEDIUM TO
COARSE-GRAINED SANDSTONE
HOLE COHPLETED 9/19/37
20 NO GROUND WATER ENCOUNTERED
BORING NO. 13
EL. 5602.4 FT.
o "
. “SM/ RED-BROWN FINE SAND AND SILT,
h I]ML MEDIUM DENSE
sos SDS| PALE GREEN, MEDIUM-GRAINED SANDSTONE
Oy~ BECOMES VERY WELL-CEMENTED
H

19—

HOLE COMPLETED 9/18/77
NO GROUND WATER ENCOUNTERED

DEPTH IN FEET

iN FEET

DEPTH

DEPTH IN FEET

.21-195 W42

S

10

15 ———

10

is

20

25

BORING NO. 8

EL. 5668.4 FT.
HASMZY Rep-BrowN  FINE sano awp SILT,
ML DENSE
sS4/ GRADING CALCAREOUS WITH CAL-
Bes CITE STRINGERS
GRADING TO MASSIVE CALCITE
CEMENTATION

50/
8¢~

37

S0/
sl

30 ———————

10

GREEN, MEDIUM TO COARSE GRAINED,
WEATHERED SANDSTONE

DARK GRAY, SILTY CLAYSTONE,
WEATHERED WITH YELLOW-ORANGE IRON
STAINING, GEJERALLY VERY DRY

GRADES TO VERY HARD

DARK GRAY, MEDIUM~GRAINED SANDSTONE,
RELATIVELY UnNCedenNTED

OFF-WHITE, MEDIUM-GRAINED SANDSTONE,
WELL CEMENTED

HOLE COMPLETED 9/19/77
NO GROUND WATER ENCOUNTERED

BORING NO. Il

EL. 5677.8 FT.
H ISM/] pep-BrOWN FINE Saup aND SILT
QML GRADING CALCAREOUS WITH CAL~-
sos BN CITE STRINGERS AND SOME ZONES
@14~ OF MASSIVE CALCITE CEMENTATION
SDS| LIGHT BROWN, FINE GRAINED,
s0/ WEATHERED SANDSTONE
[T
GRADING WELL CEMENTED

is—

BORING NO.
EL.

HOLE COMPLETED 9/18/77
NO GROUND WATER ENCOUNTERED

4

5597.5 FT.

[SM /|
ML

SDS

RED-BROWN FINE SAND AND SILT,
MEDIUM DENSE

GRADING CALCAREOUS WITH CAL-
CITE STRINGERS

LIGHT GRAY TO OFF~WHITE, MEDIUM
TO COARSE-GRAINED SANDSTONE,
WELL CEMENTED

VERY

COLOR GRADES TO YELLOW-TAN

HOLE COMPLETED 9/18/77

LOG OF BORINGS

NO GROUND WATER ENCOUNTERED

DAMES £ MOORE

o AT




10

15

20

25

30

DEPTH IN FEET
-~
)

e
151

50

S5

€0

635

70

80

BORING NO. 9

EL. 5673.3 FT.
[SM/| Rrep-BROWN FINE SAND AND SILT
Mt ML
s2/JiHtiH
| 9y” HCLS] MOTTLED OFF-WHITE AMD GREEN,

50/
& 25~

SO0S

I N i
~
©

a

WEATHLRED SILTY CLAYSTOWE

OFF-WHITE TO GREEN, CLAYLY,
WEATHERED SANDSTONE

GRADES HARDER TO GREEN SANUSTONE

GREEN, FINE TO MEDIUM-GRAINED.
WEATHERED, CLAYEY SANDSTONE

MFDIUM GRAY, CIAYEY SILTSTONE

BLACK. HIGHLY WEATHLRED, SOFT,
LAMINATED CLAYSTONE WITH ORANGE
LIMONITE-STAINED LAYERS

MEDIUM BROWN, FINE TO MEDIUM~-GRAINED
SANDSTONE; VARIES FROM MODERATELY
CEMENTED TO VERY POORLY-CEMENTED

MEDIUM-GRALNED SANDSTONE, MODERATELY
CEMENTED, WITH IRON STAINING ALONG
HORIZONTAL FRACTURE

BANDED, LIGHT TO MEDIUM GREEN SILT-
STONE, CLAYEY AND SCFT IN PART

DARR GRAY TO BLACK, HEDIUM GRAINED,
WELL CEMENTED, CARBONACEOUS SANDSTONE
WITH SOME SOFT, BLACK, CLAYEY 8ANDS

OCCASIONAL. THIN, CARBONACECUS
BARDS COUNTINUE

VERY WELL CEMENTED, LIGHT GRAY TO OFF-
WHITE, MEDIUM~GRAINED SANDSTONE

POORLY-CEMENTED PEBBLE CONGLOMERATE
IN BROWN, SANDY MATRIX, SOME UNCEMENTED
SANDY BANDS

MODERATELY-CEHMENTED TO POORLY-CEMENTED
SANDSTONE

GRADES WELL CEMENTED

MATCH LINE

LOG OF BORINGS

80

85

90

95

e

00

o DEPTH IN,FEET
w

-
o

115

120

125

130

135

MATCH LINE

GRAY~BROWN, MEDIUM GRAINED, MODER-
ATELY TO POORLY-CEMENTED SANDSTONE,
HIGHLY FRACTURED BY DISKING PERPEN=-
DICULAR TO CORE AXIS

GROUND WATER LZVEL 99.8 FT, 11/4/77

PALE GREEN, MEOIUM GRAINED, HARD,
SILICIFIED SANDSTONL

PALE GRZEN, SANDY CLAYSTONE FROM
107.7 TO 108.2 FT

DARK GREEN, MEDIUM GRAINED, CLAYEY
SANDSTONE, MODERATELY HARD WITH MINOR
INCLUSIONS OF DARK BROWN, ANGULAR
GRAVEL-SIZED CUERT

HOLE COMPLETED 9/27/77

DAMES £ MOORE

PLATE A-6




DEPTH IN FEET

BORING NO. 12

EL. 5648.1 FT.
0 SM/
RED-BROWN FINE SAND AND SILT,
ML } pexse
s4/H
26" GRADING CALCAREOUS WITH THIN
5 LAYERS OF VERY CALCAREOUS

88/

6.2v-104 W 4~

v

MATERIAL

1505

GREEN AND YELLOW, FIst TO MEDIUM
GRAINED, JLCATHLRED SANDSTONE

GREEN, FINE GRAINED, CLAYEY.
WEATHERED SANDSTONE WITH YELLOW
AND RED IR0ON STAINING

BECOMZS LESS CLAYEY; MOST
CIRCULATION LOS1

VERY LIGHT SROWN TO GRAY, MEDIUM-
GRAINED SANJOSTONE WITH SOME ORANGE
STAINING; MODERATELY TO WELL
CEMENTED AT TOP, BECOMES POQRL{(-
CEMENTED AT )5 FT

GENERALLY MODERATELY-CEMENTED
SAHDSTONE

WELL-CEMENTED SANDSTONE

MODERATELY-CEMENTED SANOSTOWE

WELL CEMENTED

CLS
S0S

GREEN, SANDY CLAYSTONE WITH
SOME RID IRON STAININRG, SOFY

2~ GREEN, FINE GRAINED, MOODER-
ATELY-CEMENTED SANDSTONE

INTERLAYERED SANDSTONE AND SAHDY
CLAYSTOdL

WELL~CEMENTED SANDSTONE, APPAR-
ENTLY WITH OCCASIONAL FRACTUREU
ZONES

LIGHT BROWN, MEDIUM-GRAINED SAND-

STONE, MODERATELY CEMENTED, GRADING
WELL CEMENTED

LOG

13s

IN FEET

DEPTH

1s

OF BORINGS

GROUND WATER LEVEL 81.3 FT, 11/4/77

CIRCULATION LOST, STILL APPEARS
WELL CEMENTED

BECOMES LESS CEMENTED

SOME CIRCULATION REGAINED BUT
STILL LARGZ WATER LOSSES

WELL-CEMESTED SANDSTONE

POORLY-CIMENTED SANDSTONE

POORLY-CLMENTED SANDSTONE
WELL-CEMCWTED SANDSTONE

POORLY-CLMENTED, POSSIBLY CONGLOl-
ERATE OR FRACTURED SANDSTONE

MODERATELY-CEMENTED SANDSTONE
POORLY-CEMENTED SANDSTONE
WELL-CEMENTED SAUDSTONE

HOLE COMPLETED 9/2%/77

BORING NO. 15

5600.7 FT.

SM/|
ML

RED~BROWN FINE SAND AND SILT,
MEDIUM DENSE

GRADING CALCAREOUS WITH CALCITE
STRINGERS

GRELN, WEATHERzZD CLAYSTONE

GREZEN, FINe TQ MEDIUM-GRAINEU
SANDSTONE

GRADES WELL CEMENTED

HOLE COMPLETED 9/17/77

1T JRTLID UL

osvdat o154

DAMES £ MOORE

o1t ATE A-7




IN FEET

DEPTH

DEPTH N FEEY

IN FEET

DEPTH

LT
6.31-104 o =13k

10

15

20

BORING NO. 16

EL. 5597.5 FT.
TIPM/] reo-sroax  FIne sawo awp sILt,
HWHIMU | weprom pexse
HH A GRADING CALCAREOUS WITH CAL~-

;]. CITE STRINGERS

GRADES DENSE

879
SOS} PALE GREEN TO WHITE, FINE TO
COARSE-GRAINED SANDSTONE, ALTER-
HATING WELL-CEMENTED AND POORLY-
50/ CEMENTED BANDS
& 24"

BECOMES COWTINUOUSLY WELL-~
CEMENTED

HOLE COMPLETED 9/10/77
0 GROUND WATER ENCOUNTERED

BORING NO. 18
EL. 5608.5 FT.

SM7 -
ML RED-BROWN FINE SAND AND SILT,
3 MEDIUM DENSE

GRADING CALCAREQUS WITH CAL-
CITE STRINGERS

£1S0DS

OFF-WHITE, POORLY CEMENTED,
WEATHERED SANDSTONE WITH LAYERS
OF WEATHERED CLAYSTONE

GREEN SANDSTONE

CLS| GREEN, WEATHERED CLAYSTONE WITH
OKANGE IRON STAINING

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

BORING NO. 20

EL. 5570.4 FT.

RED-BROWN FINE SAND AND SILT,
LOOSE TO MEDIUM DENSE

LIGHT BROWN, FINE TO MEDIUM-
GRAINED SANDSTONE, GRADING WELL-
CEMENTED

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

IN FEET

DEPTH

IN FEEY

DEPTH

IN FEET

DEPTH

BORING NO. 17

EL. 5582.0 FT.

# M/
{ ?AL RED-BROWN FINE SAND AND SILT
f GRADING CALCAREOUS WITH CAL~-
| CITE STRINGERS AND INCLUSIONS
s.3%-105 ® 76 |1l

10

15

GREEN, FINE TO MEDIUM-GRAINED
SANDSTONE, INIITALLY WEATHERED,
GRADING WELL CEMENTED

LAYERED POORLY-CEMENTED AND
WELL-CEMENTED, POSSIBLY SOME CLAY~-
STONE LAYERS

LAYERED WELL-CEMENTED AND VERY
WELL-CEMENTED

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED
~

BORING NO. 2|

EL. 5584.5 FT.
FEIHH{SM/]  RED-BROWN FINE SAND AND SILT,
.} HHML LOOSE TO MEDIUM DENSE
H
CLS| GREEN CLAY WITH SOME GYPSUM
ns2 CRYSTALS, (WEATHERED CLAYSTONE)

86/
By=

BORING

SDS

STIFF TO VERY STIFF

GREEN, FINE GRAINED, WEATHERED

SANDSTONE

BECOMLS WELL~-CEMENTED

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

NO. 22

EL. 5585.3 FT.

13/

12.5t~118M10Y

10

J‘ SM/
EiiML

60/
He-

cL

25

LOG OF BORINGS

RED-BROWN TFINE SAND AND SILT

GRADING CALCAREQUS WITH CAL-
CITE STRINGERS

GRADES CLAYIER

LIGHT BROWN TO OFF-WHITE, SILTY
CLay

GREEN, FINT GRAIWED, WEATHERED
SANDSTONE WITH HIGH CLAY CONTENT,
POORLY-CEMENTED

BECOMES WELL-CEMENTED

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

DAMES £ MOORE

PLATE A-8




cevq

DEPTH IN FEET

BORING NO. 9

EL. 5600.3 FT.

83/

12.4%-92 m 117

10 ——— 10 ]

95/
15

SM/i

ML

RED-3ROWN FINE SAND AND SILT,
MEDIUM DENSE

GRADING CALCAREOUS WTIH
CALCITE STRINGERS

GRADES VERY CALCAREQOUS AND
VERY DENSE

BECOMES VERY LOOSE, POSSIBLY
WITH VOIS

BECOMES DENSE

20

25

3o

-~
<

l

35

S0S

40

il Sl E
o
w

o
-~
o

45

N

-

SS

60 e

65 o]

70

N
W

80 —— e

GREEN, FINE TO MEDIUM~GRAINED
SANDSTONE, WEATHERED, WITH SOME
ORANGE AND YEILLOW IRON STAINING

GRAY-GREEN, FINE TO MEDIUM GRAINED,
WEATHERED, CLAYEY SANDSTONE WITH
ORANGE AND YELLOW IRON STAINING

BECOMES LESS WEATHERED WITH LESS
CLAY, PREDQMINANTLY GRAY WITH
ORANGE IRON STAINING, MOOERATELY
CEMENTED, MEDIUM GRAINED

BROWN-YELLOW, COARSE-GRAINED SANDSTONE

FINE GRAVEL CONGLOMERATE WITH CONSID-
ERABLE COARSE~GRAINED SAND AND CAL~
CAREDUS MATRIX

BROWN TO YELLOW, COARSE-GRAINED SAND-
STONE WITH CONSIDERABLE HEAR HORI-~
ZONTAL FRACTURING AND SOME ORANGE
IRON STAINING, MODERATELY CEMENTED

WATER RETURN COMPLETELY LOST

LIGHT GRAY, MEDIUM TO COARSE~GRAINED
SANDSTONE; HIGHLY FRACTURED ALONG
HORIZONTAL BEDDING, CONSIDERASLE
LIMONITE STAINING ALONG BEDOING
FRACTURES; MODERATELY CEMENTED TO
UNCEMENTED, CORE LOSSES ASSUMED

DUE TO WASHING AWAY OF UNCEMENTED
ZONES

LIMITED WATER RETURN

BECOMES VERY UNCEMENTED, WATER
RETURN LOST

HOLE LOST AT 72 FT; HOLE 19a
ORILLED 15 FT SOUTH OF HOLE 19:
NO WATER RETURN OBTAINED; NO
SAMPLING POSSIBLE: HOLE LOGGED
FRCM DRILLINC PROCRESS
VERY WELL-CEMENTED SANDSTONE (72 FT)
MODERATELY~CEMENTED SANDSTONE (73 FT)

DEPTH IN FEET

130

LOG OF BORINGS

MODERATELY WELL-CEMENTED CONGLOMERATE
OR FRACTURZD SANDSTONE. GRADING BETTER
CEMENTED

GRADING LESS CEMENTED

VERY POORLY-CEMENTED SANDSTONE

MODERATELY-CEMENTED CLAYSTONE

POORLY-CEMENTED SANDSTONE WITH
MINOR HARD LENSLS

MODERATELY-CEMENTED SANDSTONE
GRADES LESS CEMENTED

APPEARS CLAYEY
MODERATELY~CEMENTED SANDSTONE

GROUND WATER LEVEL 110 FT, 11/4/77
POORLY-CEHMENTED SANDSTONE WITH

OCCASIONAL BANDS OF GRAVEL OR
CONGLONERATE

VERY WELL-CEMENTED SANDSTONE
VERY POORLY-CEMENTED SANDSTONE
VERY WELL-CEMENTED SANDSTONE

BECOMES LESS CEMENTED AND CLAYEY

HOLE COMPLETED 9/25/77

DAMES £ MOORE

PLATE A-9




N FEET

DEPTH

IN FEET

DEPTH

DEPTH IN FEET

BORING NO. 23

El.. 5555.9 FT.
0 FIAS M/
1 RED-BKOWN FINE SAND AND SILT,
fML LOOSE TO MEDIUM DENSE

GRADING CALCAREQUS WITH CAL-
CITE STRINGERS

GRADES MEDIUM-GRAINED
MOTTLED COLORS FROM RED TO

WHITE AND YELLOW
YELLOW TO LIGHT BROWN, MEDIUM TO
COARSE-GRAINED SAND (WEATHERED
SANOSTONE)

CL. GREEN TO WHITE MOTTLED CLAY
(WEATHERED CLAYSTONE)

OFF-WHITE TO YELLOW BROWN, MEDIUX
TO COARSE~GRAINED. POORLY CEMENTED
SANDSTONE, GRADES WELL CEMENTED

HOLE COMPLETED 9/10/77
NO GROUND WATER ENCOUNTERED

BORING NO. 24

EL. 5573.4

FT

HIHHAS M/
ML

SDS

RED-BROWN FINE SAND AND SILT,
LOOSE TO MEDIUM DENSE

GRADING CALCAREQUS WITH CALCITE
STRINGERS

OFF-WHITE, FINE CRAINED, WEATHERED
SANDSTONE, GRADES WELL-CEMENTLD

OFF-WHITE, FINE TO MEDIUM GRAINED,
MODERATELY WELL~-CEMENTED SANOSTONE

LIGUT BROWN, FINE TO MEDIUN GRAINED,
WELL~CEMENTED SANDSTONE

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

BORING NO. 26

EL. 5578.3 FT.
0 TRISM/]
RED-BROWN FINE SAND AND SILT,
ML | Loose To MEoIUM DENSE
B GRADING CALCAREOUS WITH CALCITE
osv 305 STRINGERS
s OFF~WHITE, FINE TO MEDIUM-GRAINED
SANDSTONE, WEATHERED, GRADING WELL-
CEMENTED

10 ————

VERY WELL CEMEWTED

HOLE COMPLETED 9/17/77
NO GROUND WATER ENCOUNTERED

LOG OF

BORING NO. 27

EL. 5555.0 fT.
[} n
r SM/}  RED-BROWN FINE SaND AND SILT.

- L HIMUL LOOSE TO MEDIUM DENSE
w f ¢ GRADING CALCAREOUS WITH CALCITE
w @30/ i STRINGERS
- 27 SOS| grezuisH, FIJIE 70 HI2iGH-GRAINED
- SANDSTONZ, VERY WELL-CEMENTED
£
b HOLEI COMPLETID 9/17/77
a NO GROUND WATER ENCOUNTERED

10

BORING NO. 29

EL. 5655.0 FT. (APPROX)
° & y ?Ahld_/ RED-3ROWN FIE SAND AND SILT,
1 ¢ GRADES MEDIUM DENSE
| i GRADING CALCARESUS

SDS

DEPTH IN FEET
wr

10

BORINGS

WHITE TO SLIGHTLY TAN SANDSTONE
BECOMES WELL-CEMLCNTED

HOLE COMPLETED 9/30/77
NO GROUND WATER ENCOUNTERED

DAMES £ MOORE

ot ATEe A0




iid

IN FEET

DEPTH

w

10

20

BORING NO. 28

Q11 1343

EL. 5547.8
Vj ASM/|
T HIML
13
™o RHH
gt
&
16/

e

FT.
RED-BROWN FINE SAND AND SILT,
MEDIUM DENSE
GRADING CALCARLOUS WITH {
CALCITE STRINGERS
s 100
3
1 83
4
i
GRADES LIGHT BROWN AND VERY DENSE
BECOMES LOOSE !
[}
I

BECOMES VERY DENSE

ORANGE TO YELLOW, MEDIUM TO FINE
GRAINED, SILTY SAND (WEATHERED

e
Q
o

[~

(™)

SANDSTONE) {
!
t
&, 1
wigs
LIGHT GREENISH-GRAY, FINE TO u t
MEDIUM-GRAINLD SANDSTONE WITH
SOME GRAVEL TO PEBBLE-SIZED IN- z 4
CLUSIONS: SGIIE MINOR LIMONITE i
STAINING; FRACTURES HORIZONTAL E 100
wilo

LIGHT GREEN, FINE-GRAINED SAND-
STONE WITH LAYERS OF GREEN CLAY- {
STONE UP TO 4 INCHES THICK

MEDIUM TO LIGHT BROWN, MEDIUM TO
COARSE GRAINED, WELL-CEMENTED SANO- i
STONE, IRON STAINING EVIDENT AT 1
CONTACT WITH OVERLYING FIWER-
GRAINED SANDSTONE

135
CIRCULATION LOST
LIGHT GRAY, MEDIUM TO COARSE-~
GRAINED SANDSTONE WITH SECTIO«S OF
VERY POORLY-CEMENTED SANDSTONE
INTERLAYERED, POORLY-CEHMELTED AND

WELL~CEMENTED SANOSTOwE AND CON-
GLOMERATE

CASING INSTALLED TO 74 FT

GROUND WATER LEVEL 75.7 FT, 11/4/77

MATCH LINE

LOG OF BORINGS

MATCH LINE

GRAVEL AND PEBBLE CONGLOMERATE WITH
SANDY MATRIX IN PLACES UNCEMENTED

LIGHT GRAY TO OFF-WHITE, FINE TO
HEDIUM-GRAINED SANUC3TONE, WELL
CEMENTED

GENERALLY LIGHT GRAY SANDSTONE WITH
OCCASIONAL 3ANDS OF BROWN, CLAYIER
SANDSTONE

GRADES DARKER GRAY

LIGHT GRAY, WELL-CEMENTED SANOSTONE

LIGHT GRAY, MEDIUM GRAINED, WELL-
CEMENTED SANDSTONE; FRACTURES
GENERALLY NEAR HORIZONTAL

HOLE COMPLETED 9/21/77

DAMES E MOORE

PLATE A-11




KSF

SHEAR STRESS,

TRIAXIAL COMPRESSION TESTS
ON SILTY FINE SAND COMPACTED TO 95%
OF AASHTO T-99 MAXIMUM DRY DENSITY

104
EFFECTIVE STRESS
= ~—  TOTAL STRESS
8
6
3-33% c-0
p—
4 —
— b~ -
. "'/\/*\ p=14® =300 PSF
—
N\ \
- = ~
2 - \
—. "/ N\ \ \
L \] [ ) \ \
T L T T ¥ L LE -1
0 2 4 6 8 10 12 14 16

NORMAL STRESS., KSF
(MAXIMUM EFFECTIVE STRESS RATIO)

D

TRIAXIAL COMPRESSION TEST REPORT
TYPE OF TEST S/ Porl /523

D4 RAL Y. v/ra
7€0 - s_zg? EO TR/A

MCASUROL AT AT

TYPE MATERIAL

CompPACTed CoRE

! SAMPLE DESCRIPTION

CLASSIFICATION __ /REDOIS ¥ - RAROWY,

CeAYE y S"c

LIQUID LIMIT_= _ PLASTIC LIMIT,

PROJECT EAMNERE Y Fasd S

LOCATION QeEnvER

208 NO._Z7773:0/5: /& PREPARED BY K7, [0/27/ 77

CHECKED BY,

A e L3 02

Bowirs /TH /9 A /TR /T4
SAMML 2 3 ?
OEPTH (PEET) Be ek Buck Bl k Buck
v,e % /3.3 /2.2 /33 /3.7
g Yoo PEF 1777 7172 we/ 1703
i s 0. 529 o.527 0. 528 c. 526
Yy 3% ép 7 cr X ce % YA
W /8.2 /D& 16.7 ./
.;- Y. PCF //g./" 7)./ /0] 0 /720.%
Sty 0.8/ o. 5o 0 .45/ °o.409
Y S5 rfoo % s00 % Ladi) o %
BACK PRESSURC (PS1) L5/ J2.2 /6 45
Tmtnts fuore)|, oo 053 | 000833 | 0o0g33 | eosgeo
e Fy & 'y i g 3
sratss ::‘,‘ } ;‘\ § & } t;' 1}
CONDITION Vo . _ » » 1 *
(B 3 3 H £ F £ 3
% /3991 5.66 | 20.0d 078 | 1769 | £ 57 | 20,09 Sive
(LTl (760 2% [ /2 | 769 [r2c7 | Goc | 1021 | £28
o | o3 tr 2o | 200 f.po Foo | €eol p.35]| foa| £ioc
$lo-0y 1290| /88| SC| 47 | 52| ¢s? |sreg| 75
qlonMer | ¢98| 388| 268| £.9F | 112 |s0:87 |17 68] /53"
S0 | r2¢g o2 |“2.6¢] 2,22 | 2.43]| 2.29] 5.89| %e3
" 410, sop 1324 {2.92 | . 6.84| & 20 | 49| 828 {13.2¢2] r7.¢o
v, MGF 022 207 | res| 279 | 38| 202 €33 | soo
A Yoo 82919057 | g28 (afe | ) (2.7 | 0.37] o2
“0% /349 | 5.56| 20 00ls0.20 (1769 | £47 | 20 00| 5%
T o | 62 | 376 427 | 780 | j267) Cos | rd2a | 458
HIEES r28|eg3 1 2.32| res | 276 280 |37 | 1+
AR 248 | 18R | £68| 2SF | iz | 457 /68 | P37
vl &6 13281 2.8/ | £o071 5. 2281 622 | 53| S.29
1408 |lrzalepe | 25¢) 229 | 283 229 ] 5.42] 3.02
1188 |l2sp| 287 | S23)| £ | #/0[ a2 ] 90 ] £
o e 0721 /o7 L rer | 209 | 36¢| <0 | £.32| o9
2, 3/ 0| 037 | 0.5° | 028 | 043 | 075 | 0% | 237 | o7
7,/0, 2.9¢V30s | 3321 372 338 34" | 45| a4a

e

SPECIFIC GRAVITY, G, (A (4.
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KSF

SHEAR STRESS,

MULT! PHASE TRIAXIAL COMPRESSION TESTS
ON SILTY FINE SAND AT NATURAL DENSITY

[Nl BONNERO)

hoasliad 14 1Y '
aung ] 1 ]
DEPTH (FECT) .‘ ' L}‘ L’ .
ver 3,2 1847 2.2
LS 7 Thd 1043 10840 n2.6
E| o .5803 .5117 e
: NEY .o Lo
we £2.2 177 (X%
Flye " 109, | 2.l | 113 ]
Sl 5329 e MEMZ _
' [.0 1.0 1.0

NORMAL STRESS, KSF
( MAXIMUM EFFECTIVE STRESS RATIO)

5 4 BACK PRESIAE {P31)
STAAlN RATL
EFFECTIVE STRESS LINCHES 7 MINUTE)
~— — TOTAL STRESS S e & g8
:nu: ;'r } ;? .c\- ;S‘ }
OMDITION .
+: 2 I - A
el 15 25 | Lo LS Lo | 2.0
Mo |15 | as [qe | s o |9
g | 03 re 2000 | 2000 | HOX0 | nooo | 4000 | hovo_
3 3 2410160 | 2484 | aug7 | 3204 | 3620
L0t Enyy 13160 |64t | b4b7 | 220 | Thay
§-28° C-0 Bl % | sas {500 11341 2241 1802] 101y
2o | 2508|2500 | £2u42] 2134 [ 2862 2802
. e Ik {1382 | 2506 | 3yl Yoy
21 _=" $-13.5¢ C=0 A oiof W | b | a3 | ez {914 i
o = et 115 125 lpe [ LS |10 |20
— 7 o, A e {5 125 10 1 1500 1 10 19
— %7 lezy |08 [x@. 11934 |acem 1982
— / §12:3 )i | aieo [2a88] 2467 [379% {acas.
. . // ~ Y| 8. |200x5) 1998 2916322 | 5610 |
B V g% % 159¢ lomo L] ia2d 1882100y
—_ / SLA9% lwop 1198 |79 | 2228 | wyyo | amt |
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By TAM_ Date 7/5/96 Subject EFN - White Mesa Page_| of ¥
Chkd By {4%{ Date Xlllﬂfb Tailings Cover Material Volume Calc. Proj No_6111-001
Purpose:

Method:

Assumptions:

To determine the volume of riprap, clay, and random fill materials required to
construct the uranium mill tailings cover at White Mesa Mill in Blanding, Utah.

Material volumes were calculated for two construction options:
e An integrated soil cover over Disposal Cells 2, 3, and 4A, and

e A cover over Cells 2 and 3, where Cell 4A tailings are excavated and placed in
Cell 3.

Standard geometric equations, as shown below, were used to determine the
required material volumes.

Volume of a rectangle = base * height * length
Volume of a trapezoid = 1/2 * height *(base; + base ,)

Surface area calculations for the tops of Cells 2, 3, and 4A are shown in Figure 1,
and material volumes are calculated in Table 1.

The method for calculating material volumes on the side slopes is shown in Figure
2. The SH:1V slopes have been divided into several zones which are indicated on
Figure 1. The slopes have been categorized based on the average height they
attain over a certain length. The height of the cover above the ground surface,
along each side, was estimated using the cross sections in Figures 3 - 5.
Calculations are presented in Table 2.

e Random fill will be used to fill the existing freeboard space between the
tailings and clay layer of the cover and bring the tailings pile elevations up to
the berm elevations. This will create a smooth surface with a slope matching
that of the cover. The random fill thickness between the clay and tailings
surface will be a minimum of three feet. This random fill volume was not
calculated due to the lack of information of the current topography in the
tailings piles.

e The 0.2 percent slope on the tailings piles will be created using random fill
materials beneath the clay layer of the cover. Cover materials will consist of
one foot of clay under two feet of random fill . The top, riprap layer will
consist of a minimum three inches on the top of the cover, and one foot on the
side slopes.

d:\projects\6111.001\volume.clc 9/16/96
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By TAM Date 7/5/96 Subject EFN - White Mesa
Chkd By _/;L_ Date 8/¢4//7L Tailings Cover Material Volume Calc.
Results:
Option 1: (Cover on Cells 2, 3, and 4A):
Total volume (Clay): =9,857,221 f{t3 =365,082 yd3
Total volume (Random fill): =19,918,351 ft3 =737,717 yd3
Total volume (Riprap - top cover): =2,234,563 {t3 =82,762 yd3
Total volume (Riprap - side slopes): =1,122,881 ft3 =41,588 yd3
Option 2: (Cover on Cells 2 and 3):
Total volume (Clay): =7,816,884 ft3 =289,514 yd3
Total volume (Random fill): =15,804,024 ft3 =585,334 yd3
Total volume (Riprap - top cover): =1,754,563 ft3 =64,984 yd3

Total volume (Riprap - side slopes): =968,890 ft3

d:\projects\6111.001\volume.clc 9/16/96

=35,885 yd3

Page Z_of P
Proj No_6111-001



TABLE 1
Volume of materials for top of cover:

Cell# |surface area Th (riprap)} Th (fill) | Th (clay) V (riprap)’ Vil V(clay)"
ftA2 inches feet feet f.23 .43 ft.A3
2 3237500 3 2 1 809375 6475000 3237500
3 3780750 3 2 1 945188 7561500 3780750
4A, 1920000 3 2 1 480000 3840000 1920000
Option 1 Total (Cells 2,3,and 4A): 2234563 17876500 8938250
Option 2 Total {Cells 2 and 3); 17564563 14036500 7018250
TABLE 2
Volume of materials for side slopes:
Slope # total h h (riprap) h(fil) |h(clay)|[L (prap)|{ L'(fil) | L'(clay) [ Length [ Th(riprap) | Th (fil) [Th(clay)] V(riprap)® Vil V(clay)*
ft. ft. fi. ft. ft. ft. ft. feet feet feet f.A3 f1.A3 ft.A3
1 16 15.5 12.5 79.0 71.4 63.7 3500 1 2 1 276622 499704 223082
2 6 55 2.5 28.0 20.4 12,7 500 1 2 1 14022 20396 6374
3 3 55 2.5 28.0 20.4 12.7 1180 1 2 1 33093 48135 15042
4 20 19.5 16.5 99.4 91.8 84.1 1900 1 2 1 188919 348773 159854
5 43 42.5 39.5 216.7 209.1 201.4 1750 1 2 1 379240 731709 352470
6 10 9.5 6.5 48.4 40.8 33.1 950 1 2 1 46019 77505 31486
7 5 4.5 1.5 22.9 15.3 7.6 1350 1 2 1 30977 41302 10326
8 27 265 23.5 135.1 127.5 119.8 1200 1 2 1 162149 305941 143792
9 35 34.5 31.5 175.9 168.3 160.6 1450 1 2 1 255078 487976 232898
10 18 17.5 14.5 89.2 81.6 73.9 1300 1 2 1 116003 212119 96117
Option 1 Total (Slopes 1, 2, 3,4, 6, 7, 8, 9, and 10): 1122881 2041851 918971
Option 2 Total (Slopes 1,2, 3,4, 5,6, and 7). 968890 1767524 798634
TABLE 3
Total Material Volumes for the Cover
Option 1:
riprap (top of cover) 2234563 ft 82762 yd®
riprap (side slopes) 1122881 ft° 41588 yd’
random fill 19918351 f° 737717 yd®
clay 9857221 ft° 365082 yd®
Option 2:
riprap (top of cover) 1754563 ft° 64984 yd®
riprap (side slopes) 968890 ft° 35885 yd°
random fill 15804024 585334 yd®
clay 7816884 ft° 289514 yd®
Notes:

Riprap on top and sides of cover are of different dimensions, and are therefore caluculated separately.

Total h = the average height along the slope length.

Th = Thickness of the layer of material.
V = Total volume of the material

L' = Length of the layer down the side slope. Calculated as (h(material)) / (cos 78.7). The slope is SH:1V.

Length = Horizontal length of the side slope.

(1) Volume calculated as (surface area) x (layer thickness).

(2) Volume calculated as (L' x Th x Length).

di\projects\8111.001\WVOL_CLC . XLS8/14/96
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ATTACHMENT E.2
TECHNICAL SPECIFICATIONS FOR EXISTING COVER DESIGN

(from approved Reclamation Plan Revision 3.2b)
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1.0 GENERAL

The specifications presented in this section cover the reclamation of the Mill facilities.

20 CELL 1 RECLAMATION

2.1 Scope

The reclamation of Cell 1 (previously referred to as Cell 1-1) consists of evaporating the cell to
dryness, removing raffinate crystals, synthetic liner and any contaminated soils, and constructing
a clay lined area adjacent to and parallel with the existing Cell 1 dike for permanent disposal of
contaminated material and debris from the Mill site decommissioning, referred to as the Cell 1

Tailings Area. A sedimentation basin will then be constructed and a drainage channel provided.

2.2 Removal of Contaminated Materials

2.2.1 Raffinate Crystals

Raffinate crystals will be removed from Cell 1 and transported to the tailings cells. It is
anticipated that the crystals will have a consistency similar to a granular material when brought
to the cells, with large crystal masses being broken down for transport. Placement of the crystals
will be performed as a granular fill, with care being taken to avoid nesting of large sized
material. Voids around large material will be filled with finer material or the crystal mass
broken down by the placing equipment. Actual placement procedures will be evaluated by the

QC officer during construction as crystal materials are brought and placed in the cells.
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2.2.2 Synthetic Liner

The PVC liner will be cut up, folded (when necessary), removed from Cell 1, and transported to
the tailings cells. The liner material will be spread as flat as practical over the designated area.
After placement, the liner will be covered as soon as possible with at least one foot of soil,

crystals or other materials for protection against wind, as approved by the QC officer.

2.2.3 Contaminated Soils

The extent of contamination of the Mill site will be determined by a scintillometer survey. If
necessary, a correlation between scintillometer readings and U-nat/Radium-226 concentrations
will be developed. Scintillometer readings can then be used to define cleanup areas and to
monitor the cleanup. Soil sampling will be conducted to confirm that the cleanup results in a
concentration of Radium-226 averaged over any area of 100 square meters that does not exceed

the background level by more than:

- 5 pCi/g averaged over the first 15 cm of soils below the surface, and

- 15 pCi/g averaged over a 15 cm thick layer of soils more than 15 cm below the surface

Where surveys indicate the above criteria have not been achieved, the soil will be removed to
meet the criteria. Soil removed from Cell 1 will be excavated and transported to the tailings
cells. Placement and compaction will be in accordance with Section 4.0 of these Plans and

Specifications.
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2.3 Cell 1 Tailings Area

2.3.1 General

A clay lined area will be constructed adjacent to and parallel with the existing Cell 1 dike for
permanent disposal of contaminated material and debris from the Mill site decommissioning (the
Cell 1 Tailings Area). The area will be lined with 12 inches of clay prior to placement of

contaminated materials and installation of the final reclamation cap.

2.3.2 Materials
Clays will have at least 40 percent passing the No. 200 sieve. The minimum liquid limit of these
soils will be 25 and the plasticity index will be 15 or greater. These soils will classify as CL, SC

or CH materials under the Unified Soil Classification System.
2.3.3 Borrow Sources

Clay will be obtaned from suitable materials stockpiled on site during cell construction or will be
imported from borrow areas located in Section 16, T38S, R22E, SLM.

2.4 Liner Construction

2.4.1 General
Placement of clay liner materials will be based on a schedule determined by the availability of
contaminated materials removed from the Mill decommissioning area in order to maintain

optimum moisture content of the clay liner prior to placing of contaminated materials

2.4.2 Placement and Compaction
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2.4.2.1 Methods

Placement of fill will be monitored by a qualified individual with the authority to stop work and
reject material being placed. The full 12 inches of the clay liner fill will be compacted to 95%

maximum dry density per ASTM D 698.

In all layers of the clay liner will be such that the liner will, as far as practicable, be free of
lenses, pockets, streaks or layers of material differing substantially in texture, gradation or
moisture content from the surrounding material. Oversized material will be controlled through
selective excavation of stockpiled material, observation of placement by a qualified individual
with authority to stop work and reject material being placed and by culling oversized material
from the fill.

If the moisture content of any layer of clay liner is outside of the Allowable Placement Moisture
Content specified in Table A-5.3.2.1-1, it will be moistened and/or reworked with a harrow,
scarifier, or other suitable equipment to a sufficient depth to provide relatively uniform moisture
content and a satisfactory bonding surface before the next succeeding layer of clay material is
placed. If the compacted surface of any layer of clay liner material is too wet, due to
precipitation, for proper compaction of the earthfill material to be placed thereon, it will be
reworked with harrow, scarifier or other suitable equipment to reduce the moisture content to the
required level shown in Table A-5.3.2.1-1. It will then be recompacted to the earthfill

requirements.

No clay material will be placed when either the materials, or the underlying material, is frozen or
when ambient temperatures do not permit the placement or compaction of the materials to the
specified density, without developing frost lenses in the fill.



Page A-5

Revision 3.2.B

Denison Mines (USA) Corp.
White Mesa Mill Reclamation Plan

2.4.2.2 Moisture and Density Control

As far as practicable, the materials will be brought to the proper moisture content before
placement, or moisture will be added to the material by sprinkling on the fill. Each layer of the
fill will be conditioned so that the moisture content is uniform throughout the layer prior to and
during compaction. The moisture content of the compacted liner material will be within the
limits of standard optimum moisture content as shown in Table A-5.3.2.1-1. Material that is too
dry or too wet to permit bonding of layers during compaction will be rejected and will be
reworked until the moisture content is within the specified limits. Reworking may include

removal, re-harrowing, reconditioning, rerolling, or combinations of these procedures.

Density control of compacted clay will be such that the compacted material represented by
samples having a dry density less than the values shown in Table A-5.3.2.1-1 will be rejected.
Such rejected material will be reworked as necessary and rerolled until a dry density equal to or

greater than the percent of its standard Proctor maximum density shown in Table A-5.3.2.1-1.
To determine that the moisture content and dry density requirements of the compacted liner

material are being met, field and laboratory tests will be made at specified intervals taken from
the compacted fills as specified in Section 7.4, "Frequency of Quality Control Tests."”

25 Sedimentation Basin

Cell 1 will then be breached and constructed as a sedimentation basin. All runoff from the Mill
area and immediately north of the cell will be routed into the sedimentation basin and will
discharge onto the natural ground via the channel located at the southwest corner of the basin.
The channel is designed to accommodate the PMF flood.
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A sedimentation basin will be constructed in Cell 1 as shown in Figure A-2.2.4-1. Grading will
be performed to promote drainage and proper functioning of the basin. The drainage channel out

of the sedimentation basin will be constructed to the lines and grades as shown.
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3.0 MILL DECOMMISSIONING

The following subsections detail decommissioning plans for the Mill buildings and equipment;

the Mill site; and windblown contamination.

3.1 Mill

The uranium and vanadium processing areas of the Mill, including all equipment, structures and
support facilities, will be decommissioned and disposed of in tailings or buried on site as
appropriate. All equipment, including tankage and piping, agitation equipment, process control
instrumentation and switchgear, and contaminated structures will be cut up, removed and buried
in tailings prior to final cover placement. Concrete structures and foundations will be
demolished and removed or covered with soil as appropriate. These decommissioned areas
would include, but not be limited to the following:

Coarse ore bin and associated equipment, conveyors and structures.

Grind circuit including semi-autogeneous grind (SAG) Mill, screens, pumps and
cyclones.

The three preleach tanks to the east of the Mill building, including all tankage,
agitation equipment, pumps and piping.

The seven leach tanks inside the main Mill building, including all agitation
equipment, pumps and piping.

The counter-current decantation (CCD) circuit including all thickeners and
equipment, pumps and piping.

Uranium precipitation circuit, including all thickeners, pumps and piping.
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The two yellow cake dryers and all mechanical and electrical support equipment,
including uranium packaging equipment.

The clarifiers to the west of the Mill building including the preleach thickener
(PLT) and claricone.

The boiler and all ancillary equipment and buildings.

The entire vanadium precipitation, drying and fusion circuit.

All external tankage not included in the previous list including reagent tanks for
the storage of acid, ammonia, kerosene, water, dry chemicals, etc. and the
vanadium oxidation circuit.

The uranium and vanadium solvent extraction (SX) circuit includi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>