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ENERGY FUELS NUCLEAR 

WHITE MESA l\ULL 

TAILINGS COVER DESIGN 

LO 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 is underlain with tluee feet (minimum) random fill soil, also available on site 

The cover layers 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 ofriprap 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: 

• Attenuate radon flux to an acceptable level (20 picoCuries-per meter squared-per second 

[pCi/m2 /sec]) (NRC, 1989); 

• Minimize infiltration into the reclaimed tailings cells; 

• Maintain a design life of up to 1,000 years and at least 200 years; and 

• Provide long-term slope stability and geomorphic durability to withstand erosional forces of 

wind, the probable maximum flood event, and a horizontal ground acceleration of 0. 1 g due to 

seismic events. 

Several models/analyses were utilized in simulating the soil cover effectiveness: radon flux 

attenuation, hydrologic evalnation 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 LI through LS. The soil cover configuration presented above 

consisting of (from top to bottom); a minimum three 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 each individual cell. 

Therefore, each 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 is dependent only on the surface area to be covered (see Section 1.7). 

The final grading plans for the two options are presented on Figures I 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 (5H: IV). 

A minimum of three feet random fill is located beneath the compacted fill and clay layers (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 \viii 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 it effectively contributes to the 

reduction of radon emissions (see Section I. l ). The fill was also evaluated in the slope stability 

analysis (see Section 1.5). However, it is not defined as part of the soil cover for other design 

calculations (infiltration, freeze/thaw, and cover erosion). 
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'The following sections describe design considerations, complete with calculations performed aud 

parameters utilized, in developiug the tailings impoundment soil cover to meet regulatory 

requirements. 

1.1 Radon Flux Attenuation 

The Environmental Protection Agency (EPA) rules in 40 Code of Federal Regulation (CFR) Part 

] 92 require that a "uranium tailings cover be designed to produce reasonable assurance that the 

' radon-222 release rate would not exceed 20 pCi/m'/sec 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 least a one year period" (NRC, 1989). NRC regulations presented in I 0 CFR Part 40 also 

restrict radon flux to less than 20 pCi/m2/sec. The following sections present the analyses and 

design for a soil cover which meets this requirement 

l .Ll Predictive Analysis 

The soil cover for the tailings cells at White Mesa Mill was evaluated for attenuation of radon 

gas using 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 Urarium Mill 

Tailings Covers". The RADON model calculates radon-222 flux attenuation by mulii-layered 

earthen urarium 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: 

• Soil layer thickness [centimeters (cm)]; 

• Soil porosity (percent); 

• Density [grams-per-cubic centimeter (gm/cm3
)]: 

• Weight percent moisture (percent); 

• Radium activity (piC/g); 

• Radon emanation coefficient (unitless); and 
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' • Diffusion coefficient [square centimeters-per-second ( cm-lsec) ]. 

Physical and radiological properties for tailings m1d random fill were analyzed hy Chen and 

Associates (l 987) and Rogers and Associates (1988). Clay physical data from Section 16 was 

analyzed hy Advanced Terra Testing (l 996) and Rogers and Associates (I 996). See Appendix A 

for laboratory test data results. 

The Radon model was performed for the following cover section (from top to bottom): 

• two feet compacted random fill; 

• one foot compacted clay; and 

• a minimum of three feet random fill occupymg the freeboard space between the 

tailings and clay layer. 

The three layers are compacted to 95 percent maximum dry density. The top riprap layer 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 to a level of 17.6 pCi/m"/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 I 0 CFR Part 40. 

l, I.2 Empirical Data 

Radon gas flnx measurements have been made at the White Mesa Mill tailings piles over Cells 2 

and 3 (see Appendix C). These cells are currently covered with three to four feet of random fill. 

Radon flnx measurements, averaged over the covered areas, were as follows (EFN, 1996): 

Cell 2 
Cell 3 

1224 
7.7 pCi/m

2 
sec 

7,5 pCilm2 sec 

1995 
6.1 pCi/m

2 
sec 

11. l pCi/m2 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 is thicker, moisture 

adjusted, contains a clay layer 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 confim1 the 

conservatism of the cover design. This conservatism is necessary, however, to guarantee 

compliance with NRC regulations under long term climatic conditions over the required design 

life of200 to 1,000 years. 

1.2 Infiltration Analysis 

The tailings ponds at White Mesa Mill are lined with synthetic geomembranc 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, snoRmelt, 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 layer were not included as part of the soil cover for 

infiltration calculations. 

The random fill will consist of clayey sands and silts 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 8.87xl0·7 cm/sec. The hydraulic conductivity of the 

clav source from Section 16 was measured in the laboratorv to be 3.7xHr8 cm/sec. Geotechnical 
~ . 

soil properties and laboratory data are presented in Appendix A 
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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, Colorado. Grand Junction is 

located north east of Blanding in similar climate and elevation; 

• Soil cover configuration identifying the number of layers, layer types, layer thickness', and 

the total covered snrface area; 

• Individual layer material characteristics identifying saturated hydraulic conductivity, 

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

• Soil Conservation Service runoff curve numbers, evaporative zone depth, maximum leaf area 

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 L3). 

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 Freezeffhaw 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 layer is two 

feet thick, the frost depth would be confined to this layer and would not penetrate into the 
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underlying clay layer. The pcrfonnance 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 Freezing on 

Tailings Covers Calculation brief included as Appendix E 

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 l ,000 years (NRC, 1990). Currently, there is no standard industry practice for 

stabilizing tailings for 1,000 years. However, by treating the emhankment 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 calculations 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 l J, For the top of the soil cover, with a slope of 0.2 percent, 

the Safety Factor Method indicated a median diameter (D50) riprap of 0.28 inches is required to 

stabilize the top slope. However, this dimension must he modified based on the long-tenn 

durability of the specific rock type to be used in construction. The suitability ofrock 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 D50 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 calculated using Stephenson Method equations. The 

side slopes of the cover are designed at 5H:!V. At this slope, Stephenson's Method indicated the 

unmodified riprap D50 of 3.24 inches is required. Again assuming that the on-site sandstone will 

be nsed, the modified D50 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 perfomied 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. 'W'hen 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 ft/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 perfonned to establish the stability of the side slopes of the 

tailings soil cover. The side slopes are designed at an angle of 5H: IV, 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 failure surface and calculate a factor of safoty (FOS). 

The slope geometry and properties of ihe construction materials and bedrock are inpnt into the 

model. These data and drawings are included in the Stability /rnalysis of Side Slopes 

Calculation brief included as Appendix G. For this analysis, competent bedrock is designated at 

J 0 feet below the lowest point of the foundation [i.e., at a 5,540-fool elevation above mean sea 
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level (ms!)]. This is a conservative estimate, based on the borehole logs supplied by Chen and 

Associates (1979), which indicate bedrock near the surface. 

1.5.1 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 Pscudostatic 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 0.1 Og is applied. The 

slope geometry and material properties used in this analysis are identical to those used in the 

stability analysis. A FOS of l .O 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, Lav.rence Livermore National Laboratory (LLNL) published a report on se1sm1c 

activity in southern Utah, in which a horizontal ground acceleration of 0.!2g 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. l2g, the 

calculated FOS is L 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. 

l.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 tailings 

facility. If required, additional materials are available locally to the west of the site. A clay 

material source. identified in Section 16 at the southern end of the White Mesa Mill site, will be 
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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 calculated for each of the components of the reclamation cover. 

Volume estimates were made for the two soil cover design options, as follows: 

• Option 1: an integrated soil cover which incorporates Disposal Cells 2, 3, and 4A, and 

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

and placed in Cell 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 kno'NR 

For Design Option I, 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 585,334 
Riprap (top of cover) 64,984 
Riprap (side slopes) 35,885 

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

Material Volume Calculation brief, 
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Atterberg 

lings 28 6 

Random 11 7 

1 

Specific 

Gravity 

2.85 

2.67 

es 1 i 

% Passing 

No. 200 

46 

48 

( 

Maximum 

Dry Density 

104.0 

120.2 

) 

Optimum 

Moisture 

18. l 

11.8 
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SECTION 6 

ROGERS ANO ASSOC IATES ENGINEERING 
CORPORA TI ON 

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

Radiological Properties 
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Rogers & Associates Engineering Corporation 

h 

rporation 

l 

ly: 

We have the tests ordered on the four es shippej to JS. 

The l lows: 

Radium Emanation Diffusion 
e Fraction Coeffic. Moisture Sa tu rat ion 

981±4 0.19±0.01 2.0E-02 1. .2 0.39 
8.4£-03 l.44 19.1 0.56 

ite (2,3,&5) l. 6£-02 1.85 6.5 0.40 
4.SE-04 1.84 12.5 o. 

te #1 l. 6E-02 1.85 8 .1 0.48 
l.4E-03 1.84 .6 0.76 

te f/4 1. lE-02 1.65 15 .4 0.63 
4.2E-04 1. 19.3 0.80 

The es will be shipped back to you in the next few weeks. If you 
any t ions re ing results on es ease free to ca 11 . 

ncere1 • 
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~ogers & Associates Engineering. Corporation 

Mr . C.O. Sealy 
UHETCO Minerals Corporation 
P.O . Box 1029 
Grand Junction, CO 81502 

Dear Mr . Sealy: 

Post Office Box 330 
Salt Lake City, Utah 84110 

(801) 263-1600 

May 9 , 1988 

C8700/ 22 

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

Sample 

Random (2,3 '1. 5) 
Site l 
Site 4 

Radium ( pCi/ g) 

1.9+0.l 
2.2 + 0.1 
2.0 + 0.1 

Radon 
Emanation Coefficient 

0.19 + 0.04 
0.20 .+ 0.03 
0.11 + 0 . 04 

I f you have any questions regarding these results pleas e feel free to 
call Or . Kirk Ni el son or me. 

RYB:m5 

Si nce r ely, 

~ ttli---
Renee Y. Bowser 
Lab Superv i sor 

515 East 4500 South· Salt Lake City. Ucah 84107 





ATTERBERG LIMITS TEST 
ASTM D 43 

CLIENT 

BORING 
DEPTH 

TYPE 

Plastic Limit 
Determination 

Wt Dish & Wet Soil 
Wt Dish & Soil 
Wt of Moisture 
Wt of Dish 
Wt of Dry Soil 
Moisture Content 

1 

.34 
2.96 
0.38 
1.05 
1.91 

19.90 

Limit 
Determination 

Device Number 

Number of Blows 

Wt Dish & Wet Soil 
Wt Dish & Dry Soil 
Wt of Moisture 
Wt of Dish 
Wt of Soil 
Moisture Content 

Limit 
Plastic Limit 

Index 

103.1 
19 9 
83. 

1 

39 

12.18 
6.64 
5.54 
1.10 
5.54 

100.00 

2 

4.06 
3.57 
0.49 
1.11 
2.46 

19.92 

0258 

2 

27 

10.42 
5 67 
4.75 
1.06 
4.61 

103.04 

3.42 
3.03 
0.39 
1.06 
1.97 

19.80 

3 

18 

10.92 
5.87 
5.05 
1.06 
4.81 

104.99 

4 

14 9 

12.33 10.06 
6.53 5.34 
5.80 4.72 
1.10 1.08 
5.43 4.26 

106.81 110. 80 
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CLIENT: Titan Env. 

UT-1 

Moisture determination 
1 

Wt of Moisture added 100.00 

Wt of soil & dish 384.26 
Dry wt & dish 350.60 
Net loss of moisture 33.66 
Wt of dish (g) 8.01 
Net wt of dry soil (g) 342.59 
Moisture Content 9.83 
Corrected Moisture Content 

determination 

Wt of soil & mold (lb) 14.20 
Wt of mold (lb) 10.36 

t wt of wet soil (lb) 3.84 
t wt of dry soil (lb) 

~·Y (pcf) 104.89 
Corrected Dry Density (pct) 

Volume Factor 30 

DATE SAMPLED 
DATE TESTED 

2 3 
150.00 250.00 

291.42 
251.40 

38.31 40.02 
8.34 8.31 

347.27 243.09 
11.03 16.46 

14.49 14.68 
10.36 10.36 
4.13 4.32 

3.71 
111.59 111.28 

30 30 

JOB NO. 2234~04 

RV 

4 5 
350.00 450.00 

244.20 281.17 
202.69 225.04 

41.51 56.13 
8.29 8.43 

194.40 216.61 
21.35 25.91 

14.59 14.46 
10.36 10.36 

4.23 4.10 
3.49 3.26 

104.57 

30 30 
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BORING 
DEPTH 
SAMPLE NO. 
SOIL DESCR. 
SURCHARGE 

DATA 

Wt. Soil & 
Wt. (S) (g) 
Wt. Soil (g) 

Wet PCF 

Wt. Wet Soil & Pan 
Wt. Dry soil & Pan 
Wt. Lost Moisture 
Wt. of Pan 
Wt. of Soil 
Moisture 
Dry 
Max 
Percent 

ELAPSED 
TIME 
(MIN) 

2599 
1427 
1440 
1440 
1440 
1440 
1469 
1440 

PERMEABILITY DETERMINATION 
FALLING HEAD 
FIXED WALL 

UT-1 
95% Mod Pt. OMC 

BEFORE AFTER 
TEST TEST 

g) 386.9 404.5 
93.0 93.0 

293.9 311.4 
122.3 120.5 

) 302.4 319.9 
(g) 266.2 266.2 
( 36.2 53.B 
( 8.5 8.5 
(g) 257.7 257.7 

% 14.l 20.9 
107.2 99.7 
113.5 113.5 
94.4 87.8 

BURETTE BURETTE 
READING READING 
hl (CC) h2 (CC) 

0.2 
10.8 10.8 
14.2 14.2 
16.8 16.8 
18.6 18.6 
20.2 20.2 
2 . 2L6 

23.0 
24.4 

SAMPLED 
TEST STARTED 
TEST FINISHED 
SETUP NO. 1 

PERCOLATION RATE 

0.14 1.4E-07 
0.09 8.4E-08 
0.07 6.SE-08 
0.05 4.6E-08 
0.04 4.lE-08 

.04 

.04 

.04 



Rogers & Associates Engineering Corporation 

C9600/9 

Dear Ms. 

Enclosed are the results from radium content, specific and radon 
emanation and 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 

Sincerely, h 
~ge~ 



Rogers & Associates Engineering Corporation 

Radon Diffusion Specific 
Moisture Density Coefficient Saturation Gravity 

Sample ID (Dry Wt.%) (f?/cm3) (cm2/s) (Mp/P) (f?/cm3) 

UT-1 14.5% 1.72 9.lE-03 0.89 2.39 

RAE 



Rogers & Associates Engineering Corporation 

Date 

Moisture Radon Emanation Radium-226 
Sample ID (Drv Wt.%) Coefficient (pCi/e:) Comments 

UT-1 14.6% 0.22 ±0.04 LS ±0.3 

I 
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CONSULTING ENGINEERS 
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Job No. 16,406 

SECTION 2 

Extracted Data From 

SOIL PROPERTY STUDY 
EARTH LIHEO TAILINGS RETENTION CELLS 

WHITE MESA URANIUM PROJECT 
BLAND ING, UT AH 

Prepa red for: 

ENERGY FUELS NUCLEA~ . INC. 

PARK CENTRAL 
1515 ARAPAHOE STREET 

OEHVER, COLORADO 80202 

July 18, 1978 
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TML£ I 

SUlllVJl,Y or LA.!!OA~TOAY TEST AESULTS 
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C~ADATIOH >HALYSIS IUl-\Ol0£0 
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/i..ll<li!iU'!I P11Hn9 Ltil th.on lbltt11r1 IVI Typ~ SI 10 llWJ tr Coottll! t, IU, 

(l) 
)/8 In, 60 l•y 

26 I 10 )/8 In, 73 l 

22 S6 

2 4 3/8 In, es I IS. 8 L 

I II 

l 
)/8 In, 79 

u 6 Hl6 76 

9 I )/II In. 6) 

25 !I Kl& 71 I I 2 ). l•y 

21.1 5 lf8 SS 

9 II~ 
. 64 

21l 14 llJO 71 •y 

28 13 1fl1 71 •y 

)5 I 114 7S ty 

l1 NI& 75 

NP n, )!+ 

)0 I 14 116 68 

NI' 1116 44 II SanJ 

I 13 NS 67 C ay 

!+ Ii In, 46 CalcHeout 
t. S It 

8 1116 59 C ay 

2S /{4 7S IJuthered 

I 22 #16 
l•yHone 

!13 ayston• 



TABLE 11 

LABORATORY PERMEABILITY TEST 

Su a ga Perm¢ 111 ty 
Pressure 

Ft r 

11 l.6 16. 11 . Sx l 

SI tv Cl.'!y l . I 22 .o 10 I 

aystone .o 18. 3 911 500 . 6' I 

Clay l 03 .11 18.0 97 5 . 2 , x IC 

s 11 t I ,9 l 2. 4 91, 5 3. 

s 1 l t I i 10.s , l. 5 93 . • x IC 

I - •'l.J I 102.4 17.9 . 
,_ 

" I 106.4 16.4 97 . l 7 l. l 

I 
l Oli. 1 15.8 s 2' 3 l 

105.2 13.9 95 . 3 . l 



1 6E-08 

2 3E~08 



# ''-i 

111 

R OF G LIHITS 

PERCENT ATTERBERG LIHI 
PASSI HG LI qu Id Plastic Shrinkage s I E 

• 200 Lim! t Lim! t Lim! t 
SIEVE 

I 17 

y Cl I 33 25 I .62 

C!av I 65 18 17. 5 I, 

l I 23 17 18 ! • 

one I 91 41 21 I 2 
' 

69 29 15 I 14 . 
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p I LI f\ 

action 

Dry Moisture % of ::iurcnn ty 
cat on Dens I ty Content l\STM Prnssura . Sc 

(p ) sf -
cl 100.2 j 9. lt 
I 

113. 8 11. 7 5 . . Pf n2 

• 9 • 7 97 

cl av r.;, 7 .3 5 
stone 
; fn2Q .n 18.5 "'(\-7 

17.5 9.7 I 3 ' 
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2 · Pl 

• 2 11~. 7 500 
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. 8 15.5 5 . . o-
... u 

s l 110,9 12.6 5 . .. 7 

92, l1 23.9 
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"" 93. I 22, 1 5 . 1 -

r used ring percolation test Interval, 
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APPENDIXB 

Radon Calculation 
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Results: 

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 I). Therefore, cover layer 
configurations as determined by the RADON model are applicable to the three 
tailings cells. 

A 2-Iayer uranium mill tailings cover composed of (from top to bottom) a 2-foot 
layer of random fill and a I-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/m2/sec 
(see Appendix Al for RADON output). 

indicated in the "Effects of Freezing on Uranium Mill Tailings Covers 
Calculation Brief' (6/l 6.8 of the top random fill cover layer \\'ill be 
em~cte~a by that 
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Chkd 

RADON model requires input of the following parameters 

soil cover 
layer thickness (centimeter (cm)); 

- porosity; 
- mass density (g/cm\ 

radium activity (pCi/gr), source term, or ore grade percentage; 
- emanation coefficient; 
- weight percent moisture (long-term) (percent), and; 
- diffusion coefficient (cm2/sec). 

Physical and radiological properties for Tailings and Random Fill were analyzed by Chen 
and Associates (1987) and Rogers and Associates (1988) respectively. See Appendix Bl 
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') 
Clay (1 ') 

~-L-_L__:!:::____L__L_L_____:c__~--"' ,....,,,UV,LH fill (3 > min.) 

\ \ 
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Layer thicknesses 

was assumed to be an 
Guide 3.64, p. 3.64-5) a 

equivalent infinitely thick source, The actual .UU.LH/''-' u.uvu.J.uv.Jv 

is approximately 28 (850 cm), therefore, a 

A minimum (91.5 cm) of random fill wiII cover to fill the freeboard 
and bring the tailings piles up to the subgrade elevation of the soil cover. A 1 (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. 

Porosity 

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

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

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

Max.Dry 
Density 
(lb/ft3) 

104.0 

Bulk Dry 
Density 
(lb/ft3) (l) 
98.8 

Specific 
Gravity 

Density of 
Water (1b/ft3) 

porosity 
(3) 
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Mass Density 

Appendix 

Random Fill 

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 B 1 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 Bl and B2. The coefficients are: 

Tailings = 0.19 
Clay = 0.22 
Random Fill = 0.19 

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

Weight Percent Moisture 
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source is believed to be of better quality. percent 
fill were the of Capillary 
included in Appendix BI Weight "'"''""''n't 

Diffusion Coefficient 

Clay 
Random Fill 

6% 
= 14.1% 

9.8% 

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

References: 

Tailings 
Clay 
Random Fill 

0.0142 cm2/sec 
= 0.0091 cm2/sec 
= 0.0082 cm2/sec 

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. 

Freeze R. Allan and Cherry, John A, 1979, "Groundwater". 

1 
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Appendix Al 



Vers 
us. 

*****! RADON !*****-

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS 

OF THIS RUN 
09-10-1996/18 06: 3 

EFN WHITE MESA 

CONSTANTS 

DECAY CONSTANT 
PARTITION COEFFICIENT 

GRAVITY OF COVER & TAILINGS 

GENERAL INPUT PARAMETERS 

LAYERS OF COVER AND TAILINGS 
DESIRED RADON FLUX LIMIT 
LAYER THICKNESS NOT OPTIMIZED 
DEFAULT SURFACE RADON CONCENTRATION 
RADON FLUX INTO LAYER 1 
SURFACE FLUX PRECISION 

LAYER 1 

THICKNESS 
POROSITY 

LAYER INPUT PARAMETERS 

TAILINGS 

MEASURED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 
MEASURED DIFFUS COEFFICIEN'r 

.0000021 

.26 
2.65 

4 
20 

0 
0 
.001 

500 
.44 
1.45 
981 
.19 
l.290D-03 
6 

198 

1 

A 
2 m 

pCi lA l 
pCi A -2 m A -2 m 

cm 

g cm"-3 
pCi/gA-1 

A 
l s 

A -1 s 
A -1 s 



LAYER 

l{ICKNESS 
ROSI TY 

CLAY (UT-1) 

URED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 
MEASURED DIFFUSION COEFFICIENT 

LAYER 4 RANDOM FILL 

POROSITY 
MEASURED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 
MEASURED DIFFUSION COEFFICIENT 

30.S 
. 8 
1. 72 
1.5 
. 2 
4.2 7D 06 
14.1 
.866 
.0091 

cm 

61 cm 
.315 
1.85 g -3 

1 

1.9 pCi/gA-1 
.19 

3 A_l 

4.452D-06 cmA 3 
9.800000000000001 
.576 
8.200000000000001D-03 

DATA SENT TO THE FILE 'RNDATA' ON DEFAULT DRIVE 

N FOl CNl I COST CRITJ ACC 
4 O.OOOD+OO O.OOOD+OO 0 2.000D+Ol l.OOOD-03 

LAYER DX D p Q XMS RHO 
1 5.000D+02 1 .420D-02 4.400D-01 l.290D-03 l.977D-01 1.450 
2 9.150D+Ol 8.200D-03 3.150D-01 4.452D-06 5.756D-01 1.850 
3 3.0SOD+Ol 9.lOOD-03 2 800D-01 4 257D-06 8.661D-01 1.720 
4 6.lOOD+Ol 200D-03 3.lSOD-01 4 452D-0 5.756D-01 1.850 

cmA2 -1 



BARE SOURCE FLUX FROM LAYER 1: 4.667D+O A 

RESULTS OF THE RADON DIFFUSION CALCUh~TIONS 

LAYER THICKNESS EXIT FLUX EXIT CONC. 
( 2 - ) ( -1} 

1 S.OOOD+02 1.233D+02 .519D+05 
2 9.lSOD+Ol 2.562D+Ol 7.892D+04 
3 3.0SOD+Ol 1.962D+Ol 2.276D+04 
4 6.lOOD+Ol 1.361D+Ol O.OOOD+OO 
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Ve rs 
U.S. 

-**** ! RADON !*****-

RADON FLUX, CONCENTRATION AND TAILINGS 

OF THIS RUN 
09 10-1996 :4 : 

)492 000 

THICKNESS 

EFN - WHITE MESA FOR CONDITIONS) 

CONSTANTS 

DECAY CONSTANT 
PARTITION COEFFICIENT 

GRAVITY OF COVER & TAILINGS 

GENERAL INPUT PARAMETERS 

LAYERS OF COVER AND TAILINGS 
DESIRED RADON FLUX LIMIT 
LAYER THICKNESS NOT OPTIMIZED 
DEFAULT SURFACE RADON CONCENTRATION 
RADON FLUX INTO LAYER 1 
SURFACE FLUX PRECISION 

LAYER 1 

THICKNESS 
POROSITY 

LAYER INPUT PARAMETERS 

TAILINGS 

MEASURED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 
MEASURED 

.0000021 

.26 
2.65 

4 
20 

0 
0 
.001 

500 
.44 
1.45 
981 
.19 
1. 290D 
6 
.19 

pCi A -2 m 

l"-1 
A -2 m 
A -2 m 

cm 

g -3 
pCi/g"-1 

% 

A 1 s 

A 1 s 
-1 



LAYER 3 

ICKNESS 
.~OSITY 

CLAY 

SURED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 

LAYER 4 

THICKNESS 
POROSITY 

DIFFUSION COEFFICIENT 

RANDOM FILL 

MEASURED MASS DENSITY 
MEASURED RADIUM ACTIVITY 
MEASURED EMANATION COEFFICIENT 
CALCULATED SOURCE TERM CONCENTRATION 
WEIGHT % MOISTURE 
MOISTURE SATURATION FRACTION 
MEASURED DIFFUSION COEFFICIENT 

0.5 
.28 
1 72 
1.5 
.22 
4.257D-0 
14.1 
.866 
.0091 

43 
.315 
1. 85 
1.9 
.19 

cm 

g cmA-3 
pCi/gA 1 

4.452D-06 pCi cmA 3 
9.800000000000001 
.576 
8.200000000000001D-03 

DATA SENT TO THE FILE 'RNDATA' ON DEFAULT DRIVE 

N FOl CNl I COST CRITJ ACC 
4 O.OOOD+OO O.OOOD+OO 0 2.000D+Ol 1.000D-03 

LAYER DX D p Q XMS RHO 
1 5.000D+02 1.420D-02 4.400D-01 1. 290D-03 1.977D-01 1.450 
2 9.150D+Ol 8 200D-03 3 150D-01 4.452D-06 5.756D-01 1.850 
3 3.050D+Ol 9.lOOD-03 2 800D-01 .257D-06 8 661D-01 1 720 
4 4.300D+Ol 200D-03 3.150D-Ol 4 452D-06 5.756D-01 1. 0 



BARE SOURCE FLUX FROM LAYER 1: .667D+02 

RESULTS THE RADON DIFFUSION CALCULATIONS 

LAYER 

1 
2 
3 
4 

THICKNESS 
( 

5.000D+02 
9.lSOD+Ol 
3 OSOD+Ol 
4.300D+Ol 

EXIT FLUX 
2 SA-1} 

l.237D+02 
2.679D+Ol 
2.123D+Ol 
1.756D+Ol 

EXIT CONC. 
l"-1) 

4.514D+05 
7 622D+04 
l.944D+04 
O.OOOD+OO 



Appendix Bl 



Physical Properties of Tailings 

and 

Proposed Cover Materials 

Atterberg % Passing Maximum 

Specific No. 200 Dry Density 

Material Type Gravity (pcf) 

Tailings 28 6 2.85 46 104.0 

Random Fill 22 7 2.67 48 120.2 

Clay 29 14 2.69 56 121.3 

Clay 36 19 2.75 68 108.7 

Note: Physical i1 Chen and Associates (1987). 

Optimum 

Moisture 

Content 

18.1 

11.8 

12.1 

18.5 



A Rogers & Associates Engineering Corporation 

Mr. C.O.Seaiy 
Umetco Minerals Corporation 
P .0. Box 1029 
Grand Junction, CO 81502 

Dear Hr. Sea 1 y: 

Post Office Box 330 
Salt Lake City, Utah 84110 

263-1600 

March 4, 1 

C8700/22 

We have completed the tests ordered on the four samples shipped to JS. 
The re~ults are as follows: 

Radium Emanation Diffusion 
3 {g/cm ) 

Sam;ile pCi/gm Fraction Coe·ffic. Oensi Moisture Saturation 

Tailings 981±4 0.19±0.01 2.0E-02 1.45 13.2 0.39 
8.4£-03 1.44 19.l 0.56 

Composite (2,3,&5) l.6E-02 1.85 6.5 0.40 
4.SE-04 1.84 12.5 0.75 

Site fJ1 1.6E-02 l.85 8.1 0.48 
1.4E-03 1.84 12.6 0.76 

Site 114 l.lE-02 l.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. 

Utah 84107 
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Rogers & Associates Engineering Corporation 

Mr. C.O. Sealy 
UMETCO Minerals Corporation 
P .0. Box 1029 
Grand Junction. CO 81502 

Dear Mr. Sealy: 

Post Office Box 330 
Salt Lake City, Utah 84110 

(801) 263-1600 

May 9, 1988 

C8700/22 

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

Sample 

Random {2.3 & 5) 
Site 1 
Site 4 

Radium (pCi/g) 

1.9 + 0.1 
2.2 + 0.1 
2.0 + 0.1 

Radon 
Emanation Coefficient 

0.19 + 0.04 
0.20 + 0.03 
0.11 + 0.04 

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

ncerely. 

Utah 84!07 
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ATTERBERG LIMITS TEST 
ASTM D 4318 

CLIENT Titan Env. 

BORING NO. 
DEPTH 
SAMPLE NO. 
SOIL DESCR. 
TEST TYPE 

UT-1 

Plastic Limit 
Determination 

Wt Dish & Wet Soil 
Wt Dish & Dry Soil 
Wt of Moisture 
Wt of Dish 
wt of Dry Soil 
Moisture Content 

ATTERBERG 

l 

3.34 
2.96 
0.38 
1.05 
1.91 

19.90 

Liquid Limit 
Determination 

Device Number 

Number of Blows 

Wt Dish & Wet soil 
Wt Dish & Dry Soil 
Wt of Moisture 
Wt of Dish 
Wt of Dry Soil 
Moisture Content 

Liquid Limit 
Plastic Limit 
Plasticity Index 

103.l 
19.9 
83.3 

Classification CH 

1 

39 

12.18 
6.64 
5.54 
1.10 
5.54 

100.00 

2 

4.06 
3.57 
0.49 
1.11 
2.46 

19.92 

0258 

2 

27 

10.42 
5.67 
4.75 
1.06 
4.61 

103.04 

3 

3.42 
3.03 
0.39 
1.06 
1.97 

19.80 

3 

18 

10.92 
5.87 
5.05 
1.06 
4.81 

104.99 

JOB NO. 

DATE SAMPLED 
DATE TESTED 

4 

14 

12.33 
6.53 
5.80 
1.10 
5.43 

106.81 

2234-04 

7-25-96 

5 

9 

10.06 
5.34 
4. 72 
1.08 
4.26 

110.80 



Atterberg Limits, Flow Curve 
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CLIENT: 

.BORING NO. 
EPTH 
AMPLE NO. 

Titan Env. 

UT-1 

Moisture determination 

Wt of Moisture added (ml) 

Wt of soil & dish (g) 
Dry wt. soil & dish (g) 
Net loss of moisture (g) 
WI. of dish (g) 
Net wt. of dry soil (g) 
Moisture Content(%) 
Corrected Moisture Content 

Density determination 

Wt of soil & mold (lb) 
Wt of mold (lb} 
Net wt. of wet soil (lb) 

wt of dry soil (lb) 
y Density, (pcf) 

Corrected Dry Density (pcf) 

Volume Factor 

C JPACTION 
ASTM D 1557 A 

1 
100.00 

384.26 
350.60 

33.66 
8.01 

342.59 
9.83 

14.20 
10.36 
3.84 
3.50 

104.89 

30 

SOILDESCR. 
DATE SAMPLED 
DATE TESTED 

2 3 
150.00 250.00 

393.92 291.42 
355.61 251.40 

38.31 40.02 
8.34 8.31 

347.27 243.09 
11.03 16.46 

14.49 14.68 
10.36 10.36 
4.13 4.32 
3.72 3.71 

111.59 111.28 

30 30 

JOB NO. 2234-04 

7-25-96 RV 

4 s 
350.00 450.00 

244.20 281.17 
202.69 225.04 

41.51 56.13 
8.29 8.43 

194.40 216.61 
21.35 25.91 

14.59 14.46 
10.36 10;36 

4.23 4.10 
3.49 3.26 

104.57 97.69 

30 30 
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CLIENT 

FALLING HEAD 
FIXED WALL 

Titan Environmental 

DETERMINATION 

JOB NO. 2234-04 

SAMPLED 
TEST STARTED 

BORING NO. 
DEPTH 
SAMPLE NO. 
SOIL DESCR. 
SURCHARGE 

IJT-1 TEST FINISHED 
Remolded 95% Mod Pt. @ OMC SETUP NO. 

200 

DATA 

Wt. Soil &: (S) (g) 
Wt. Rlng(s) (g) 
Wt. Soil (g) 
Wet PCF 

Wt. Wet Soil &: Pan (g) 
Wt Dry Soil &: Pan (g) 
Wt. Lost Moisture (g) 
Wt. of Pan Only (g) 
Wt. of Dry Soil (g) 
Moisture Content % 

Dry Density PCF 
Max. Dry Density PCF 
Percent Compaction 

ELAPSED 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 

BEFORE 
TEST 

386.9 
93.0 

293.9 
122.3 

302.4 
266.2 
36.2 
8.5 

257.7 
14.1 

107.2 
113.5 
94.4 

BURETTE 
READING 
h2 (CC) 

10.8 
14.2 
16.8 
18.6 
20.2 
21.6 
23.0 
24.4 

AFTER 
TEST 

404.5 
93.0 

311.4 
120.5 

319.9 
266.2 

53.8 
8.5 

257.7 
20.9 
99.7 

113.5 
87.8 

PERCOLATION RATE 
FT/YEAR 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.lE-08 
0.04 3.7E-08 
0.04 3.6E-0~ 

0.04 3. 

7-28-96 CAL 

8-7-96 CAL 
1 
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Rogers & Associates Engineering Corporation 

REPORT OF RADON DIFFUSION COEFFICIENT MEASUREMr;NT8 

(TfME·DEPENt>ENT DIFFUSfON TEST METHOD RAE-SQAP-3.6} 

Radon Diffwdon 
Moisture Density Coefficient 

Sample ID (Dry Wt.%) (~cm3) (cm2/•) 

UT-1 14.lS% 1.72 9.lE-03 

-~ 

Rcpon IJ:itc:. tJ{3/l}6 

Conlract: (."f}6f!Jf) 

Dy: . .J.J£R 
Date Rcc..·civcd: 819§. 

Specific 
Saturation Gravity 

(Mn/P) (g/cm:.S) 

0.89 2.39 

--~ ·- -

-

- ~ .. 

·-

. 

·-

. --

-

RAE 

Poat Ottice Box 330 
Bait Lake • Utah 84110 



Rogers & Associates Engineering Corporation 

... 
~-ID 

lJf-1 

REPORT OF RADIUM CONTENT AND EMANATION 
COEFFICIENT MEASUREMENTS 

(LAB PROCEDURE RAE-SQAP-3.1) 

Moisture Radon Emanation 
(Dry Wt.%} Coentclent 

14.6% o.n±o.04 

. 

Report Date: 9lJt;JJJ 

Comrnc.1: ___ ('<)<:IJJf) 

By:---~· 

Date Received: __ . 8f.16 

--
Radium-226 

foCi/e) Cotnment~ 

l.5 ±0.3 

. 

-
~"'4~ 

.-

. 

~ 

-~ 

RAE 
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PRINCIPLES & PRACTICE OF 
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-2nd Edition-

The most efficient and authoritative review book 
for the PE License Exam 

Editor: MERLE C. POITER, PhD, PE 
Professor, Michigan State University 

Authors: Mackenzie L. Davis, PhD, PE 
! 

Richard W. Furlong, PhD, PE 
David A. Hamilton, MS,. PE 
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Water Quality 
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Transportation 
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the exception of R. W. Furlong, who teaches a t the University of 

Texas at Austin and D. A. Hamilton wh o is employed by the 
M ichigan Department of Natural Resources. 

p ublished by: 
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Okemos, MI 48805-0483 

i\j 
52 



14-8 Soil Mechanics 

14.5 Other Useful Equations for Weight-Volume 
Problems 

It is strongly reconunended that weight-volwne problems be solved using phase diagrams rather 

than only formulas, as completing a phase diagram dearly 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. 

and 

A very useful equation relating four different quantities is 

Se=wGs 

For saturated soils (S = 100"/o) there results 

e=wGs 

The relationships between the void ratio and porosity are 

The total unit weight can be obtained as 

n e=-­
l-n 

e n=--· l+e 

(G +Se)r r= ! IO 

l+e 

The·d.ry unit weight can be obtained as 

(l+w)r'° 
w/S+I/G

5 

Rework example 14.6 using equations introduced in this section. 

(14.5.1) 

(14.5.2) 

(14.5.3) 

(14.SA) 

(14.5.5) 

fJ < Or-'i ~k. ~~1 
bs ·. ::fu; h'- ~v~IZs.6) 

Y 1.-J -. b_t.,,<;·i~ o+ ~v 

Solution.. 

S = wG/e = (.20)(265)/(0.800) = 0.6625 or 66.3% 

e 0.800 
n = l+e == l+0.800 =0.444 

r= (l+wlrw = (1.20)(62.4) =110.2 Jb/ ft3 
w/ S +l/Gs 0.2/0.6625 + 1/2.65 

r = Gsrw ""(2_65)(62.4}=9L9 lb/ft3 
d 1 + e 1+0.800 
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HELP Model 
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By IAM_ Date~. Subject ~E~FN~· ~-~W~h~it~e~f\~1e~s~a ________ Page_J_of 34 
Chkd By-tm- Date~ Help Model Proj No 611 J-001 

Purpose: 

Method: 

Results: 

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 clay. 

The model was developed for Cell 3 at the White Mesa Mill since it is the largest 
of the three cells to be covered (Cells 2, 3, and 4A). Figure I 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 \Vhite Mesa tailings covers based on results 
from radon flux calculations (see "Calculation of Radon Flux from the \\/hite 
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 !-foot compacted clay is required. 



TITANEnvironmental 
By TAM Date 9/11/96 Subject ~EEN~·~-~W~h=i=te~lv~1e=s=a _________ Page 2-of 3'-J 
Chkd By- Date qhl1\qld Help Model Proj No 6111-001 

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

Weather Data 

- Weather Data: 
Evapotranspiration 
Preeipitation 
Temperature 
Solar Radiation 

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

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

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 1 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 
(sec 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. 
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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 I, is 78.7 acres. It was assumed that runoff was 
possible over I 00% of this area and that no rain would sit on the tailings cover. 

Cover Layer Data 

Layer Thickness· 
A two-layer cover over approximately 28 feet of uranium mill tailings was used to run the HELP 
model. Actual cover thicknesses which would be constructed on site consist of2-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. 

Layer T'yve .· 
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 l. The field capacity must be between zero and 1 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-I). 
See Appendix D for physical property data. In addition, wilting point data for the layers was set 

,_--\efy, . .,Ute\hclp)_<:k [5/H/%1 
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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. 

Run<<ffCurye 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 3" of rock riprap (sandstone) 
therefore, no vegetation will exist. 1bis top layer, however, was not included in the model to 
determine percolation quantities. 
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****************************************************************************** 
*******************************************~********************************** 

** 
** 

k 

** 
** 
** 
** 
** 
** 

HYDROLOGIC EVALUATION OF LANDFILL PERFORMANCE 
HELP MODEL VERSION 3.01 (14 OCTOBER 1994) 

DEVELOPED BY ENVIRONMENTAL LABORATORY 
USAE WATERWAYS EXPERIMENT STATION 

FOR USEPA RISK REDUCTION ENGINEERING LABORATORY 

** 
** 
** 
** 
** 
** 
** 
** 
** 

****************************************************************************** 
****************************************************************************** 

PRECIPITATION DATA FILE: C:\HELP3\PRECIP.D4 
C:\HELP3\TEMP2.D7 
C:\HELP3\SOLAR.Dl3 
C:\HELP3\EVAP.Dll 
C:\HELP3\efn-fin2.Dl0 
C:\HELP3\efn-fin2.0UT 

TEMPERATURE DATA FILE: 
SOLAR RADIATION DATA FILE: 
EVAPOTRANSPIRATION DATA: 
SOIL AND DESIGN DATA FILE: 
OUTPUT DATA FILE: 

TIME: 14: 9 DATE: 9/11/1996 

-***************************************************************************** 

TITLE: EFN - White Mesa 

****************************************************************************** 

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

LAYER 1 

TYPE 1 - VERTICAL PERCOLATION LAYER 
MATERIAL TEXTURE NUMBER 88 

THICKNESS 17.20 INCHES 
POROSITY 0.3150 VOL/VOL 
FIELD CAPACITY 0.3140 VOL/VOL 
WILTING POINT 0 0980 VOL/VOL 
INITIAL SOIL WATER CONTENT 0.1180 VOL/VOL 
EFFECTIVE SAT. HYD. COND. 0.886999999000E-06 CM/SEC 

LAYER 2 



THICKNESS 
POROSITY 
FIELD CAPACITY 
WILTING POINT 

TYPE 3 - BARRIER 
MATERIAL TEXTIJRE 

INITIAL SOIL WATER CONTENT ~ 

EFFECTIVE SAT. HYD. COND. 

SOIL LINER 
NUMBER 89 

12.00 INCHES 
0. 2800 VOL/VOL 
0.2799 VOL/VOL 
0.1410 VOL/VOL 
0.2800 VOL/VOL 

0.369999995000E-07 CM/SEC 

GENERAL DESIGN AND EVAPORATIVE ZONE DATA 

NOTE: SCS RUNOFF CURVE NUMBER WAS COMPUTED FROM DEFAULT 
SOIL DATA BASE USING SOIL TEXTURE #27 WITH BARE 
GROUND CONDITIONS, A SURFACE SLOPE OF 0.% AND 
A SLOPE LENGTH OF 1200. FEET. 

SCS RUNOFF CURVE NUMBER 
FRACTION OF AREA ALLOWING RUNOFF 
AREA PROJECTED ON HORIZONTAL PLANE 
EVAPORATIVE ZONE DEPTH 
INITIAL WATER IN EVAPORATIVE ZONE 
UPPER LIMIT OF EVAPORATIVE STORAGE 
LOWER LIMIT OF EVAPORATIVE STORAGE 
INITIAL SNOW WATER 
INITIAL WATER IN LAYER MATERIALS 
TOTAL INITIAL WATER 
TOTAL SUBSURFACE INFLOW 

96.40 
100.0 

78.700 
17.2 

2.030 
5.418 
1.686 
0.000 
5.390 
5.390 
0.00 

PERCENT 
ACRES 
INCHES 
INCHES 
INCHES 
INCHES 
INCHES 
INCHES 
INCHES 
INCHES/YEAR 

EVAPOTRANSPIRATION AND WEATHER DATA 

NOTE: EVAPOTRANSPIRATION DATA WAS OBTAINED FROM 
GRAND JUNCTION COLOR.11.DO 

MAXIMUM LEAF AREA INDEX 0.00 
START OF GROWING SEASON (JULIAN DATE) 109 
END OF GROWING SEASON (JULIAN DATE) ~ 293 
AVERAGE ANNUAL WIND SPEED ~ 8.10 MPH 
AVERAGE lST QUARTER RELATIVE HUMIDITY - 60.00 % 
AVERAGE 2ND QUARTER RELATIVE HUMIDITY ~ 36.00 % 
AVERAGE 3RD QUARTER REL..11. T IVE HUMIDITY 36.00 "'" 
t~VERAGE 4TH QUARTER RELATIVE HUMIDITY - 57.00 % 

NOTE: PRECIPITATION DATA FOR BLANDING UTAH 
WAS ENTERED BY THE USER. 



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

NORMAL MEAN MONTHLY TEMPERATURE (DEGREES FAHRENHEIT) 

1/yt JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC 
--~---- - -- - - ~------ ------ ------ - - -· . - . 

27.50 32.90 38.10 47.10 57.40 66.90 
73.60 70.90 63.00 51.60 38.50 28.90 

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

STATION LATITUDE ; 39.07 DEGREES 

******************************************************************************* 

AVERAGE MONTHLY VALUES IN INCHES FOR YEARS 1988 THROUGH 1993 

JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC 

PRECIPITATION 

TOTALS 

STD. DEVIATIONS 

RUNOFF 

TOTALS 

STD. DEVIATIONS 

EVAPOTRANSPIRATION 

TOTALS 

STD. DEVIATIONS 

2.10 
1.17 

1.85 
0.92 

1.455 
0.774 

1.967 
0.691 

0.700 
0. 353 

0.072 
0.243 

1.32 
1.37 

1.43 
0.43 

0.999 
0.885 

1.206 
0.350 

0.411 
0.490 

0.246 
0.211 

PERCOLATION/LEAKAGE THROUGH LAYER 2 

TOTALS 

STD. DEVIATIONS 

0.0000 
0.0000 

0.0000 
0.0000 

0.0000 
0.0000 

0.0000 
0.0000 

0.92 
1.16 

0.72 
0. 35 

0.542 
0.802 

0.425 
0.220 

0.331 
0.424 

0.236 
0.223 

0.0000 
0.0000 

0.0000 
0.0000 

0.46 
1. 24 

0.37 
0.66 

0.265 
0.785 

0.240 
0.495 

0.224 
0.394 

0.110 
0.235 

0 0000 
0.0000 

0.0000 
0.0000 

1. 31 
1. 07 

0.71 
0.51 

0.871 
0.713 

0.472 
0.432 

0.413 
0 A02 

0.296 
0.141 

0.0000 
0.0000 

0.0000 
0.0000 

0.60 
1.18 

0.62 
0.71 

0.389 
0.568 

0.494 
0.441 

0.231 
0.534 

0.201 
0.191 

0.0000 
0.0000 

0.0000 
0.0000 



------ ---- -------- ------------ --- -------- -------------

-- -~~:J<-1\~:~-~~-~~~=~~=-~~~J<-l\~~~-~~=~y-~:~~ ~=~~~~~~-------~~~lit~~ 

DAILY AVERAGE HEAD ACROSS LAYER 2 
- ------- -----------------------

AVERAGES 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 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

******************************************************************************* 

******************************************************************************* 

AVERAGE ANNUAL TOTALS & (STD. DEVIATIONS) FOR YEARS 1988 THROUGH 1993 

INCHES CU. FEET PERCENT 

PRECIPITATION 13.90 2.614) 3971537.7 100.00 

RUNOFF 9.048 2.4802) 2584718.25 65.081 

EVAPOTRANSPIRATION 4.908 0.7521) 1402180.62 35.306 

~ERCOLATION/LEAKAGE THROUGH 0.00000 0.00000) 0.000 0.00000 
FROM LAYER 2 

AVERAGE HEAD ACROSS TOP 0.000 ( 0.000) 
OF LAYER 2 

CHANGE IN WATER STORAGE -0.054 0.1827) -15362.23 -0.387 

******************************************************************************* 



****************************************************************************** 

PEAK DAILY VALUES FOR YEARS 1988 THROUGH 1993 ll/ 4 
------------------------------- -------------- --------- ------- ------ ) 

( INCHES) (CU. FT . ) 

PRECIPITATION 1. 33 379955.719 

RUNOFF 1.684 481108.4370 

PERCOLATION/LEAKAGE THROUGH LAYER 2 0.000000 0.00000 

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 

****************************************************************************** 



****************************************************************************** 

FINAL WATER STORAGE AT END OF YEAR 1993 \'J,.-/ { 
- - -- - - - - - -- -- - -- - ----- _____ _/3 

LAYER (INCHES) (VOL/VOL) 

1 1.7607 0.1024 

2 3.3600 0.2800 

SNOW WATER 0.000 

****************************************************************************** 
****************************************************************************** 
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MONTHLY MEANS AND EXTREMES 
OF TEMPERATURES 

BLANDING, UTAH 

ANNUAL MEAN: 9.9°C 

FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV 

18 24 27 33 38 38 37 34 29 21 

6.9 10~2 16.3 22.8 2 8. 7 31. 9 30.2 26.0 18.8 10.2 

o.s 3.4 8.4 14. I 19.4 23.1 21. 6 17.2 10.9 3.6 

-5. 9 -3.2 0.4 5~4 I 0.1 14.2 13.I 8.4 2.9 -3.2 

-22 -15 -II -6 -I 8 3 -5 -12 -19 

DAILY MAXIMUM 

MONTHLY 

DAILY MINIMUM 
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(8) 
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( c) ~ 
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(D) FREEZE DATES o.A.JlA-:lll:tl 2$.. M:OOR&l 

?LATS 2.7-2 
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Table 3.4-l 

Physical Properties of Tailings 

and 

Proposed Cover Materials 

Atterberg % Passing Maximum Optimum 

Limits Specific No. 200 Ory Density Moisture 

Materi a 1 Type Ll £l Gravity Sieve (pcfJ Content 

Tailings 28 6 2.85 46 104.0 18.1 

0••d~~ Fill 22 7 2.67 48 120.2 ~ 
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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Proctor Compaction Test 
, , UT-1 

·--- .. - --- ----~------------------------ ~-----~---------------~---------

\ \·-·- -·- ----------------------~ !---.--~--~-----~------

\ 
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\ Zero Air Voids Cu 

\ 
, ~ v<3TeportediJe 
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10 20 30 

Moisture Content (%) • 

OPTIMUM MOISTURE CONTENT 0 13.9 MAXIMUM DRY DENSITY 113.5 

ASTtJi 0 1557 A, Rock correction applied? N 

ve 
,_,. 

40 



CLIENT 

PERMElu.ILITY DETERMINATION 
FALLING HEAD 
FIXED WALL 

Titan Environmental JOB NO. 2234-04 

SAMPLED 
TEST STARTED 

BORING NO. 
DEPTH 
SAMPLE NO. 
SOIL DESCR. 
SURCHARGE 

UT-1 TEST FINISHED 
Remolded 95% Mod Pt. @ OMC SETUP NO. 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(s) 
Wt. Ring(s) (g) 
Wt. Soil ( g) 
Wet Density PCF 

Wt. Wet Soil & Pan 
Wt. Dry Soil & Pan 
wt. Lost Moisture 
wt. of Pan Only 
Wt. of Dry Soil 
Moisture Content % 
Dry Density PCF 
Max. Dry Density PCF 
Percent Compaction 

(g) 

(g) 

(g) 

(g) 

(g) 
(g) 

200 

ELAPSED SURETTE 
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 

BEFORE 
TEST 

386.9 
93.0 

293.9 
122.3 

302.4 
266.2 
36.2 
8.5 

257.7 
14.1 

107.2 
113. 5 
94.4 

BURETTE 
READING 
h2 (CC) 

10.8 
14.2 
16.8 
18.6 
20.2 
21.6 
23.0 
24.4 

Date: 
Date: 

AFTER 
TEST 

404.5 
93.0 

311.4 
120.5 

319.9 
266.2 
53.8 
8.5 

257.7 
20.9 
99.7 

113. 5 
87.8 

8-8-96 
·'k. 

PERCOLATION RATE 
FT/YEAR 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. lE-08 
0.04 3.7E-08 
0.04 3.6E-08 
0.04 3. 7]<;:::9.? 

7-28-96 CAL 
8-7-96 CAL 
1 

' 
p~;J..;~ (C1.,1tY) 

Data Entered By: NAA 
Date Checked By: ~""'---­
Filename:TIFHUTl ADVANCED TERRA TESTING, INC. 
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Porosity 

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

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

2. Porosity= (e/ (I +e)] x 100 (Ref: Prineiples & Practice of Civil Engineering, 1996). See 
AppendixC. 

Max. Dry Dry Bulk Specific Density of "e" porosity 
Density Density Gravity (I) Water (lb/ft3

) (3) (4) 
(lb/ft3) (1) (lb/ft3) (2) 

Tailings 104.0 93.6 2.85 62.4 0.90 47% 
Clay (5) 115.0 103.5 2.72 62.4 0.64 39% 
Random fill 120.2 108.2 2.67 62.4 0.54 35% 

Notes: 
L 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 I above. 
4. Calculated using Equation 2 above. 
5. Clay physical data are average values from site # l and site #4. clay stockpiles as given by 
Umetco Minerals Corp. 1988. 
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TITANEnvironmental 
By JFL Date 6/17/96 Subject _,,E=FN~-_W.w...=.h=ite"-M~e=sa,___ ________ Page_\_of.Ji 
Chkd By~ Date'\)\\ \jlp Effect of Freezing on Tailings Cover Proj No 6111-001 

Purpose: 

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: 

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

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

• 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: 

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

• 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. 

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

• Soil freezes at a temperature of 32 degrees Fahrenheit. 

c: \efn ··whi t.e\freeze2. clc f 9/ 11/96 J 



TITANEnvironmental 
By JFL Date 6/17 /96 Subject ~E=F~N~--W~h=ite~M~e=sa~-------- Page _kof Jf_ 
Chkd B:1-BM_ Datel-J(1 \ /qy 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 (lbs/cubic foot); 
- heat capacity (Btu/cubic foot-deg F); 
- thermal conductivity (Btu/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-wh1te\freeze2 .clc {9/12/96} 
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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 

1K 
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 
AppendixB. 

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 Btu/ft3 ° 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 Btu/ hr. ft °F (Perry, Robert H. et al., 
1984) (see Table 1). 

c: \efn-whi te\ fr-eeze2. clc { 9/ 11/96) 
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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 Btu/ ft3 . 

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. 
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-\At> L6-- 1-
-:lABtE !I 929 Thermal Conductivities of Some Building and Insulating Materials• 

Aerogel. •ilica, opacifiod ...... ........... . 

A•Ocstoo-cement board.. 
Asbertoo •beets. 
Asbcstoo .late .. 

Asi-to. ...... . 

Aluminum foil (7 air SJl&OO! per 2.S in.) ••.••••. 

A.be., wood ............................... . 

~1;1~~ (N~i,; ii.':::.·.::::::::::::::::::: 
Bricb: 

Alumina ~2--99 3 Al.O, by wt.) fuocd .••...• 
Alumina 64-653 Al,O, by wt.) .•.••.••.... 
(See also ricb, fire clay) ................. . 

Bw1dinr; brick work ..................... .. 
Cubon ................................. . 
Chrome brick (32 3 Cr.O, by wt.) .......... . 

Diatomaeeou. earth, natunl, acrooo strata 
(Note 2) .............................. . 

Diatomaceou., nat.nl, paralld to strata 
(Note 2) ............................ · · · 

Diat.om..oeou. earth, molded and fired (Note 2) 

Diatomsceou. =th and clay, molded aod 
fired (Note 2) .......................... . 

Diatomaceo..a earth, high buru. larce _.. 
(Note3) ..............•............•... 

Fu-e clay (Miaoouri) ...................... . 

Kaolin insol..tinc brick: (Note l) ....•....... 

K.t.olin insol..tinc firebrick (Note~) ......... . 

M~...;te (ll6.83 M&<>. 6.33 F..O., 33 
eao. 2.6 % s;o, by wt.J ................. . 

Silicoa carbide brick, recryatallised (Note 3) .. 

Calcium carbonate, nataral .................. . 
White marble ............................ . 
Chsll: ......•............•.•.............. 

Calcium sulfate (~fuO), artilicial ............. . 
plaster (artificial) .•........................ 

(ballding) ......................... . 

~i!'~c ~~~~-.'.'.'::: :: : : : : : : : :: :: : : : : : 
Carbon stock ............................. . 

Cardboord, conugatcd ...................... . 
Celluloid ...........•.•.....•............... 
Charcoal fiali:co ............................. . 

Clinker (granular) .......................... . 
Coke, petcolcom ..........•.•.•.........•... 

Col:c, pctcolcom (20-100 mesh) .............•. 
Col:e (powdered) .............•.............. 

Conacte ~t:t;:·:·:·:·::::::: :::::: ::::::::: 

"!=r;t 
p, lb./cu. 

Ct. at 
room 

Uaipers­
ture 

6.5 

120 
SS.5 

112 
112 
29.3 
29.3 
36 
36 
36 
36 
43.5 
43.5 
0.2 

iif" 
115 

"9ff 
200 
200 
200 

27.7 
27.7 

27.7 
27.7 
36 
36 

42.3 
42.3 

37 
37 

27 
27 
19 
19 

158 
158 
158 

129 
129 
129 
129 
129 
162 

"%"'" 
M.6 

132 
77.9 

·94· .. 
I 

'8]j" 
11.9 
15 

62 

t, "C. 

120 
290 

20 
SI 
0 

60 
-200 

0 
0 

100 
200 
400 

-200 
0 

36 
m 

0-100 
20 

4ll 
1315 
600 

1100 
20 

200 
650 

1315 

204 
871 

204 
671 
204 
671 

204 
671 

200 
1000 
200 
600 

1000 
1400 
500 

1150 
200 
760 

204 
650 

1200 

600 
800 

1000 
1200 
1400 

30 

"° 75 
2S 
36 

0-100 
-IM 

0 

. ·30 
60 
60 

0-700 
100 
500 
400 

0-100 

k = Btu/(h·ft2}(°F/ft) 

0.013 
.026 
.43 
.096 
.087 
.114 
. 043 
.090 
.087 
.111 
.120 
.129 
.090 
.135 
.025 
. 036 
. 041 
• 43 

1.8 
2.1 
0.62 

.63 

.4 
3.0 

.67 
• 85 

1.0 

0.051 
.077 

.081 

.106 

.14 

.16 

.14 

.19 

.13 

.34 

. 58 

. 65 

.95 
1.02 
0.15 

:26 
.050 
.113 

2.2 
1.6 
I.I 

10.7 
9.2 
8.0 
7.0 
6.3 
1.3 
1.7 
0.4 

.22 

.43 

.25 

. 091 
2.0 
0.55 
3.6 
0.037 

.12 

.043 
.OSI 
.n 

3.4 
2:9 
0.55 

. II 

.20 

.54 

.-44 

Material 

Apparent 
density 

p, lb./cu. 
ft. at I, "C. 
room 

tempera-
ture 

Cotton wool........ . . --5-- 30 ~ 
Corl: board. . . . . . . . . . . . . . . . 10 30 025 
Corl: (r<grsnulatcd). ·. · ·.. 6.1 30 :026 

(ground) . . . . . . . . . . . . . . . . . . . . . . . . 9. 4 30 025 
Diatomaceous earth powder, coarae (Note 2). .. . 20.0 36 · 036 

20.0 1111 ·082 fine (Note 2) ........ . 

molded pipe covering (Note 2) ..... 

4 vol. calcined earth and I vol. ccmcat, poured 
aDd fired (Note 2) .........•.•...•.•.•.•. 

Dolomite .................................. . 
Ehonite ........•..... · · · · · · · · • · · · · • • · · · .. · · 
Enamel, silicate ............................ . 
Fdt, wool ...........•.....•................ 
Fiber insulating board ...................... . 
Fiber, red, •................................ 

(with binder, halced) ...................... . 
Gas carbon ................................ . 
Glass ..............•............•.......... 

BO<osilicatc type .......•....•............. 
Window gla.ss ••••••••••.•••••••••••••.•••• 
&daila..s ............................... . 

Granite ................................... . 
Graphite, lon£itudinal.. .•.................... 

powdered. ibrough 100 mesh ............... . 
G~ (molded and dry) .................. . 
Hair felt (perpendicular to fibers) ............ . 
Ice ....................................... . 
lnCusorial earth, oce diato1D&CCOUs tarth ....... . 
Kapok. ................................... . 
l.e.mphlacL .............................. . 
L&va .•.•.•.•.......... ········ ······ ...... . 
Leather, eole ............................... . 
Limcstooe (15.3 vol. 3 R,O). .....•.......... 
Uneo ..................................... . 

ti:::l: ~t:r~~».::: :: : : :: :::::: :: : 
~csium oxide ( compcessed) ..........•.... 
Marble .................. ·· .. · ... ··········· 
Mica (pcrpcadi<:ular to planes) ..•............. 
Mill .tl&vings ..•........•................... 
Mineral wool .•••.•.•••.•.•.•.•.•••.•.•...•. 

Paper .................................... .. 
Paraffin wax ............................... . 
Petcolcom col:e ............................ . 

P0<celain ....................... · ... ···· · .. · 
P0<1.land cement, aec c:onaete. ......•......... 
Pumice atooe .............................. . 
Pyroxylin plastice .......................... . 

Rubber~~:::::::::::::::::::::::::::::: 
:i;,,,,d (orv1 ................................ . 

&;.-;;~~:::·.:·.:: :: :: :::: :: :::::: ::::: ::: :: : 
Scale (Note I) ............................. . 
Silk ....................................... . 

nrnished ................•............... 
Sia& bla.t f nrnace .•..••••.•.•..••.•...... 
Slag wool .......................... · ·. · · · 
Slate .......................•........... 
Snow ................................ . 

suHur ~rl::hfcr~>::::: :: :: :: :: : : :: : : : : . 
wall hoard. Wulating type ............. . 
Wall 00..-d, still paste board ............ . 
wood sh& vings ........................ . 
Wood (aa-°"' grain): 

Balsa ........................... ·· .. · .. · -
Oak .................................... . 

:t~l:.hii:.-.·.::::::::::::::::::::::::::::: 
Teak ................................ . 
White fir ..•....................•...... 

Wood (paralld to grain): 
Pine ............................ · .. ··· 

Wool, animal ......................... . 

17.2 204 "040 
17. 2 671 :014 
26.0 204 .OSI 
26.0 671 .088 

61.6 
61.6 

167 

36 
20.6 
14.6 
80.5 

j39··. 

. 30· .. 
78 
17 
57 .5 

0.88 
10 

"6iX 
I03 

-~.;)j" 

13 
49.9 

9.4 
19.7 

74.6 

~•.o 

'"' 12 

6.3 

12 

34.7 

!4.6 
43 
6.6 

7-ll 
51.5 
44.7 
KO 
'40.0 
28. I 

34.4 
6.9 

204 
671 
50 

··30 
21 
20 

20-W 
0-100 

3():.7.S 

20 

"° 20 
30 
0 

20 

"° 

.16 

.23 
t.o 
0.10 

0.S--0.75 
0.03 

.028 

.11 

.cm 
2.0 

0.2--0.73 
0.63 

0.3-0.61 
0.3-().44 
1.0-2.3 
95. 
0.11)4 

.25 

.021 
1.3 

0.020 
.038 
.49 

""i4 :~2 
30 .QS 
47 .35 
21 0.034 
20 .32 

• .. . 1.2-1.7 
50 0.25 

. • • . 0.033-0.05 
30 0.0225 
30 .024 

0 
100 
500 
200 
90 

2H6 

.01S 

.14 
3.4 
2.9 
0.88 

.17 

.14 

.075 
0 .067 

21 , ___ :11!9 . 
21 ".,,...,,_092 . 

.1ll o.1~~ 

..., ""' 21 0.03 

.. )8 .026 
.096 

2+-lll -~ 
30 .022 
94 .66 
0 .27 

100 0.@.-0.097 
21 0.16 
21 .028 
30 .04 
30 .O~ 

30 0.025--0.03 
15 0.12 
50 .It 
15 .081 
IS .10 
60 .062 

21 .20 
30 .021 

·, 

• Marb, "Meclwllcal Enrineen.' Handbook." 4th ed, McGraw-Hill, New York. 1941. "lntcrn.atioiu! Critical Tables," McGraw-Hill, 1929, a.od other aoort<O. 
F0< o.dditioiu! data. ecc pp. ~~59. . / 

Note I: B. Kamp [Z. f<ch. PAl,lriJ;, U, 30 (1931 ll shows the effect of ina..-1 pornsilf in decreasing thermal coaductiTity of boiler scale. Partridge [Ucivcroity 
of Michlgan, ERQ. llatarcA Bull. 15. 1930] h..s published a 170-page tceatise on FO<ID>.tion a.od Properties of Boiler Scale. 

Note :C To-.ni.hcad aDd W-UIWn., Chen.&: Mtt, 39, 219 (1932). 
Note 3: Norton, "Refractories," 2d ed" McGraw-Hill. New Y0<k, 1942. 
Note 4: N<rlon. private communicatioo. 
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WEATHER STATIONS in Colorado: 
Length 

Design Mean of 
Freezing Annual Freezing 

Index Temp. Season 
Station Location C'F days) (of) (days) 

----------~-~------------ -------- ------ --------

1 = 
z = 
3 = 
1 = 
5 = 
6 = 

Alamosa 2271 11.3 159 
Buckley ANGB 577 50.3 88 
Colorado Springs 633 18.7 67 
Denver 629 50.3 71 
Grand Junction 1101 SZ.6 86 
Pueblo 676 52.3 65 

Enter the number representing the data you want; 
(0 to input your own data): 



LOCA T lON and WEATHER DA TA 

Input weather data for your location in Colorado: 

DESIGN AIR FREEZING Index (F-Days): 1101 

MEAN ANNUAL TEMPERATURE (F): 19.8 

LENGTH of FREEZING SEASON (Days): 86 



CHOOSE an APPROPRIATE N-FACTOR 

Surface Type 

l = Portland' Cement (snow-free) 
2.= Asp~a:lt<fsnow-free) 
3<= SnolliL .. · 
1 ··= Sand~''dnd>Grauel (snow-free) 
5· }.~ Turtl:c-srtow-free) , .' ~:r~-~~~ }~}~·:, 
o· ·= To ,-_iip~t your own N-Factor 

Enter ypur~·option: !.\ 
,:,,f•;~~. ' ,_:~~{~t . " 

N-Factor * 
(freezing) 

0.75 
0.70 
1.00 
0.70 
0.50 

* N-Factor uaries:with !attitude, wind speed, cloud cover, and other 
climatic conditions. 



INFORMATION for 'ii'i'ER 1: 

Choose the appropriate soil type for this layer --

1 = Portland Cel'llent stabilized layer 
z = Asphalt stabilized layer 
3 = Snow 
1 = Course-grained soil 
s = Fine-grained soil 
6 = Insulating layer 
7 = Organic soil 

Enter your option: 5 



LAYER PARAMETERS 

Paral'lleters for LAYER L Fine-grained 

Layer Th i clrness ( inches ) 

Moisture Content (% dry weight) 

Dry Unit Weight 'Obs/cubic foot) ., , ·.'; , 

Heat Capacity C}ftu'Ycubic foot 0
f) 

Therl'llal Conductiuity CBtu/foot hour 0 f) 

Latent Heat of Fus;on (Btu/cubic foot) 

* 

* 

Default 
Ualues 

12.0 

17.0 

122.0 

29.5 

0.90 

* 2016.0 

Ualues 
Used 

36.0 

12.5 

112.0 

30.0 

0 .19 

2000 

*recalculated based upon new MOISTURE CONTENT/WEIGHT ualue(s) . 

. . . <return> for Def..,, It Ualues ... 



Su111111ary: MODIFIED BERGGREN SOLUTION 

Des i gn Freez i ng Index (A IR ) 
Design Freezing Index (SURFACE) 
Mean Annual Temperature 
Length of Freezing Season 

= 
= 
= 
= 

1101 
771 

13. 8 
86 

F-days 
F-days 
OF 
Days 

LAVER FREEZING INDEX DISTRIBUTION 
LAVER 

tt: Type 
THICKNESS 

(inches) Each Layer Accu111 Berwrren 
------Cctlculations 

could not 
converge 

Surf <1.ce DF I 
----------- End of Frost Penetration ----------------

1: Fine-grained < 6.8 145 

TOTAL FROST PENETRATION = 6.8 inches 

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



TITANEnvironmental 
By JFL Date 6/17/96 Subject ~E~FN~-~W~h=i~te~M=e=s=a _________ PageJ_j_ofJt 
Chkd B~ Date q/\\l'l \.? Effect of Freezing on Tailings Cover Proj No 6111-001 

Appendix B 

c: \e fn- white\ freeze2. clc [9/11/96) 



-
• ! 

• • • 
• 
•• 
• • • 
I 

• 
1: 

I' 
( 

I 

,..,. 
0 
0 ..... 

w 
0:: 
::::> 
I-
<l: 
0:: 
w 
Q 

~ 

w 
I-

MONTHLY MEANS AND EXTREMES 
OF TEMPERATURES 

BLANDING, UTAH 

40 
ANNUAL MEAN: 9.9°C 

30 

20 

10 

CA) MEAN DAILY MAXIMUM 

(8) MEAN MONTHLY 

(C) MEAN Dfi.IL Y MINIMUM 

CD) FREEZE DATES 

PL'-T°£ 2 .7-2 



Material Type 

Tailings 

~om Flll 

Clay 

Clay 

-12-

\A\L-\t0C--i) ~ \l._f+q::X>CM-"- fl\...L-((2.o\)2-iLUf..S 

Table 3.4-1 

Physical Properties of Tailings 

and 

Proposed Cover Materials 

Atterberg 

Limits Specific 

LL fl Gravity 

28 6 2.85 

22 7 2.67 

29 14 2.69 

36 19 2.75 

% Passing 

No. 200 

Sieve 

46 

48 

56 

68 

Maximum 

Ory Density 

{pcf) 

104.0 

120.2 

121.3 

108.7 

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

Optimum 

Moisture 

Content 

18.1 

11.8~ 

12.1 

18.5 
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PURPOSE: 

Page_l_of_8_ 
Proj No 6111-001 

Design of Erosion Protection layer of Rip rap 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.) 

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 
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The methods for overland flow calculations are same for top and side slopes of the cover. The 
results have been tabulated under Table IA 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 'L': Figure I shows the direction of drainage for 
cells 2, 3 & 4. Table IA 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 O.OOI 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: IV and the maximum value of drainage lengths for cells 2, 3 & 4 
have been considered (Table 2A). 

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

Time of Concentration of Rainfall. T~: 
Lo.11 Lo.11 

Tc= 0.00013 
80385 

hours= O.OOOI3 
80

_
385 

x 60mins (Ref: Equation 4.44 in NUREG/CR-4620) 

where, S = average slope of drainage basin and L = length of drainage basin in feet 
The percentage of I-hour precipitation is obtained by interpolating from Table 2.I ofNUREG/CR-
4620. The minimum value of Tc used in this table is 2.5 minutes. 

% PMP: The percentage for I-hour precipitation (PMP) is obtained by interpolating from table 2. I 
of NUREG/CR-4620. 

Rainfall Depth: 
Precipitation Amount (inches)= % PMP x PMP =%of I-hour precipitation x PMP (Ref: Eqn. 2. I, 
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 I {rainfall duration Tc (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 I-ft wide drainage basin 
A= Length of drainage basin (ft.) x width (ft.)= L x 1 sq. ft.= [ Lxl/(43560)] Acres 

Peak discharge per unit width for the drainage basin, q: 
By Rational method, q = CiA, where C, i & A have their usual meanings [q in cu. ft./sec (cfs), i 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, q~: 
qc (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) 

Depth of water, D: 
3 

Depth of water in ft., D = [ qc xFs]s (Ref: Eqn. 4.46, NUREG/CR-4620), where qc is in cu. ft./sec 
1.486 s 

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 

:. qc = V x (D x unit width) = V x D x I 

:. V(in ft./sec) = ~ 
Dx 1 

For all the calculations provided in Table IA and 2A for top of cover and side slopes respectively, 

V developed < V permissible 
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B: Calculation for Preliminary Size (Dso) of Rock Riprap used for Erosion Protection 

B.J Preliminary Size (Dso) ofRiprap 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 I 0%. The slopes along top of the cover for all the cells 2, 3 and 4 
do not exceed I 0%. Hence the Safety Factor method has been adopted to calculate the median 
diameter D50 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.I,"Development 
of Riprap Design Criteria by Riprap Testing in Flumes'', NUREG/CR-465I). For calculations to 
determine the riprap size for top of cover, a safety factor of I. I has been assumed and the D50 

corresponding to this safety factor has been computed. Table lB 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 : 

cose tan~ 
SF= . . ................... eqn. A1 (eqn. 3.5 ofNUREG/CR-465I) 

ri tan~+ sme cosP 

, [I + sin (A. + P) J ll = ll 
2 

.......................... eqn. B1 (eqn. 3.6 ofNUREG/CR-4651) 

2ho f I ll = ........................... eqn. C1 (eqn. 3.7 o NUREG CR-4651) 
(Gs - 1 )y w x D so 

't 0 =y wDS ........................................... eqn. D1 (eqn. 3.8 ofNUREG/CR-4651) 

COSA p = tan-1 e ................... eqn. E1 (eqn3.9 ofNUREG/CR-4651) 
2sin . 'l 
--+smf\, 
ll tan~ 

where, 
A, = angle between a horizontal line and the velocity vector compoment measured in the plane 

of side slope (refer to fig. 3.lofNUREG/CR-4651) 
e = side slope angle 
s = side slope = tan e 
~ =angle of repose (friction angle) of rock 
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=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-465I) 
Thus for A= 0: cos A= I, sin A= 0. 
Hence, equation 3.9 ofNUREG/CR-4651 can be reduced to 

-1[11 tan~ J p =tan . . ....................................... eqn E2 (eqn 3.10 ofNUREG/CR-465I) 
2sm8 

Also, equation 3.6 ofNUREG/CR-4651 can be reduced to 

Yw 

11'= 11[I + ~inp J .......................................... eqn. B2 

= 40° (see Table 3) 
= 2.48 (see Table 3) 

3 = 62.4 lb./ft 
The values for depth of water 'D' have been computed in Table IA. Table IB provides the 
preliminary D50 size for each of cells 2, 3 & 4 by varying the slope and the length of the drainage 
basin. 

D:iQ calculated by CSU method 
According to CSU method (Ref: NUREG/CR-4651, Phase-II), 
D50 = 5.23 x (slope)°-43 x (discharge)0.s6 

The results of D50 computed by CSU method have been included in table IB (values of discharge 
have been computed in table IA to compare with those obtained by Safety Factor method. 
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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 (5H: 1 V) have a value of S = 115 = 0.2 = 

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, D50 is given by the following equation (Ref: eqn. 
3.15, NUREG/CR-4651): 

where, qc 
e 
~ 

= Concentrated discharge in cu. ft./sec 
=Slope angle= tan-1 (S) = tan-1 (0.2) = 11.31° 
=Friction angle of the rock= 40° (see Table 3) 
=Relative Density of the rock= 2.48 (see Table 3) 
=Acceleration due to gravity= 32.2 ft./sec2 

=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 =Oliver's constant [1.2 for gravel and 1.8 for crushed rock] 
The results for qc from table 2A have been substituted into the above equation and the solution 
tabulated in table 2B. The value of D50 has been multiplied by the Oliver's constant K to insure 
stability. 

Dfill calculated by CSU method 
According to CSU method (Ref: NUREG/CR-4651, Phase-II), 
D50 = 5.23 x (slope)0

.4
3 x (discharge)0

.5
6 

The results of D50 computed by CSU method have been included in table 2B to compare with those 
obtained by Stephenson method. 
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C: Oversizing ofRiprap based on durability and Overall Riprap Thickness 

C.l Modification o_(Size (Dso) o(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 D50 obtained in 
tables lB and 2B has been multiplied with 1.25 to obtain a modified rock size D50 (tables IC 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 D50 value whereas according to the Stephenson method the riprap thickness should be at 
least 2 times the D50 value. The results based on the above recommendations are shown in tables 1 C 
and 2C respectively. 

RESULTS: 

Results of the calculations have been tabulated under tables IA, IB, IC, 2A, 2B, 2C respectively. 
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Project#: 6111-001 
Client: EFN, White Mesa 
Location: Blanding, Utah 

Overland Flow Calculations for Top Portion of the Cover 

Table 1A: Calculat!on tor Runoff and Flow parameters 

Maximum AYerage Dralnage Area Manning'• 1·hour Oetlgn 

Length ''L" Slope per n. run Roughn•H precipitation Storm 

Cell No of Drainage "S" A=Lx1n. Coetnclent amount 

Basin n 

(appx) 

ft tt.ltt. sq. rt Acres Inches 

1350 0.0080 1350 0.0310 0.03 7.76 PMP 
1350 0.0072 1350 0.0310 0.03 7.76 PMP 

2 1350 0.0070 1350 0.0310 0.03 7.76 PMP 
1350 0.0060 1350 0.0310 0.03 7.76 PMP 
1350 0.0050 1350 0.0310 0.03 7,76 PMP 
1350 0.0040 1350 0.0310 0.03 7.76 PMP 
1350 0.0030 1350 0.0310 0.03 7.76 PMP 
1350 0.0020 1350 0.0310 0.03 7.76 PMP 
1350 0.0010 1350 0.0310 0.03 7.76 PMP 

1100 0.0050 1100 0.0253 0.03 7.76 PMP 
1100 0.0040 1100 0.0253 0.03 7.76 PMP 

3 1100 0.0030 1100 0.0253 0.03 7.76 PMP 
1100 0.0020 1100 0.0253 0.03 7.76 PMP 
1100 0.0013 1100 0.0253 0.03 7.76 PMP 
1100 0.0010 1100 0.0253 0.03 7.76 PMP 

1250 0.0080 1250 0.0287 0.03 7.76 PMP 
1250 0.0070 1250 0.0287 O.Q3 7.76 PMP 

4 1250 0.0060 1250 0.0287 0.03 7.76 PMP 

1250 0.0057 1250 0.0287 O.Q3 7.76 PMP 
1250 0.0050 1250 0.0287 0.03 7.76 PMP 
1250 0.0040 1250 0.0287 O.Q3 7.76 PMP 
1250 0.0030 1250 0.0287 0.03 7.76 PMP 
1250 0.0020 1250 0.0287 0.03 7.76 PMP 
1250 0.0010 1250 0.0287 0.03 7.76 PMP 

Rainfall % of 1-hr. 
Duration preclpltafon 

(min.) 

2.5 27.5 

5 •5 
10 82 

15 7< 
20 82 
30 80 

<5 05 

80 100 

Table 2.1 of NU REG 4820 

WMARMOR2.XLS 

Date: June 1996 
Prepared by: KG 
Checked by: 

Time of 
Concenlrltlon,Tc 

C1loul1ted value Minimum Value 
(using Eqn.4.44, v1lu1,b1tod Uted 

NUREG <620) on table 2.1, 

NUREG 4620 
minutes minutes minutes 

12.88 2.5 12.88 
13.41 2.5 13.41 
13.55 2.5 13.55 
14.38 2.5 14.38 
15.43 2.5 15.43 
16.81 2.5 16.81 
18.78 2.5 18.78 
21.96 2.5 21.96 
28.67 2.5 28.67 
13.18 2.5 13.18 
14.36 2.5 14.36 
16.04 2.5 16.04 
18.75 2.5 18.75 
22.14 2.5 22.14 
24.49 2.5 24.49 
12.13 2.5 12.13 
12.77 2.5 12.77 
13.56 2.5 13.56 
13.83 2.5 13.83 
14.54 2.5 14.54 
15.85 2.5 15.85 
17.70 2.5 17.70 
20.69 2.5 20.69 
27.02 2.5 27.02 

Peak Concentrated 

%PMP Ralnfall Precipitation Runoff Flow Olscha~e Discharge Depth of Flow Permissible 
•%of Hiour Deplh Intensity Coe1Tlclent Concontra· per unit per unit water, "O" V1loclty.V: Vefoc!ty 
precipitation ·r "C" ion rt. width n. v.<dth (eqn. 4.'46, D!schargtt 

(T•bl• 2.1, Factor q •CIA q, NUREG <620) c.s. Area 

NUREG 4620 
Inches Inches/hr. cu.n.tsee. cu.n.Jsec. n. n.11ec. ft./5ec 

68.90 5.35 24.92 0.8 3 0.62 1.85 0.593 3.13 
70.18 5.45 24.37 0.8 3 0.60 1.81 0.604 3.00 
70.53 5.47 24.23 0.8 3 0.60 1.80 0.607 2.97 
72.52 5.63 23.48 0.8 3 0.58 1.75 0.624 2.80 
74.69 5.80 22.54 0.8 3 0.56 1.68 0.643 2.61 
76.90 5.97 21,30 0.8 3 0.53 1.58 0.664 2.38 
80.05 6.21 19.84 0.8 3 0.49 1.48 0.694 2.13 
83,37 6.47 17.68 0.8 3 0.44 1.31 0.731 1.80 
88.07 6.83 14.30 0.8 3 0.35 1.06 0.793 1.34 
69.63 5.40 24.60 0.8 3 0.50 1.49 0.599 2.49 
72.47 5.62 23.49 0.8 3 0.47 1.42 0.623 2.29 5-6 
75.67 5.87 21.96 0.8 3 0.44 1.33 0.652 2.04 
80.00 6.21 19,86 0.8 3 0.40 1.20 0.694 1.74 
83.50 6.48 17.56 0.8 3 0.35 1.06 0.733 1.45 
85,14 6.61 16.19 0.8 3 0.33 0.98 0.755 1.30 
67.12 5.21 25.75 0.8 3 0.59 1.77 0.577 3.07 
68.66 5.33 25.02 0.8 3 0.57 1.72 0.591 2.92 
70.53 5.47 24.23 0.8 3 0.56 1.67 0.607 2. 75 
71.18 5.52 23.97 0.8 3 0.55 1.65 0.612 2.70 
72.90 5.66 23.34 0.8 3 0.54 1.61 0.627 2.57 
75.35 5.85 22.14 0.8 3 0.51 1.52 0.649 2.35 
78.32 6.08 20.60 0.8 3 0.47 1.42 0.678 2 09 
82.48 6.40 18.56 0.8 3 0.43 1.28 0.719 178 
86.92 6.74 14.98 0.8 3 0.34 1.03 0.778 1.33 



TITAN ENVIRONMENTAL 

Project f: 15111·001 
Client EFN. ~lte Meu 
Loc:1tton: Blanding, Utah 

Rlprap Oulgn tor Top portion of the Cover 

Table 1 B: CalculaHon for preliminary sizing of rlprap, 050 

Specillc Bod Rook 

Slone of Channel Depth of Wtlpt'llOI Sheu Spec: I tic Angle of 

Cell No. s ' ftow,0 w•w Streu Grevly friction A ,. to•Y.,.OS G, • 
ft A\. <1•ore•s ft. lb./eutt b/9<1 ft ,,.~ .. df,nfHt 

0.0090 0.458 0.693 82.4 0.296 2.49 40 0 

0.0072 0.413 O.tl04 62.4 0.271 2.49 40 0 

2 0.0070 Q.401 0.607 62.4 0.266 2.48 40 0 

0.0060 0.3.U 0,82-4 62.4 0.233 2.49 40 0 

0.0060 0296 0.643 82.<I 0.201 2.49 40 0 

0.0040 0.229 0.864 62.4 0.166 2.49 40 0 

0.0030 0.172 0.894 62.4 0.130 2.48 40 0 

0.0020 0.115 0.731 62.4 0.091 2.48 40 0 

0.0010 0.057 0.793 152.4 0.049 2.48 40 0 

0.0050 0.286 0.699 62.4 0.187 2.49 40 0 

0.00"40 0.229 o.e23 e2.4 0.158 2.48 40 0 

3 0.0030 0.172 0.662 82.4 0.122 2.48 40 0 

0.0020 0.115 o.e94 e2.4 0.087 2.48 <O 0 

0.0013 0.074 0,733 82.4 0.059 2.48 40 0 

0.0010 0.057 0.755 62.4 o.047 2.48 40 0 

0.0080 0.458 0.677 62.4 0.299 2.48 40 0 

0.0070 0.401 0.591 82.4 0.258 2.48 40 0 

4 0.0060 0.344 0.607 62.4 0.227 2.48 40 0 

0.0057 0.327 0.812 62.4 0.218 2.48 40 0 

0.0050 o.2e6 0.627 82.4 0.196 2.48 <0 0 

0.0040 0.229 0.649 62.4 0.162 2.49 40 0 

0.0030 0.172 0.878 62.4 0.127 2.48 40 0 

0.0020 0.115 0.719 62.4 0,090 2.49 40 0 

0.0010 0.057 0.779 62.4 0.049 2.48 40 0 

Table 1C: Diameter of Rlprap mod!hd based on durability, and Overall R.!prae Thickness 

D~ Overtl.tlng Modified Thick no. Overall 

Slope of buedon Factor b.11 ted on DlO ot Rlprap Rlprap 

CeH No. channel S.11lery Roek Quality ;a~er layer Thlckneu 

s Factor (from previout ovu•l:lng •1.5x0~ 1ugge1ted 

Method report) 

""' lnche1 lnche• inchet lnchet 

0.0080 0.89 1.25 1.11 L67 

0.0072 0.92 1.25 1.02 1.53 

0.0070 0.80 1.25 0.88 1.48 

2 0.0080 0.70 1.25 0.88 1.31 

0.0050 0.60 1.25 0.75 1.13 

0.0040 0.50 1.25 0.82 0.83 

0.0030 0.39 1.25 0.49 0.73 

0.0020 0.28 1.25 0.34 0.52 

0.0010 0.15 1.25 0.19 0.28 

0.0050 0.56 1.25 0.70 1.05 

0.0040 0.47 125 0.59 0.87 

3 0.0030 0.37 1.25 0.46 Q.68 3 

0.0020 0.26 1.25 0.33 0.49 

0.0013 0.18 1.25 0.22 0.33 

0.0010 0,14 1.25 0.19 0.27 

0.0080 0.97 1.25 1.08 1.62 

0.0070 0.78 1.25 0.97 1.-45 

0.0060 0.88 1.25 0.85 1.28 

0.0057 0.66 1.25 0.82 1.23 

' 0.0050 o.&9 1.25 o.73 1.10 

0.0040 0.49 1.25 0.81 0.91 

0.0030 0.38 1.25 0.-48 0.71 

0.0020 0.27 1.25 0.34 0,51 

0.0010 0.15 1.25 0.19 0.27 

l/vMARMOR2.XLS 

D1te: June 1 ;ge 
Prepuad by: KO 
Checked by: 

cot & •lnB 

1.000 0.000 
1.000 0.007 
1.000 0.007 
1.000 0.006 
1.000 0.006 
1.000 0.004 
1.000 0.003 
1.000 0.002 
1.000 0.001 
1.000 o.oo• 
1.000 o.oo• 
1.000 0.003 
1.000 0.002 
1.000 0.001 
1.000 0.001 
1.000 0.008 
1.000 0.007 
1.000 0.006 
1.000 0.006 
1.000 0.005 
1.000 0,004 
1.000 0.003 
1.000 0.002 
1.000 0.001 

COi l. tin A tan+ 

1.000 0.000 0.939 
1.000 0.000 0.839 
1.000 0.000 0.839 
1.000 0.000 0.839 
1.000 o.ooo 0.839 
1.000 0.000 0.839 
1.000 0.000 0.839 
1.000 0.000 0.839 
1.000 0.000 0.839 
1.000 0.000 0.830 
1.000 0.000 0.839 
1.000 0.000 0.838 
1.000 0.000 0.838 
1.000 0.000 o.~9 

1.000 0.000 0.839 
1.000 o.ooo 0.839 
1.000 0.000 0.839 
1.000 0.000 0.838 
1.000 0.000 0~39 

1.000 0.000 0.838 
1.000 0.000 0.838 
1.000 0.000 0.839 
1.000 0.000 0.838 
1.000 0.000 0.839 

"" by " Safet-1 Faetof method ...,.,., .. 
0.89 0.074 0.907 
0.82 0.068 0.908 
0.80 o.oe6 0.910 
0.70 0.068 0.910 
Q.60 0.060 0.B12 
0.60 0.041 0.812 
0.39 0.033 0.909 
0.28 0.0~ 0.906 
0.16 0.012 0.812 

0.6il 0.0'7 0.811 
0.47 0.038 0.813 
0.37 0.030 0.913 
026 0.022 0.808 
0.18 0.016 0.912 
o.u 0.012 o.9oe 

0.87 0.012 0.908 
0.78 o.oes 0.808 
Q.68 0.057 0.812 
0.66 0.056 0.907 
0.59 0.049 0.812 
0.48 0.040 0.912 
0.38 0.032 0.911 
0.21 0.023 0.807 
0.15 0.012 0.809 

o .. 
Safety by CSU 

tanP p COi IJ "' Faetor method 

~ lnchet 

47.682 88.798 0.021 0.907 1.10 0.93 

62.920 88.917 0.019 0.908 1.10 0.87 

64.620 88.949 0.018 0.910 1.10 0.96 
83,63.C 89.100 0.016 0.910 1.10 0.79 

76.619 89261 0.013 0.912 1.10 0.72 
96.661 89.401 0.010 0.912 1.10 0.63 
127.126 89.649 0.008 0.909 1.10 0.63 
199,97& SUDS 0.006 0.906 1.10 0.42 
382.676 89.850 0.003 0.812 1.10 0.28 

76.411 88.260 0.013 0.811 1.10 0.67 

95.721 88.401 0.010 0.813 1.10 D.58 

127.661 88.661 0.008 0.913 1.10 0.50 

180.567 89.888 0.006 0.808 1.10 0.40 
294.198 88.805 0.003 0.912 1.10 0.31 

379.9·4" 89.849 0.003 0.906 1.10 0.27 

47.680 88:789 0.021 0.909 1.10 0.00 
6U50 88.948 0.018 0.908 1.10 0.84 
63.742 88.101 0.010 0.812 1.10 0.77 

68.776 88.142 0.016 0.807 1.10 0.75 

76.531 88.251 0.013 0.812 1.10 0.70 

86.62• 89,401 0.010 0.812 1.10 0.62 

127.413 89.6&0 0.008 0.911 1.10 0.52 

180.227 89.699 0.005 0.807 1.10 0.'1 

380.792 88.950 0.003 0.908 1.10 0.27 



TITAN ENVIRONMENTAL 

Overland Flow Calculations for Side Slopes of the Cover 

Table 2A Calculation for Runoff and Flow parameters 

Maximum Average 

Length, "L" Slope Drainage Area Manning's 

of Drainage "S" per ft. run Roughness 

Basin A=Lx11t. Coefficient 
(appx) n 

ft. ft.lft. sq. ft. Acres 

275 0.2000 275 0.0063 0.03 

Rainfall %of1·hr. 

Duration precipitation 

(min.) 

2.5 27.5 
5 45 
10 62 
15 74 
20 82 
30 89 
45 95 
60 100 

WMARMOR2.XLS 

Project#: 
Client: 
Location: 

1-hour 
precipitation 

amount 

inches 

7.76 

6111-001 
EFN, 'Nhite Mesa 
Blanding, Utah 

Time of 

Design Concentration, Tc 
storm Calculated value Minimum value 

(using Eqn.4.44, based on table 2.1, 
NUREG 4620) NUREG 4620 

minutes minutes 

PMP 1.10 2.5 

Date: June 1996 
Prepared by: KG 
Checked by: 

% PMP 

% of 1-hour 
Value precipitation 
used (Table 2.1, 

NUREG 4620 

minutes 

2.5 27.5 

Precipitation 

Amount 

Inches 

2.13 

Precipitation Runoff Flow 

intensity Coefficient Concentra-
"j" "C" tion 

Factor 

inches/hr. 

51.22 0.8 2 

Peak Concentrated Depth of Flow Permissible 

Discharge Discharge water, "O" Velocity,V = Velocity 

per unit per unit (eqn. 4.46, Qischarae (sec. 4.11.3 of 
ft. width ft. width NUREG 4620) c.s. Area (NUREG 4620) 
q•CiA "' cu.fl/sec. cu.ft.Isac. ft. ft./ sec. ft./ sec. 

0.26 0.52 0.105 4.93 5-6 



TITAN ENVIRONMENTAL 

Project#: 6111-001 
Client: EFN, White Mesa 
Location: Blanding, Utah 

Rlprap Design for Side Slopes of the Cover 

Table 2s· Calculation for preliminary sizing of riprap Pso 

Slope of Channel Angle of friction Concentrated Relative density 
for rock discharge per of Rock Porosity Type of 

s 8 $ unit ft. width, qc G, n, Rip rap 

ft.If!. degrees degrees cu. ft./sec 

0.200 11.310 40 0.52 2.48 0.3 gravel/pebbles 
0.200 11.310 40 0.52 2.48 0.3 crushed granite 

Table 2C: Diameter of Riprap modified based on durabilitv and Overall 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 = 2 x Dso suggested 
report) 

ft.If!. 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 

VVMARMOR2.XLS 

Stephenson 
Constant tan e 

c 

0.22 0.200 
0.27 0.200 

Date: June 1996 
Prepared by: KG 
Checked by: 

cos 8 tan$ 

0.981 0.839 
0.981 0.839 

Dso by Stephenson Method 
(Eqn. 4.28 of 

NUREG 4620) 

ft. inches 

0.22 2.70 
0.20 2.35 

Olivers Modified Dso based 
Constant Dso on CSU 

K method 
inches ft. 

1.2 3.235 1.81 
1.8 4.234 1.81 
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!!ll3LE 3 
WHITE MESA CHANNEL A ROCK APRON 
RIPRAP SIZING - STEPHENSON'S METHOD 

ENTER 
UNIT FLOW RATE •q• 
ROCKFILL POROSITY - n 
SLOPE ANGLE 
FRICTION ANGLE 

SPECIFIC GRAVITY OF ROCK 

4.27 CFS/FT 
0.3 

11.3 DEGREES 

~EGA§§~ 

B 

WITH 24% 
OVERSIZE 

D-100 (BASED ON 1.25xD50) 
D-50 

12.00 INCHES 14.aa· 
9:60 INCHES 12.6· 

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

UNIT FLOW RATE •q• 
ROCKFILL POROSITY - n 
SLOPE ANGLE 
FRICTION ANGLE 

SPECIFIC GRAVITY OF ROCK 

D-100 (BASED ON 1.5xD50) 
0-50 

ENTER 
3.26 CFS/FT 

~ 
11.3 DEGREES 

40 DEGREES 

2.48 

12.03 INCHES 
8.02 INCHES 

14.9" 
9_94• 



T-JJ!3LE '/ 
NRG SCORING CRITERIA FOR DETERMINING ROCK QUALITY 

WHITE MESA ROCK PROTECTION 

ROCK1YPE 
Limestone = 1 
Sandstone= 2 

Igneous= 3 

LABORATORY TEST 

Specific Gravity 
Absorption, % 
Sodium Sulfate, % 
UAAbrasion (100 revs),% 
Schmidt Hammer 
Tensile Strength, psi 

ROCK RATING,% 

RATING ANALYSIS: 

2] 

TEST 
RESULT 

2.48 
1.75 
0.60 
8.40 
0.00 
0.00 

55.741 

Critical Areas-REJECTED 
Oversizing, % = 

SCORE* 
SCORE WEIGHT WEIGHT 

4.60 6 27.60 
3.50 5 17.50 

10.00 3 30.00 
5.94 8 47.53 
0.00 13 0.00 
0.00 4 0.00 

Non-Critical Areas- OVERSIZING REQUIRED 
Oversizing, % = 24 

MAX. 
SCORE 

60.00 
50.00 
30.00 
80.00 

0.00 
0.00 
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1. INTRODUCTION 

FINAL 
STAFF TECHNICAL POSITION 

DESIGN OF EROSION PROTECTION COVERS FOR 
STABILIZATION OF URANIUM HILL TAILINGS SITES 

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. 11 In 1983, t~ 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-te:""m 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 he 1 p 1 i censees and app 1 icants meet Federa-1 guidelines, 
this STP describes design.practices the NRC staff has found acceptable 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 infonnation exists on designing covers to remain 
effective for 1000 years. Numerous exaaples can be cited where covers for 
protection of tailings e.bankments and other applications have experi_enced 
significant erosion over relatively short periods (lc::ss than 50 years). 
Experience with recla.ation of coal-•ini09 projects, TOr 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 e«ipirical data to the design of erosion protection covers. The design 
methods discussed here are based either Qn: (1) the use of doclaented 
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-tena stability applications. 

It should be emphasized that a standard industry practice for stabilizing 
tailings for 1000 years does not currently ~ist. However, standard practice 
does exist for providing stable channel sections. This practice is widely used 
to design drainage channels that do not erode when subj•cted to design flood 
flows. Since an embankment slope can be treated as a wide channel, the staff 
concludes that the hydraulic design principles and practice associated with 

1 



2.1.2 Long-Tenn 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 period, to the extent practicable, but in 
any case, for a •inietm 200-year period. ·The NRC staff has concluded that the 
risks froca tailings could be accoaaodated 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 4-0, 
Appendix A, Criteria l and 12. Criterion 1 of 10 CFR Part 4-0, Appendix A 
specifically states that: 11Tailings 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 caa·intenance is not necessary 
to preserve isolation. 11 

It is evident that remedial action designs are intended· to last f-0r a long 
time, without the need for active aaintenance. Therefore, in accordance with 
regulatory requiret1ents 1 the HRC staff has concluded that the goal of any 
design for long-term sta.bil ization io iaeet applicable design criteria should be 
to provide overall site stability for very long ti11e 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 specifi~ 
longevity requfn!Mnts. Such aaintanance includes even ainor mintenance, such 
as the addition of soil to saall rills and gullies. The question that 11ust be 
answered is whet.her longevity. is dependent on the aaintanance. If it is 
necessary to repair gullies, for exuple, to prevent their growth and ulticate 
eros 1 on into ta. 11 i ngs • t.Mn that u intenance is cons 1 de red to be active 
ma i ntenance. 

2.1.4 Radon Release Li•its 

Titles 4-0 CFR 192.02 and 10 CFR Part 40, Appendix A require that earthen 
covers be placed over tailings at the end of •illing operations to limit 
releases of radon-222 ~ not more than an aver~ge of 2Q picocuri•~ per square 

·meter per second (pCi/• s), when averaged over t~ entire surface of the 
disposal site and over at least a one-year period, for the control period of 
200 to 1000 years. Before placenH!nt of the cover, radon release .rat.es are 
calculated in designing the protective covers and barriers for uranium mill 
tailings. Additionally, recent regulations proaKJlgated under the Clean Air Act 

3 



design fo.llows 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. Determine 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). 

Step 3. 

The tc is usually a difficult para.meter to estimate in the design of 

a f"9Ck layer. Based on a review of the various methods for 

calculating tc, the HRC staff concludes that a iaethod such as the 

Kirpich method, as discussed by Nelson, ~t al. (1986, see Ref. 02), 

should be used. The tc may be calculated using the fonnula: 

where l = drainage length (in miles) 

H = elevation difference (in feet) 

O~tenaine Probable Haxi=Ut!l Flo Jd (P"4F) and Probable Maximum 

Prec1p1ta.tian (PM?). 

Techniques for PMP determinations have been developed for the entire 

United States, primarily by the National Oceanographic and 

Atmospheric Administration, in the form of hydromet.corological 

reports for specific regions. Tlwse techniques are COftrl'IOnly accepted 

and provide straightforward procedures for asses!'>ing rainfall 

po~ential, with minimal variability. Acceptable methods for 
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determining the total magnitu~ of the PMP and various PHP 

intensities for specific times of concentration are given by Nelson, 

et al. (1986, see Ref. 02, Section 2.1). 

Step 4. Calculate peak flow rate. 

Step 5. 

The Rational Formula, as discussed by Helson 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: 

Oetennine rock size. 

Using the peak flO'tot rate calculated in Step 4, the required 050 may 

be determined. ·Recent studies performed for the HRC staff (Abt, 

et al., 1988, see Ref. 03) have indicated that the Safety Factors 

Hethod is llOre applicable for cesigning N?CK for slopes less than 10 

percent and that the Stephenson Method is mq_re applicable for slopes 

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

justified. 

2.3 Recoanendations 

Since it 1s unlikely that clogging of the riprap 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 perfortn{!d for the NRC staff 

by Abt, et al. (1987, see Ref. 04). 

It 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 models, such as the Safety Factors Kethod, provide stability 
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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. 

04). 

2.4 Example of ProceduN! 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: 

Step 2. 

Al = (1000) (1) I 43560 = 0.023 acres 

A2 = (1000 + 250) (1) I 43560 = 0.029 acres. 

The tcs are individually computed for the top and side 

slopes, using the Kirpich Hetho~, as discussed by Nelson, et al. 

(1986, see Ref. 02). 

tc = [(ll.9)(L)3/H]" 385 

For L = 1000 feet and H = 20 fe~t. 

tc = 0.12 hours= 7.2 minutes for the top slope 

For L = 250 feet and H = 50 feet, 

tc = 1.0 minut~ for the side slope. 
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Step 3. 

Step 4. 

Step 5. 

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

8.2 minutes. 

The rainfall intensity is determined using procedures discussed 

by Nelson, et al. (1986, see R~~- 02). baseq 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 incre«iental PHPs are based on a 

one-hour PMP of 8.0 inches for northwestern N~ Mexico and were 

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

02). 

Rainfall intensities, for use in the Rational Formula, are computed 

as follows: 

i 1 = (60)(4.2)/7.2 = 35 inches/hr for the top slope 

i 2 = (60)(4.5)/8.2 = 33 inches/hr for the side slope. 

Assuming a runoff coefficient (C) of 0.8, the peak flow rates are 

calculated using the Rational Formula, as follO'ftS: 

Ql = (0.8} (35) (0.023) = 0.64 cfs/ft, for the top slope, and 

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

Usi09 tll4 Safety Factors Kethod, the require-0 ro<:k size for the 

pile top slope is calculated to be: 

050 = 0.6 inches. 

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

slopes is calculated to be: 
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050 = 3.1 inches. 

2. 5 Limitations 

The use of the aforetnentioned procedures is widely applicable. The 

Stephenson Method is an empirical approach and is not applicable to gentle 

· slopes. The Safety factors Method is conservative for steep slopes. Other 

methods may also be used, if properly justified. 

3. RlPRAP DESIGN FOR DIVERSION CHANNELS 

3.1 Technical Basis 

The Safety Factors Method or other shear stress methods are generally 

accepted as reliable methods for determining riprap requirements for channels. 

These methods are based on a COtnParison of the stresses exerted by the flood 

flows with the allowable stress permitted by the ~ck. Ooc~nted methods are 

readily available for determining flow depths and Manning un" values. 

3.2 Design Procedures 

In d4!sign1ng the riprap for a diver1ion channel where there a~ no 

particularly difficult erosion considerations, the design of the erosion 

protection is relatively straightforward. 

1. The Safety fact.ors ~th<Xi or other shear st~ss snethods 111a.y be used 

to detenDine the riprap requirements. 

Z. The peak shear stf'Css should be used for design purposes and can be 

deterE.ined ty substituting the value of the depth of flO'wi (y) in thQ shear 
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6. OVERSIZING OF MARGINAL-QUALITY EROSION PROTECTION 

6.1 Technical Basis 

The ability of scene rock to surviv~ without significant degradation for 

long time periods is well-.documented by archaeological and h1storic evidence 

(Lindsey, et al., 1982, see Ref. 013). 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 durQbility of erosion protection materi~ls, the 

N~C staff has relied principally on the results of durability tests at several 

sites and on information, analyses, and methodology presented in HUREG/CR-4620 
(Nelson, et al., see Ref. 02). 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 ~ay not be sufficiently flexible to all()\o( 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 quality 

by only a small amount. This ~ay be very iiaportant, since the selection of a 

particular rock type and rock size depends on its quality and where it will be 

placed on the embankment. 

Based on HRC staff revie-« of the actual field data, the methodology 

previously derived has been IJl(Jditied to incorporate additional flexibility. 

These revisions include modifications 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 aJ!lount of oversizing required. 
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Based on an examination of the actual f1eld perfonnance 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 singlemost important factor in rock 

deterioration was the presence of smecti-~s 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 Des ·i gn Procedures 

Design procedures and criteria have been developed by the HRC staff for 

use in selecting an<f evaluating rock for use as riprap to survive long time 

periods. The methods are considered to be flexible enough to accommodate a 

wide range 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 detennine 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, if necessary. 

6.2.l 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 th~ 

rocl<..s. Several durability tests should be perfonr.ed to classify the rock as 

being of poor, fair (inten11ediate), 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 ~thods for final sizing of the T"Qck(s) selected for inclusion 

in the design. Procedures for determining the T"QCk quality and determining a 

rock quality "scor~" are developed in Table DL 
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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 .area' where freeze/thaw and '«et/dry 

cycles occur less frequently. The amount·of overshing to be applied will also 

·depend on where the rock will be placed and its importanc• to the overall 

performance of the recl.am.ation design. For the purposes of rock oversizing. 

the following criteria have been developed: 

A. 

B. 

Critical Areas. 

Rating 

80-100 

65-80 

These areas include, as a mini~U11. frequently­

saturated areas, all channels, poorly-drained toes and 

aprons, control structures, and energy dissipation 

areas. 

No Oversizing Heeded 

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

percent increase in rock diameter. For example, a rock with 

a rati~ of 70 will require oversizing of 10 percent. (See 

exasaple of procedure application, given in Section 6.4, p. 

0-28) 

Less than 65 - Reject 

Non-Critical A~~5. Th~se areas include occasionally-saturated 

a~daS, top Jlop~~. side slopes, and ~11-drained 

toes and aprons. 
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Rating 

80-100 

50-80 

No Oversizing Heeded 

Oversize using facto.r of (80-Rating), expressed as the 

percent increase in rock diameter 

Less than 50 - Reject 
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'1"0LE Ul 

Scoring Criteria· for Deterilining Rock Quality 

Weighting Factor 
Laboratory 

Test Lines tone Sandstohe Igneous 

Sp. Grav Hy 

Absorption, ~ 

Sod1Ull 
Sulfate, % 

12 

13 

L/A Abrasion 
(100 revs), % 1 

Sch~idt Hanner 11 

Tensile Strength, 
ps1 6 

6 9 

5 2 

3 11 

8 1 

13 ? . 
10 

Score 
7 6 5 10 9 8 

Go·oa Fair 

2.75 2.70 2. 65 2. 60 2.55 . 2. 50 . 

.1 . 3 .5 .67 .83 1. 0 

1.0 3.0 5.0 6.7 8.3 10.0 

1.0 3.0 5.0 6.7 8.3 10.0 

70.0 65.0 60.0 54.0 47.0 40.0 

1400 1200 1000 833 666 500 

3 2 1 0 
Poor 

2. 45 2.40 2.35 2.~o 2.25 

1.5 2.0 2.5 3.0 3.' 

12.5 15.0 20.0 25.0 30.0 

12.5 15.0 20.0 25.0 30.0 

32.0 24.0 16.0 8.0 o.o 

~00 300 200 100 0 

l. 
scores were derived frOJI Tables 6.2. 6.5. and 6.7 of HUREG/CR-2642 - •Long-Terti Survivability of Riprap for Annnring 
uraniulll Hil1 Tailings and Covers: A Literature· Review.• 19.82 (see Ref. 013). 

2. 

3. 

weighting factors are derived fro~ Table 7 of •petrographic Investigations of Rock Durability and co~parisons of 
Various Test Procedures. by 6. W. OuPuy. En~ineering ... GeoloS,l. July. 1965 {see Ref. 015). Weighting factors are 
based on inverse of ranking of test methods or eacn rock type. Other tests nay be used; weighting factors for · 
these tests ~Y be derived using Table 7. by counting uprlll'ard fro11 the botto11 of the table. / / 
Test ~thods should be standardized. if a standard test is available and .should be those used fn HUREG/CR-264{(see 
Ref. 013), so that proper correlations can be asade. This is particularly f~portant for the tensile strength test 
where several methods IM1Y be used; the r>ethod discussed by Hilsson (1962. see Ref. 016) for tensile strength °"as • 
used in the scoring procedure. 
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6.3 Recommendations 

Based on the performance histories of various rock types and the 

overall intent of achieving long-t~rm stability, the following recommenda­

tions should be considered in assessing rock quality and determining 

riprap i"equi rements for a .Particula·r design. 

1. The rock that is to be used should first be qualitatively rated at least 
11 f.air11 in a petrographic examination conducted by a geologist or. engineer 

experienced fo petrographic analysis. See NUREG/CR-4620, Table 6.4 (see 

Ref. 02), for general guidance on qualitative petrographic ratings. In 

addition, if a rock contains smcctites or expanding lattice clay minerals, 

it wfll not be acceptable. 

2. An occasionally-saturated area is defined as an area with underlying 

filter blankets and slopes that provide good drainage and are steep enough 

to preclude ponding, considering differential settlement, and are located 

~11 above normal groundwater levels; otheni<ise, the area is classified as 

frequently-saturated. Natural channels and relatively flat man-made 

diversion channels should be classified as frequently-saturated. 

Generally, any toe or apron located bek"' grade should be classified as 

frequently-saturated; such toes and aprons are considered to be 

poorly-drained in 110st cases. 

3. Using the scoring criteria given in Table 01, the results of a durability 

test determines the score; this score is then multiplied 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. 

4_ For final selection and oversizing, the rating may be based on the 

durability tests indicated in the scoring criteria. Other tests may also 
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be substituted or added, ~s appropriate, depending on rock type and site­

specific factors. The durability tests given in Table 01 are not intended 

to be all-inclusive. They represent some of the more coanonly-used tests 

or tests where data may be published or readily-availa.bl•. Designers may 

wish to use other tests than those presented; such an approach is 

acceptable. Scoring criteria may be developed for other tests, using 

procedures and references recoaxnended in Table 01. Further, if a rock 

type barely fai.ls to meet minimuai 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 ~ightihg factors, depending 

on 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 in the scoring 

criteria for that rock type. 

5. The percentage increase of oversizing should ~ applied to the diameter of 

the rock. 

6. The oversizing calculations represent 11dni11um increases. Rock sizes as 

·large as practicable should be provided. {It is asst.JMe<i, for exacple, 

that a 12-inch layer of 4-inch rock costs the sa.e as a 12-inch layer of 

6-inch rock.) The thickness of the rock la.yer should be base<i on the con­

struct.ability of the layer, but should b• at least 1.5 x o5J. Thicknesses 

of le~s than 6 inches ~ 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 wi11 be used. The rock has been 

rated "fair" in a petrographic .::xaminat~on. R2prescntative ust results <!.re 

given. COl'tlpute the amount of oversizing necessary. 
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Using the scoring criteria in Table 01, 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 so 
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 

. Tot.al s 390 

The final rating is computed to be ~~2/390 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 Limitations 

The procedure previously presented is intended to provide an approximate 

quantitative method of assessing rock quality and rock durability. Although 

t~ procedure should provide rock of reasonable quality, additional data and 

studies are needed to establish performance histories of rock typ~s 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 USSR 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 st<ibility of a reclaimed Llilings pile for a design life of 200 to 

1000 years. These tests are primarily 1ntended to determine acceptability Of 

rock for various construction purposes for design lifetimes much shorter than 

1000 years. Therefore, although higher;scores give a higher ~egree of 

.confidence that significant deterioration will not occur, there is not complete 

assurance that deterioration will not occur. Further, typical construction 

projects rely on planned maintenance to correct deficiencies. It follows, 

then, that there is also less assurance that the oversizing methodology will 

actually result in rock that will on~y 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 tM 

assist<ince of contractors. However, in keeping with the Management Position 

(USNRC, 1989, see Ref. 017}, 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 = (X 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 
= 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
fal l 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 surmiarizes these rainfall 
events for 6 and 24-hour storms occurring over a 10 square mile area. It 
is interesting to note that a 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 gu11y across the top of the gully at the point of 
maximum depth can be estimated frcxn Figure 4.5. Having canputed the maxi­
mum depth, Oniax• and knowing the uniformity coefficient, Cu, the top 
width is estimated to be approximately 5.6 feet. However, the gully width 
wil 1 widen over time to where the gully side wal 1 stands at an angle less 
than the angle of repose of the cover material. 

4.2 EMBANKMENT ANO SLOPE STABILIZATION USING RIPRAP 

Rock riprap is one of the most economical materials that is co:nmonly 
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 placenent 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 renoval of material 
fran the impoundment due to shear forces developed by water flowing paral-
1 el 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.l Zone Protection 

The design requirements for placing 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 frcxn tributary 
drainage. The four areas or zones of concern are presented in Figure 4.6 
and include: 

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

2. Zone II: This is the area along the side slope which renains in 
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 III: 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 s1z1ng 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 riprap will fail. 
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where d50 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 value~ will 
increase and may range from 0.07 to 0.09 or higher. {Abt and Ruff, 1985 
and COE, 1970). 

Table 4.2. Manning Coefficient, n. 

Channel Material Manning Coefficient, n 

Fine sand, colloidal 
Sandy loam, non-colloidal 
Silt loam, non-colloidal 
Alluvial silts, non-colloidal 
Ordinary firm loam 
Volcanic ash 
Stiff clay, very colloidal 
Alluvial silts, colloidal 
Shale~ and hardpans 
Fine gravel 
Graded loam to cobbles, non-colloidal 
Graded silts to cobbles, colloidal 
Coarse gravel, non-colloidal 
Cobbles and shingles 

Source: Morris and Wiggert, 1972. 

4.8 COVER EROSION RESISTANCE EVALUATION 

0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.025 
0.025 
0.025 
0.020 
0.030 
0.030 
0.025 
0.035 

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. 
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{b) Applying the Rational Method for tributary areas that are less 
than approximately one square mile in area. 

The Rational fonnul a is conmonly 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 characteriza'tion of the drainage basin, i is the 
rainfall intensity expressed in inches per hour and A is the tributary area 
expr·essed in acres. When a unit width approach is taken, the area f\.i is 
the slope(s) length times the unit width. Therefore, Equation 4.42 would 
be presented as 

q = CiJ'lw (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 Care 
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 Val ue of C 

Flat cultivated land, open sandy soil 0.20 

Rolling cultivated land, clay-loam soil 0.50 

Hill land, forested, clay loam soil 0.50 

/Sl:eep, impervious slope 0.95 

Source: Lindsley, et al, 1958. 

The selection of a coefficient value requires considerable judgment as 
it is a tangible aspect of using the rational fonnula. 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 reconmended that a runoff coefficient 
of 1.0 be used for PMF applications in very small watersheds since the 
effects of localized storage and infiltration will be small. 

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

Watershed Cover 

Soil Type Cultivated Pasture Woodlands 

With 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 

0.00013 
L 0. 77 

5o.3ss 
(4.44) 

where L is the length 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 Surf ace 

Pavement--asphalt or concrete 

Gravel, fran clean and loose to 
clayey and compact 

Roofs 

Lawns (irrigated) sandy soil 
Fl at, 2 percent 
Average, 2 to 7 percent 
Steep, 7 percent or more 

Lawns (irrigated) heavy soil 
Fl at, 2 percent 
Average, 2 to 7 percent 
Steep, 7 percent 

Pasture arrl non-irrigated lawns 
Sand 

Bare 
Light vegetation 

Loam 
Bare 
Light vegetation 

Clay 
Bare 
light vegetation 

Composite areas 
Urban 

Single-family, 4-6 units/acre 
Multi-family, >6 units/acre 

Rural (mostly non-irrigated lawn area) 
<l/2 acre - l acre 
1 acre - 3 acres 

Industrial 
Light 
Heavy 

Business 
Downtown 
Neighborhood 

Parks 

Source: ASCE, 1970 and See1ye, 1960. 

Runoff Coefficients 

Range Recanmended 

0.70-0.95 0.90 

0.25-0.70 0.50 

0.70-0.95 0.90 

0.05-0.15 0.10 
0.15-0.20 0.17 
0.20-0.30 0.25 

0.13-0.17 0.15 
0.18-0.22 0.20 
0.25-0.35 0.30 

0.15-0.50 0.30 
0.10-0.40 0.25 

0.20.:..0.60 0.40 
0.10-0.45 0.30 

0.30-0.75 0.50 
0.20-0.60 0.40 

0.25-0.50 0.40 
0.50-0.75 0.60 

0.20-0.50 0.35 
0.15-0.50 0.30 

0.50-0.80 0.65 
0.60-0.90 0. 75 

0.70-0.95 0.85 
0.50-0.70 0.60 
0.10-0.40 0.20 
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designed for and applicable to small drainage basins (Kirpich, 
1940). 

(b) Using the Soil Conservation Service (SCS) Triangular Hydrograph 
Theory (DOI, 1977)> the time of concentration is 

01.g L~~)..tuL, USNRC \I'\ 1'j\ 
tc H '-\F=~Sl6ft \~v-l.-(4.45) -

r~ l>~ ~~~r~~ 
~~~ ~~\~ 

where L is the length (miles) of the longest wa ercourse from the ~{-· 
point of interest to the tributary divide, His the difference in (l<\°t-o\ 
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 detennined, the 
rainfall depth can be co:nputed 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 fonnat 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 \'tlich,a co:nposite inflow hydro­
graph is determined and is routed along the channel. Fran 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 enbankment slope can be esti­
mated by solving the Manning fonnula 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 

y - n 
[ 

Q J 3/5 
- 1.486 s172 

(4.46) 

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

Voesign = 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 fran 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 discharge and volume of runoff exceed design levels and 
increase the erosion potential. 

Abt and Ruff (1985) conducted a series of flume experiments on a l V: SH 
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 canpared to the 
total discharge over the embankment by 

l 
CF=----- (4.48) 

l - (QC - Q) 

where CF is the concentration factor, Oc 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 p:::iint is a function of 
the amount of precipitation, the tributary drainage area, the slope of the 
drainage basin, the basin contouring, the cover mater~al 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 p:::itential 
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 vkien 
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 is 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 s1z1ng 
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. 

It 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 pennissible velocities in erodible channels. 

Channe 1 Materi a 1 

Fine sand, colloidal 
Sandy loam, non-colloidal 
Silty loam, non-colloidal 
Alluvial silts, non-colloidal 
Fi rm 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 

Source: Lane 1955. 

Water Transporting 
Co11oida1 Silts 

v (ft/sec} 

2.50 
2.50 
3.00 
3.50 
3.50 
3.50 
5.00 
5.00 
6.00 
5.00 
5.00 
5.50 
6.00 
5.50 

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

Material 

Very light sand of quicksand character 
Very light loose sand 
Coarse sand to light sandy soil 
Sandy soil 
Sandy loam 
Average loam, alluvial soil, volcanic ash 
Firm loam, clay loam 
Stiff clay soil, gravel soil 
Coarse gravel, cobbles and shingles 
Conglo~erate, cemented gravel, soft slate, 

tough hardpan, soft sedimentary rock 

Source: Lane, 1955. 

Velocity 

(ft/sec) 

0.75 to 1.00 
1.00 to 1.50 
1.50 to 2.00 
2.00 to 2.50 
2.50 to 2.75 
2.75 to 3.00 
3.00 to 3.75 
4.00 to 5.00 
5.00 to 6.00 

6.00 to 8.00 
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Therefore, the pennissible 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 C001pact 

Principle Cohesive Velocit) Vel ocit) 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: Lane, 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 pennissible 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 lV:lOH. It is 
proposed that the cap will be cooiposed 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 JX)tential 
velocities that may result on the cap. 
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In order to assess the stabilization of the cap again~t 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 fol~owing 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; i; 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 1-hr, 
l-mi2 local storm PMP value and adjusting the rainfall depth in ac~or­
dance with the percentages presented in Table 2.1. For northwest New 
Mexico, the 1-hr, l-mi2 PMP is estimated to be 9.5 inches after the 
appropriate elevation and area adjustments are performed. 

The time of concentration, tc, should be estimated. Using Equation 
4.44, the tc can be estimated where the longest flow path is approxi­
mately 450 feet as 

tc 0.00013 
( 450) o. 77 

= 

(0.024)0.385 
(4.49) 

and 

tc 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 1-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 
= 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 di vi ding by 43 ,560 square 
feet/acre resulting in an area of 0.0103 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 

m..:: o-o~°ls-(d.:so)Y.c 

n = 0.0395 (0.125) 116 = 0.028 (4.54) 

The depth of flow is then computed to be 

or 

y 
( 0 • 5 7 ) 0 . 0 28 

1.486 (0.024) 112 

3/5 

y = (0.202 ft) (12 in/ft) 

0.202 feet 

2.42 inches 

The design sheet f1ow velocity is calculated using Equation 4.47. 

0. 57 
v 2.82 feet/sec 

(1.0)(0.20) 

(4.55) 

(4.56) 

(4.57) 

. ~ 
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<!!;~'0:·57· is the unit discharge, 1.0 is the width of flow 
1

';-'-is the depth of flow in feet. It should be noted that the 
tion factor was not incorporated into this conputation. 

4.11.3 Cover Pennissible Velocity 

in feet and 0.20 
fl ow concentra-

The penni ssib l cit for th red with ravel has been 
detenn1n to be 5.,0-6.0 feet/sec as presented in Table 4.8. Since the 

Cies1gn sheet flow velocity was calculated to be 2.9 feet/sec, the cover 
should be able to withstand the design flow. 



Development of 
Riprap Design Criteria by 
Riprap Testing in Flumes: 
.Phase I 

Manuscript Completed: October 1986 
Date Published: May 1987 

Prepared by 
S. R. Abt, M. S. Khattak, J. 0. Nelson, J. F. Ruff, 
A. Shaikh, R. J. Wittler, Colorado State University 
0. W. Lee, N. E. Hinkle, Oak Ridge National laboratory 

Colorado State University 
Fort Collins, CO 80523 

Under Contract to: 
Oak Ridge National laboratory 
Oak Ridge, TN 37831 

Prepared for 
Uranium Recove.rv Field Office 
Region IV - Box 25325 
U.S. Nuclear Regulatory Commission 
Denver, CO 80401 
and 
Division of Waste Management 
Office of Nuclear Material Safety and Safeguards 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 
NRC FIN A9350 

NUREG/CR-4651 
ORNL/TM-10100 



18 

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 

from failure; 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, Sr, is: 

SF 
cos 8 tan¢ 

(3.5) 
r;' tan¢ +sin 8 cos f3 

where 
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", " " [-[l_+_s_i_n _~_A._+_f3_)_J J 
(3.6) 

21 To 
lJ = -----

( Gs -1) l' 050 (3.7) 

T 0 = l' OS 
(3.8) 

and 

-1[ COS>,. J f3 = tan 
(2 sine)/{11tanct>) +sin>-. (3.9) 

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

and f3 is the angle between the vector component of the weight, Ws, 

directed down the side slope and the direction of particle movement. The 

angle, <t>, is the angle of repose of the riprap, T
0 

is the bed shear stress 

(Simons and Senturk, 1977), 050 is the representative stone size, 

Gs is the specific gravity of the rock, D is the depth of flow, Y is the 

specific weight of the liquid, Sis the slope of the channel, and lJ 1 and 1J 

are stability numbers. In Figure 3.1, the forces F1 and Fd are the lift 

and drag forces, and the moment arms of the various forces are indicated by 

the value ei 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. Riprap stability conditions as described in the Safety Factors 
Method. 
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horizontal is small (i.e., 'A O) • For this case, the above equations 

reduce to: 

~ 
tan <P 

(3.10) tan (3 
2 sin e 

and 

[ 2 
(SF)2 l cos 0 

Sm -
(3.11) 17 = 

(SF) (S~) 

where 

tan <t> 
(3.12) Sm = 

tan e 

The term Sm 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 = Sin [S2 i sec2 e + 4) 0•5 -S .11 sec e] (3.13) 
2 m m 

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: 

SF 
cos a tan <P 

(3.14) 
17 tan <1> sin a 
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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 050. 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. In cases where the Safety Factors 

Method is used to design riprap along embankments or slopes steeper than 

4H:1V, it is reco!lll1ended 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 

rockfi~l 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 

(np), the acceleration of gravity (g), the relative density of the rock 
~---

(Gs), the angle of the slope measured from the horizontal (e), the angle 

of friction (<t>). and the empirical factor (C). -------· 
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The stone or rock size, 050. is expressed by Stephenson as 

7/6 1/6 

=Le 
J 2/3 

q(tan e) np 
(3.15) 0 

50 1/2 - tan 8 )]
513 g [1-n )(G -1) cos 8 (tan~ p s 

where the factor C varies from 9__:__?2 for gravel and pebbles to 0.27 for 

crushed granite. The stone size calculated in Equation 3.15 is the 

representative diameter, 050, at which rock movement is expect~d J~-r:: 
,.-, .... 

unit discharge, q. The representative median stone diameter (Dsor·_is· 
1•' . 
! '·· 
. ~-

then multiplied by 01 i vi ers' constant, K, to insure stability. Oliviers' . ··.· 
" 

constants are 1.2 for gravel and 1.8 for crushed rock. 

should be well graded and at least two times the Dso in thickrie~~- A 

bedding layer or filter should be placed under the rockfill. 
'·· 

The Stephenson Method does not account for uplift of -the stones due to 
;. -·~ ·, 

emerging flow. This procedure was developed for flow over and through 

rockfill on steep slopes. Therefore, it is recof'.111ended that the Stephenson 

Method be app 1 i ed as an embankment stabilization for overN ow or sheetfl 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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by «lllrding pressure solution and 1he fonna1ion of quam o>•crgmv'1lis. Fluid llow • 
1hroug~ sa~lones <na_Y also enhance porosi1y by dissolving earlier-formed ttmcals : 
or dctntal mmeral ~ns. 

12.4 PERMEABILITY 

. Pennca.bili1y is a ~sure of 1he case wi1h which a fluid ftows through a rod'.. 
ll 1s ~fined ~y an cmponcal relationship first recognized by the French hydrologist ~ 
Henn Darcy m 1856 and may be wriucn 

wbcfe V = apparent velocity (an/s) 
Q = discharge (cm'/s} 
A = cross-sectional area {an~) 
k =.permeability (dareies =cm' X 10"') 

JL = fluid viscoiity (ccntipoises, gm/cm s X 10-') 
I = distance of flow (cm} 

P = pressure ( dyoes/ cm'}; this tenn consists d. · 
both a fluid pressure tenn and a gravitation.ti 
accc1cratioo term. 

Pcnncabi1itlcs to water or more than 500 darclcs have been measured in modern 
river sands: in ancient rocls pcnneabilitics to air range from a high of several 
darcies in coarser sandstones to a measured low or w- · · darcy in a shale. The 
median permeability of petroleum l"escrvoirs is on the order or 0.1 darcy (100 md). 

Permeability is normally determined in the laboratory by sealing the side 
of the cylindriC31 rock core. removing any oil in the core with a solvent. and forcing 
air longitudinally through the core. Thus penne.abili1tcs ordinarily r-cponed in core 
analysis refer to the pcrmc.abilily to dry air at atmospheric pressure. The per­
meability to freshwater. brine., or pctrokum m:ay be much less, depending on the 
mineral composition of the rock.. parttcularly the amount and type of clay minerals 
it contains (sec below). Unfortunately. the: accuracy of core analysis for determining 
pcnnea.bility is somewhat illusory. When a core is removed from the subsurface. 
.all confining forces arc removed and the rock matrix. expands in alt directions. 
partially changing the pore radii and tluid flow paths inside the core. Increases in 
permeability of more than 100/. ha"" been doeumenled (Fatt and Davis, 1952) . 
Presumably the pcrcenlllge increase depends largely on the depth at which the core 
~ taken and on the mineral composition of the core. particularly its content of 
clay and mica. 

Subsurface measurements of permeability can be made by using scmicmpirical 
clo:tric logging techniques, but ermrs of 100/. are possibk. A better method in use 
in petroliferous rocl:s is to detennine the output of a well under a l:nowo pressure 
dn.wdown or to interpret pressure buildup dalll during a drill-stem tcsL The 
drill-stem test has the advanlllge thal it represents the effceti\'C permeability of a 
luge volume of rock under in situ condi.tions. 

Depositional penneability is greatest in a direction either parallel to the bed­
ding or at a small angle to it because of grain oricnllltions. mieaecous folia1ions 
produced during deposition of the sedimeni. and vertical changes in grain size 
within the rod: uniL Johnson and Hughes (1948} examined 33 Dewnian 6il sands 
in New Y orl: and Pennsylvania and found variations in permeability averaging 
JOY. in the plane of the bedding, with diffcrcnecs being less pronounced in sands of 
highc< penneabilities. Griffiths (1949) observed that sand grains arc normally 
imbricatcd at a low angle to the bedding and, therefore. planes parallel to the 
bedding arc projections of sections through the individual grains on a plane that 
lies at varying angles to varying imbrications. Small variations in grain shape would 
result in large differences on the projection plane. He found greatest pcnneabilities 
in th= cores a1 a low angle 10 the bedding and attributed the resull to the cxistcna: 
of grain imbrication in the sandstones. Mast and Potter (1963) studied pcnncab.ili­
tics in the bedding plane of 13 Carboniferous sandstones and concluded. that 
variatioos in penncability as a result of fabric "arc extremely small." Oearly it is 
dillicult to generalize about directional permeability beyond the statement that it 
is least in a direction approximately normal to bedding. 

In some units. however. jointing oc miaofaulting can increase permeability 
perpendicular to bedding by orders of magnitude (Nelson and Handin, 1977}. 
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in the sand and undercompaction of the mud (Sec. S.12). The effect of day miner­
alogy on «>mpaction of muds can be traced primarily to the pr=ncc of uncctitcs 
or interlaycrcd smcctite-illite days. Smcctitic days C<>ntain more watcr than initic 
or b.olinitic days and resist «>mpaction of the mud. 

Burn (1969) has suggested that the «>mpaction of clays proceeds in three main 
stages_ In the first. pott-watcr and water interlaycrs beyond two arc rcmO\'Cd by the 
actioo of overburden pressure. At the time of deposition muds may have water 
contents on the order of 70 lo 90/.. After a few thousand feet of burial the mud 
retains only about 30/. watcr by volume, of which 20 to 2S/. is interlayer water 
and S to IO/. is residual pore water. In the SCC<>nd stage. pressure is relatively 
ineffective as a dehydrating agent. Dehydration proceeds by heating, which ccmovcs 
anothcc 10 to IS/. of the water. Tbc second stage begins at temperatures close to 
80"C and may be accompanied by diagenctic changes in clay mineralogy. Sina: 
this is also the tcmpcrat!'fC at which organic matter matures to petroleum (Sec. 9-2), 

is possible that cxplusion of water during the third stage of clay rccrystallizatioo 
also the cause of the •primary• migratioo of petroleum from source to reservoir 

rods. The third stage of dehydration is also controlled by temperature but appar­
ently is also very slow, requiring tens to hundreds of years to reach completion. 
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fotalayu water is removed completely, leaving only 1 few percent of pore water 

in the mudrod:. 

Authigenesis 

Authigenic: minerals in sandstones arc dominantly cak.itc and quartz cements 
but may also be clay minerals (Chap. 9). Authigcncsis in both sands and muds is 
C..vorcd by increasing compaction, temperature, and salinity, all of which accom­
pany increased depth of burial. The relationship between burial depth and the 
formation of secondary crowths on dctrital quartz crains is illustrated for $Orne 
Mesozoic sandstones by Fik:htbauer (1967) (Fig. 12-S). In some rod:s, however, 
authigcncsis may prcsavc rather then destroy porosity. Lumsden ct al. (1971) 
found that authigcnic chlorite coatings on dctrital quartz grains in the $piro and 
Foster Sands (Pennsylvanian, Oklahoma) preserve the bulk of depositional porosity 
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may have resulted simply from citbcr an inaasc in pcrocntagc of elongate rod:: 
fragments with depth or an inaasc in clay content of the sandstones. 

The pi:cscncc of dctrital clay io a sandstone has the same effect as the presence 
of ductile fragments but inaascs the rate of compaction. Mud has a >ery low 
bearing strength and noticeable compaction of clayey sandstones can occur at 
depths of only a few meters. 

Increased compaction causes a dccrcasc in primary porosity, a feature 
observed in scvcnJ field studies. Data relating porosity to burial depth have been 
collcctcd from large numbers of. subsurface cores in different sedimentary basins 
(Fig. 12-S), and it was found that porosity can dccrcasc either linearly or nonlinearly 
with depth and at greatly differing rates. Pctrographk: studies arc nccdcd to deter­
mine the causes of!hcsc diffcrcnccs. The intcm:lationsbips among porosity, tcstural 
maturity, and miocralogic composition arc well illustrated by Selley (1978} in a 
study of !he occurrcocc of oil in Jurassic sandstones in the North Sea area (Fig. 
12~. Volcaniclastic sands arc easily altered chemically during diagcncsis to.pro­
duce fine-grained matrix. Nearly pure quartz sandstones suffer least from diagcoctic 
effects. Arkoses occupy an intcnncdia.tc position with respect to diagenctic effects... 
With respect to texture. the situation in the Jurassic rocb is equally dear. with 
shallow environments being most texturally mature. distal turbidilc:S the least. 
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The compaction of muds is considerably more compkx than that or sandstones, 
as Meade (1%6) has described. In the early stages. co'."~ction may~ _strongly 

rat factor> in addition to depth of burial: grain stZC. rate of dcposttJon. day 
o~ SCYC lo content of organic matter. and gcocbcmical factor> (0...ptcr l_ll· 
~1~ r;J: these pan.meters cause wide variations in the amount of compa.ruon 

anatoons m . d -•h (Fi 12 7) Coarser grain size 
suffered by different muds at the same bunal e.,...- 1g. - • • • 

1 ·th increased quartz/cb.y ratio and hence reduced compaction. H'.&'1 
corrc ates W1 • f ch .. seals ... above sand umts., 
rates of deposition can result in the focmauon o Y. 
which destroy vertical permeability and cause the fonnataon of excess pore pressure 

.,, 
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to 0.01 µm or less at a dcplh of 3000 m. These values arc an order or magnitude 
smalkr than thos< typical of sandstones (se<: Fig. 12-J). 

The quantita.tivc significance of the saning of s.and grains on porosity of a 
un<lston< was studied experimentally by Beard and Wcyl (197)) for gaussian 
distributions. PorOSity was essentially independent of grain size but dccreued 
seq~nti.ally as sorting dcacascd from •C2 . .C /. porosity in extremely well-sorted 
sands to 27.9/. in very poorly sorted s.ands with no clay matrix. This result seems 
quite reasonable bccausco smalkr grains will lodge between the larger on<s. Pryor 
(1973) found no significant change in the porosity of river, beach, and dune sands 
with change in standard deviation from O."J4> to I.~. but his core sampks, unlike 
thos< in the Ikard and Weyl study, were not homogeneous. Pryor's cores consisted 
of many thin, individually wcll~cd laminae so that although porosity would be 
cxecllcnt, the S<dimeot sorting dctermincd in the laboratory might be good or poor 
for the core as a uniL 

The porosity of a san<lstone depends on postdcpositional factors as well as 
thos< present at the time and site of deposition. A< noted, the most important 

·factors during deposition are clay content and the sorting of the sand fraction of 
the S<dimcot. Of ksS<r importance are initial grain packing, sand mineralogy, 
mean grain size (assuming ·constant sorting), and grain angularity. Important 
postdcpositional or diagcnctic factors are degree of compaction and the formation 
of authigcnic miocrals. 

Compaction 

Upon burial, sands compact much kss than mudrods. Thc lesser compaction 
of sands results from two factors. First, the avenge san<lstonc is compoS<d latgcly 
of quartz grains, and these grains are undcformabk under most S<dimcotary 
conditions. Secondly, the fincr particles that pmlominatc in mudrods arc 
deposited with initially higher w.atcr contents and this w.atcr is quicl:ly expelled. 
Many investigators have compacted quartz .. nds in the laboratory with the result 
that the thickness of the aggregate has dca-cascd only 10 to ISX due to rcarnnge­
mcnt of grains and chipping of grain corners. 

The amount of compaction increases significantly with the proportion of 
ductile rod: fragments in the dctrital fraction of the sand. Such particles as shale, 
slate, pbyilitc, and schist deform easily at shallow depth, decreasing porosity («< 
below) and thinning the stratigraphic section. This dccrcasc in porosity is notiocablc 
in well logs and was first studied in thin sections of subsurface cores by Taylor 
(19SO). She found that the proportions of the four ditrcr=t typcs of intugranular 
contacts changed with depth of burial (Fig. 12~). Tangential contacts dcacascd 
rapidly in abundance with depth, whereas the other three types. showed marted 
inaa.cs. Grains were being pushed close together as burial depth ~ 
Unfortunately, Taylor did not keep a close chcd: on changes in mineral composi­
tion with depth; so we cannot be certain how much of the increased closeness of 
grains was due to plastic deformation of elongate ductik fragments and how much 



Lance_ Torfuosiry in a undstonc is usually bclwecn 2 and J; in JOOS(: sediment it is 
1pproximatcly one-half as large_ The greater the cor1uosi1y. the slower the fiow of 
luid through the pore system. 

The physical principle on which the mercury injection method is hued is 
that liquids forming contact angles on solid surfao=s of more than 90• (i.e_. non­
wetting fluids) a.nnot pc.nctn.tc into small pores unlcs.s the foj«:tion pressure 
exc.«ds lhc capillary pressure. The higher the injection pressure. the smaller the 
pores that can be penetrated by the liquid. In circular pores with radius r the surface 
tension o- acts a.long the p::rimctcr of the cirde with the force. -2.xro. 1bc force 
counter.acting lhc intrusion of the liquid par.tlkJ to the uis of the pore is -2.xra 
cos l. where l is the angle of contact. The force a.used by the injection pressure 
pis '1l.r2p. For equilibrium. we obtain 

-2'-Ta c:os l = -.r1p 

2acos l 
or r=----

p 

lbc surface: tension of mercury is ~84.2 dylldfcm at is•c, and the angk of contact 
of mercury on silicate mincru surfaces has been dctennlncd cxperimcaUlly to 
approximate 141.3•. Using these >alucs, 

7.6 
r=-

p 

whca pccssure is measured ia bars and pocc: radii ia micrometers (Fig. 12-2). 
Using this relationship, mercury injection of a core yields the volume pcrcc:otage 
of pore throats of any given size ia the rod: sample (Fig. 12-3). 

lbc porosity of mudrod:s varies OYCC essentially the same range as ia sand­
stones, from zero to about~ Y.. but the dclirutioo of pocosity in a mud rod: is aot 
as clcar-<:Ut as ia the coarser-grained rod:s. Indeed, the ddinition and mcasurcmcnt 
of porosity in mudroclcs present problems aot encouata-cd ia sandstones. la a 
sandstone composed primarily of quartz and similar minerals. the boundary 
between pore space aad grain is rcasorut.bly wcU dclincd. For cxampk, if the pore 
space is 6lkd with 'Wlller, then this free or movable water rcpccscnts the porosity. 
lbc pcoportion of adsorbed or bound water is usually ncgligibk hcausc the 
specific surface: of such minerals as quartz is only I to 2 m'/g of sediment. (Compare 
with clay minerals below.) In subsurface: studies, logging mahods that measure 
total hydrogen conccutratioa. such_ as ncutrOn logging, clfcctivcly measure the 
porosity. But mudrod:s present a more complex pcoblcm. Many of the clay 
minerals contain water as part of their structure. and this water certainly should 
be considered part of ·the solid rather than part of the pore 1paoc. In addition, 
u~tcr adsorbed on the surface: of the clay llalcs normally is not f= to move, and 

..... tee may fonn a large pcrcctttage of tbc total water between day Ila«. ia 
1udrocl:. This situation occurs hcausc the specific surf..:c of day mincrus 

os very large, on the order of tens of square meters per gram. Within the spa<:<: 
between lhc grains and their adsorbed wacc:r. however. there exists free water 
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. . vcd by compaction. Thus when we spcal 
capo.bk or moving or being <Uily n:mo r the total volume of the 
of mudrod: porosity, we usually mean the pc"';n~r;c .:'..i1y measured by mcchan­
rock that contains free or easily movablc_watcr. t " us f ftuid removed or the 

_ the rod: and rncasunng the amount o 
jcaJ{y compacting . ""--·methods arc at best, lilt approximation of 
"""""lage of volume rcduct>O<L • ~ ' f the 
r- - of the <v>«ibility of altering the water coatcat o 
the uuc pore volume because .--- • nal is 
clay 1!1lcs or tbc amount of_ adsorbed ,..._tee ~u~ng ~~ ~oacs and mud-

Th: cri~I d~':~...:aof~ porcschara~~=larly ia fissile mudtod:s (shales). 
rods arc the Sll<S ""~ .....,,_.. ""° " t<d" lid 
the da "ncral llalcs that form 60Y. oftbc mineral grains arc oncn m pa~ 

y m1 ccs arc domi~tly tabular. FurthCTmOfC. bcausc !lat_ 
and hence pore spa d::cd sizes arc much smaller. Heling (1970) studied ~be 
cm be very closely pa ' pore . be that wcrt buried to depths up to 
fabric of Tertiary shales from the Rhinctn n f 

0 04 µm at a depth of 100 m 
}400 m. Pore radii dccreaSCd from an avcna.gc o . 
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grain volume; and c.ffcctiw: porosity. lhe ratio of interconnected void volume to 
Iota( rod: volume. In dc1rii.al silica1e rods, effective porosily is usually only slightly 
less than tolal porosity. 

Methods of Measurement 

Cm-cs of rods used for porosity determina1ion arc normally cylinders one 
inch long and one ind> in diameter. The porosity can be easily determined by gas 
expansion. using Boyle's .b.w. Alternatively. the grain density can be assumed 
(2.65) and the porosity dctcnnined by weighing a sample saturated with a fluid 
of known density. These experimental methods arc suitably a=iratc and arc the 
standards for calibration of all other porosity-<letcrmining methods. such as point 
-aunts in rod: thin sections or subsurfaa: logging techniques. An important point 

keep in mind, however, is that the .porosity of IJ cm I Of rock may not be rcp<C­

.attative of a rod: unit millions of times b.rgcr in volume, particub.rly because 
field o~tions ~ that porosities can vary greatly over small distana:s with 
such factors as clay mineral or rock fragment content. 
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The use of subsurface: logging lechoiqucs (sonic. dcnsily. neutron) can somc­
rimcs produce porosity values within I/. o( the value obtained on the same rocl 
in a core s.amplc. The advanlagc-1 o( logging methods over core analysis for porosity 
dctcrminJ.tion lie in the much larger volume of rock. '""sampled.- perhaps 100 times 
larger than the laboratory core, and in the fact that the measurement is made 
in situ, before overburden pressure is removed. In addition. there is the matlcr of 
cost. Ekctric logs arc made or all wells. but cores arc taken in relatively frw. 

tn most sandstones the bulk. or pore space has diameters less than the JO µm 
thid:ness of a standard thin scction and so is difficult or impossibk to detect 
during examination or the slide unless special techniques arc used. The usual 
technique is to vacuum-impregnate the rock slice with a colored epoxy before 
thin sectioning s.o that cvc:n extremely narrow pores thal intersect the plane of the 
thin section become visible in uncrossed nicols. This technique. now standard in 
industry laboratories, also makes it possible to distinguish between pores produa:d 
by diagcnctic dissolution or detrital grains and pscudoporcs produced by grain 
plucking during grinding or the thin section. 

Pore Sizes .. Geometry .. and Measurement 

Poca arc irregularly shaped cavities in a rock; therefore any definition of their 
.. size"' is an approximation based on the musurcmcnt technique used to deter­
mine it. In some case:s. it is possible to vacuum-impregnate a porous rod: with 
either a molten plastic or metal and then dissolve the rocl:. by using suitable reagents 
to produa: a Mncgative image" of the rock-that is, its thrcc-<limcnsional pore 
network (Swa~. 1979). This technique, although useful for some research pur­
poses, is impractical as a standard mc1hod. 

The distribution of pore sizes in a rock sample is determined generally by 
injection or mercury into the rock. The sizes of pores determined in this way arc 
actually the sizes of the pore Mthroats~ or narrow connections between large pores. 
It is the sizes of the throats that control the flow of ftuid through rocl:.s, whether 
the 6ow is of mercury during meuurcmcnl of porosity or is water. petroleum. 
or natunl gas in the subsurf .. cc_ One dcticicn<:y of the mercury injection technique 
is 1hat if a b.rgc pore, such as a vug. is enterc<I by fluid through a narrow throat. 
the b.rgc vug will be included within the volume or pore space represented by the 
throat size. A second deficiency is that nol all pores can be invaded by the mercury 
because they may be shielded by other smaller pores whose displaa:rncnt pressure 

is not acceded. 
The individual pore may be tubular lil:.e a capillary tube; or it may be nodular 

and feather out into the bounding constrictions between nodules; or it may be 
a thin. intcrcrystallinc tabub.r opening that is SO to 100 times as wide as it is thicl:.­
Thc wall of the pore may be clean quartz, feldspar. or calcite; or it may be coated 
with clay mineral particles, platcy accessory minerals, or rocl:. fragments. The 
crool:.edncss of the pore pattern, called the 1or1uosi1y. is the ratio between the dis­
tana: between two points by way or the connccted pores and the S1raight-linc dis-

I: 
I 
' 



CHAPTER 12 

POROSITY AND PERMEABILITY 
OF DETRiTAL ROCKS 

12.1 INTRODUCTION 

The porosity and pe~abilic~ of sandstones and mudrod:s have been gcncrv 
ally neglected by acadermc geologists. Most of our knowledge in this area comes 
from the petroleum industry as part of its effort to locate reserves of oil and gas 
It IS strange ~t. few geolo~ists outside of industry h.;.vc investigated the porosit~ 
-;d pcrmc:abd1tics of ~ctntal rods, for these variables control most diagenctic 
P occsses. m roclcs. Without adequate pcnncability to water there can be liulc 
oc:~tatwn. o~ u.nd,toncs.. diagcnctk alteration of heavy minerals~ conversion of 
smcct1tc to llhte, or the myriad of other processes that affect rock after burial 
Pore space and permeability arc basic aspects of rock fabric and should be studied 
as a normal part of a pctrologic investigation. 

12.2 FABRIC 

1lK'. term fabric is rcSt'.:rvcd for .. the manner of mutual arrangement in space 
of the ':'.'mponcnts of a rock body and of the boundaries betWttn these com­
ponents (lntcrnattonal Tectonics Dictionary). It thus indudcs both the packing 
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and orlcntation of grains. Grain pacl:inc strongly affects both porosity and per­
meability and grain orientation affects the permeability (Sec. 12.4). 

The kast-studicd aspect of fabric is packing • .. the spacing or density pattern 
of miner.al grains in a rock- (AGI Glossary). The meaning of packing and its 
distinction from other aspects of fabric. such as orientation. is most clearly seen 
for the case of a sediment composed of pcrf«X sphcn:s uniform in size. Even in 
this highly idealized ~sc it has been shown that there arc six different systematic 
ways of arranging the spheres so that each sphere is in contact with four or more 
adjacent spheres and there arc no vacant positions. The arrangements vary from 
the "loosest" cubic packing with a porosity of 47.6/. to the '"tightest" rhombohcd· 
ral packing with a porosity of 26.0/.. The six regular packings do not exhaust the 
number or ways that spheres may. in fact. be: pad::cd bcausc in nature an infinite 
number of combinations of the six and or .. n.ndom- packings may also be devc.1-
opcd. 

Kahn (1956) devised two numerical measures for use in thin section studies. 

I. The packirtg density is the ratio of the sum of the l<:nglhs of grain intercepts 
to the total kngt.h _of the traverse across the thin section. It is a measure 
of the: porosity of a cement-and matrix.free sand or of the ... matrix<cmcnt­
frcc porosity" of a sandstone that has some matrix and cement. 

2. The packing proximity is th<: ratio of the number of gain-to-grain cont.acts 
(encountered in a 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 only small areas of contact with each other, most of the contacts 
observed in a thin section will be contacts between a grain and matrix or 
cement; so the packing proximity wi.11 be small. In a rock in which there 
has been compaction without the introduction of much cc:ment. most of 
the grain contacts observed will be grain-to-grain contacts and the packiiig 
proximity will be large. 

The type of contact bctwcc:n grains c:.an also be studied in thin $Cd.ion. In the 
ideal case of packed spheres. the only observed contacts bctwa:n grains would be 
tangential ones. But in the case of nonsphericat grains or where compaction has 
taken place, three other types of contacts can be observed (Taylor, 1950). The four 
possible types of contacts arc (a) tangential (b) long-: hat is, a contact that appears 
as a straight line in the plane of section. (c) concavoconvex, and (d) sutured. The 
frequency of coneavoconvcx and sutured contaru relative to that of other types 
of contacts has been used as a measure of the intensity of compaction of sands. 

12.J. POROSllY 

Several terms arc widely used lo indicate the amount of pore space in a rock. 
The most common arc porosity. the ratio of void volume to total rock volume 
(multipllc:d by 100 to form .a pcroentagc::); void ntio. the ratio of pore volume to 

- -
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PURPOSE: 

Stability Analysis of the Side Slopes of the Cover 

Page_l_of_2_ 
Proj No 6111-001 

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: 1 V. 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, c Angle of 
No. Material friction,~ 

(pct) (psf) (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 
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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 0.1 g. 

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 O.lg. 

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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RES UL TS OF RUN BY "GSLOPE" ANALYSIS 



Material 

Earthfill 
Tailings 
Dike 
Foundation 
Bedrock 

5600 

0 
I 

100 

Un it Wt 

pcf 

123 
62.4 
123 
120 
130 

c 
psf 

0 
0 
0 
0 
10000 

I 
200 

Phi 

deg 

30 
0 
30 
28 

45 
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DATA FILE NAME ..... C:\STABLITY\GSLOPE\WHTMESAl.GSL 

,T-'> No. 
le 

Date 
Label A 
Label B 

Max Slice Width 
Set Neg. Normals to zero 
No. of Materials 
Seismic Acceleration 
External Forces 
Piezometric Surfaces 
Unit Wt. of Pore Fluid 

10 
y 

5 

0 
0 

6111.001 
EFN White Mesa Slope Stability 
7 /1996 
Static Analysis 

0 
62.4 

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 

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 
(1 5550.5 

5568 
390 5568 
480 5598 
495 5598 



500 
620 
900 

5596. 5 
5557.5 
5560 

r-~er Surface of Material # 4 

X-Coord Y-Coord 
0 5550.5 
310 5568 
390 5568 
620 5557.5 
900 5560 

Upper Surface of Material # 5 

X-Coord 
0 
900 

Y-Coord 
5540 
5540 

(Foundation) 

(Bedrock) 

There are no explicit external forces in the data set. 



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 Surf ace 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 

Earthfi 11 
Tailings 
Dike 
Foundation 
Bedrock 

5600 

0 

Un it Wt 

pcf 

123 
62.4 
123 
120 
130 

Seismic coefficient 

I 
100 

= 

c 
psf 

0 
0 
0 
0 
10000 

. 1 

I 
200 

Phi 

deg 

30 
0 
30 
28 
45 

Piezo Ru Titan Environmental - Bozeman MT 

Surf. 6111. 001 
0 0 

EFN White Mesa Slope Stability 
0 0 
0 0 7/1996 

0 0 Pseudostatic Analysis 
0 0 

ground accln. = 0 .1g 

WHTMESA2.GSL 

+ 
F = 1.903 

~;:::==:;;;::s:;;:============================== - 5600 

I 
300 

I 
400 
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600 700 800 900 



DATA FILE NAME ..... C:\STABLITY\GSLOPE\WHTMESA2.GSL 

,• ·, No. 

le 
Date 
Label A 
Label B 

Max Slice Width 
Set Neg. Normals to zero 
No. of Materials 
Seismic Acceleration 
External Forces 
Piezometric Surfaces 
Unit Wt. of Pore Fluid 

10 
y 

5 
.1 

0 

6111. 001 
EFN White Mesa Slope Stability 
7 /1996 
Pseudostatic Analysis 
ground accln. = O.lg 

0 
62.4 

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 

Upper Surf ace of Material # 1 ( Earthf i 11) 

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

Upper Surf ace 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 
(' 5550.5 

5568 
390 5568 
480 5598 
495 5598 



500 
620 
900 

5596. 5 
5557.5 
5560 

r· 'er Surface of Material # 4 

X-Coord Y-Coord 
0 5550.5 
310 5568 
390 5568 
620 5557.5 
900 5560 

Upper Surface of Material # 5 

X-Coord 
0 
900 

Y-Coord 
5540 
5540 

(Foundation) 

(Bedrock) 

There are no explicit external forces in the data set. 



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 -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 

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 
122.91 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 5733.13 166.13 1. 9066 4 12 0 
323.23 5733.13 166.75 1. 9067 4 12 0 
323.23 5733.13 165.50 1. 9164 4 11 0 

MIN THIS CENTRE 1. 906 

322.60 5733.75 166.75 1. 9034 4 11 0 
322.60 5733.75 167.38 1. 9067 4 12 0 
322.60 5733.75 166.13 1. 9159 4 11 0 

MIN THIS CENTRE 1.903 

322.91 5733.75 166.75 1.9062 4 12 0 
322. 91 5733.75 167.38 1. 9067 4 12 0 
322. 91 5733.75 166.13 1. 9161 4 11 0 

MIN THIS CENTRE 1. 906 

323.23 5733.75 166.75 1. 9066 4 12 0 
323.23 5733.75 167.38 1. 9066 4 12 0 
323.23 5733.75 166.13 1. 9163 4 11 0 

MIN THIS CENTRE 1.906 

Minimum Bishop Factor of Safety this run: 
322.60 5733.75 166.75 1.9034 4 11 0 
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By _KG_ Date .JJ!2Q_ Subject EFN White Mesa Mill Tailings Cover 
Chkd By Pf'A- Date GJ/q0 Stability Analysis of Side Slopes of the Cover 

PURPOSE: 

Page_l_of_2_ 
Proj No 6111-001 

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

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 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: 

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,~ 

(pct) (psf) (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 
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ProjNo 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. l 2g. 

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 

0: \PROJECTS\6111 ~001 \STABLTY2 .DOC 



Material Unit wt c Phi Piezo Ru Titan Environmental - Bozeman 

pcf psf deg Surf. 6111. 001 

Earthfill 123 0 30 0 0 
EFN White Mesa Slope Stability 

Tailings 62.4 0 0 0 0 

Dike 123 0 30 0 0 7/1996 

Foundation 120 0 28 0 0 Pseudostatic Analysis 
Bedrock 130 10000 45 0 0 

Seismic coefficient = .12 ground accln. = 0.12g 

WHTMESA4 .GSL 

+ 
F = 1. 778 

5600- ~:;::::==:;;:~============== -5600 

0 100 200 300 400 500 600 700 800 900 



DATA FILE NAME. . . . . C: \STABLITY\GSLOPE\ •·--~MESA4. GSL 

Job ~. ~,\\\fl\ 
0 

~itle £'.\ p't 
Date' 

'·A 

L 1 B 

Max Slice Width 

Set Neg. Normals to zero 

No. of Materials 

Seismic Acceleration 

External Forces 

Piezcxnetric Surfaces 

Unit Wt. of Pore Fluid 

10 

y 

5 

6111.001 

EFN White Mesa Slope Stability 

7/1996 

Pseudostatic Analysis 

ground accln. = 0.12g 

.12 

0 

0 

62.4 

Material Unit wt Cohesion Friction Piezo Ru 

# 1 -llarthfill 123 

# 2 -Tailings 62.4 

# 3 -Dike 123 

# 4 -Foundation 120 

# 5 -Bedrock 130 

Surface of Material # 1 

X-Coord 

0 

310 

480 

900 

Y-Coord 

5550.5 

5568 

5602 

5605 

Upper Surface of Material # 2 

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 

X-Coord 

0 

310 

390 

500 

620 

900 

Y-Coord 

5550.5 

5568 

5568 

5598 

5598 

5596. 5 

5557.5 

5560 

Angle Surface Value 

0 30 0 0 

0 0 0 0 

0 30 0 0 

0 28 0 0 

10000 45 0 0 

(llarthfill) 

(Tailings) 

(Dike) 



upper surrace or Material # 4 

.X-Coord 

0 

310 

390 

Y-Coord 

5550.5 

5568 

5568 

5557.5 

5560 

Upper Surf ace of Material # 5 

X-Coord 

0 

900 

Y-Coord 

5540 

5540 

(Bedrock) 

There are no explicit external forces in the data set. 



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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,: chen and associates, inc. 
CONSULTING ENGINEERS 

rotl ' f O<Jta)A TIOtl ~ S. ZUNI DEHVER, COLORADO 10223 3-03/74+7105 

EHGIHEEllH' 1~.( EAST ARST STREET • CASPER, WYOMING IZS01 • 3-07/23-4-2121 

Job No. 16,406 

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 

July 18, 1978 
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Sand (SM), silty, fine to ••diUlll grained, 
1li&htly aoi1t to aoi1t, reddish brove. 

approximately 40-50% silt, 

Sand, silty co aandy lilt (SM-Ml.), Une to ••dium grained, approximately 
50-60% silt, slightly ao11t to aoi1t, r1ddi1h brovn • 

Silt (ML), aandy, approximately 60-70% lilt, fin• to •odium sand aize, 
slightly calcareous vith depth, slightly aoi•t to moi1t, reddish breve to 
Hsht brovn • 

Clay, silty to sandy silt (CL-ML), approximately 60-75% lov to con-plaacic 
finu, fin• to medium sand 1izt, slightly to moderately calcareous vith 
depth, ali&htly aoiat, light brOV11 • 

Clay (CL), highly calcareous, undy to silty, approximately 50-75% lov 
plasticity fi1111, scattered very hard leD.Ses/layer, dry to slightly moist, 
light tac to vhit•. 

lluthared clay1con1 (CL-CB), approximately 90% aedium to high plasticity 
f inea, •oi•t, •gray-brovn • 

Clay1to11a, bedrock, slightly aoi1t, grao11i1b gr1y. 

Clay1ton1-1and1t0Dt bedrock, lightly ceaentad, roughly 1cratified, fin• to 
••dillll &rained, 1r1111isb gray. 

Sacd1to11• badroclc, vell eement1d vith depth, fine to aedium grained, tan to 
gray. 

I : ........ 1 ....... ·1 ................. j .... ~ 
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I : ' : : : .. : : : : '. .. .. : : : : : : : " I :: :: :: ::: l : : : : NOTESI 

· · I.::.::::: L: ·:: '. : : : : '.: '.: '. ~: : : : :. (1) Tut holu vm drilling 011 May 17 and 18, 1978 vitb 

. ··-:---:-:-(.-.. -. --:--.-.-.·! · ... ~ .... , ... -:-.--.. -. -. I ...... :-:j-:-:--:--;- single-flight, pover auger. 
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: : : : : : : : : . : • : : : : : 
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: : : : • : : : : J : : : : : : : : : • : : : : (2) thvatio111 an approximate and taken fro• contours shove 011 Fig. 1. 
.. ' .... · " .. , ........ · 1 · · · · · · · · · · · · · ..... J . . . . (3) No fru vater vu found in tut holu at the time of drilling. 
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· j ·. I· : ::1.·:.::::: :.: ::·::!:.: NP•Noc-Plaatic. 
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3. 8 - -·st~b1Tffy·-~~-- . 

3.8.1 Sl-0pe Stabili-ty .. - ---

The ·external dikes formed by cover placement Oh Cell 2·wnT ·be-exTended. 

t.o a. reclaimed slope of 5(H) to l(V) but may-exist--un·an··--nrtenm-Dasfs 

as_ -~-~_L to. -1-(V) s-lup-es"'uflf f l-'firla.T--recTa."maiiori :·--·-A·· sraoTTrty·-an-1ffy s i s 

was_.pe-rforme·d-us1ng -tllej\ H}" .. to · -1 -(-V-)-- slo pes .. --lhe--max.:Hnum--section ·a f the 

~.:H+-tnrVe a 15- foot\?tde--ber-m--.at--i.ts-·ha:s e . 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 (Pcfl (Degrees) ill.fl 

Embankment 123 30 0 

Tailings 62.4 0 0 

Foundation Soils 120 28 0 

Bedrock 130 45 10,000 

r/ 
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\ \ ~-. \ .. . \ 10 \j ' 
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BORING NO. 
EL. 5629.0 FT. 

o-~~~~~~~S-M~~RE-D---B-RO_W_N~FI_N_E~SA_N_O~AN-O~S-IL-T-.~­

ML MtDIUM DENSE 

6.0\-118 75 
CRAOI:.IG CALCAREOUS ;.t!TH C;L­
CITE STRINGERS 

10 

15 CL LICHT BROWN, SILTY CLAY. HA.<'" 
(WEATHERED CLAY61'0NE) 

MEDIUM BROWN, VERY FINE-GRAINED 
SANDSTONE; INTERLAYERED WELL­
CE.'<£NTED ANO THIN, POORLY­
CEMENTED BANDS 

HOLE COMPLETED 9/10/77 
NO CROU!>ID WATER EllCOv:ITEREn 

BORING NO. 2 
EL. 5634.3 FT. 

O-----~~~,..-S-M-/~-RE-D--B-ROWN~~-F-I-!1-E~S-AN~D-A_N_D_S_I_L_T-.-~ 

50/ GRADING CALCAREOUS WITH CAL-
• 5;• CITE STRINGERS 

5-

----'nlflH fi1; ML Mf:llIUM DE:tSi: 

:;; 5·.L.l.:..L"-l!._...L'-1,Ufillll 
w ... 
= 
~ 
fu 15------l~ 
a 

25------

CL GREEN-BROWN SILTY CLAY (WEATHERED 
CLAYSTONE), HARD 

GREENISH-BROWN, FINE-CRAIN£D SAND­
STONE: INTERLAYERED WELL CEH."NTED 
ANO POORLY-CE.'IENTED BANDS 

HOLE COMPLETED'9/10/77 
NO GROUND WATER ENCOUNTERED 

BORING NO. 4 

I- 5.l\-107 
w 
w ... 
= 
:x: ... 
"­... 
a 

EL. 5623.2 FT. 

REO-BROWN FINE SANO A..t.10 S IL'J·, 
!'IEDIUM DENSE 

GRADING CALCAREOUS WITH CAL­
CITE STRINGERS 

GRC£~ FI:U:-GAAINEO s.;;:.;~sTOr-;E; IN­
TERL.;YERED WELL CEMENTED AllD 
POORLY-CE.'IENTED BANDS 

HOLE COMPLETED 9/10/77 
~O GROUND WATER £.i.~COUNTER.ED 

LOG OF 

... 
w 
w ... 
= 
:c ... 
"-w 
0 

I-
w 
w ... 
?i 

~ 
"-w 
0 

6.2\-

10 

15 

BORING NO. 5 

7 

EL. 5632.9 FT. 

,. SM/ 

ML 

~OS 

RED-aROWN FINE SAND AND SILT, 
M£DIUK !lENSE 

GRADING CALCAREOUS WITH CAL­
CITE STRINGERS 

CREE."I TO BROWN, rr:•c;-CRAINEO s.'l."10-
STONE: LA YEREO 11£0 IUM TO WELL CE­
ME.~TED WITH LITTLE POORLY CE.~ENTED 

20------ HOLE COMPLETED 9/10/77 

0 

s. 

15 

20 

NO GROUND WATER ENCOUNTERED 

BORING NO. 6 
EL. 5633.5 FT. 

SM/ RED-BrtO"N FINE SANO AND SILT, 
ML ME!lllin DE!>ISE 

GRADES CALCAREOUS WITH CAL-

ISi 39 c ITE STrtWGERS ANO OCCAS rm· 
ZONES OF MASSIVE CALCITE CE 
MtNTATION 

6\-108 • ~~! 1 
I 

LICllT BROWN TO GREEN CLA y 

• 82 
(WEATHERED CLAYSTONE) , HARO 

:;/, CL 
.::::::::· "'"~ OFF-"ft'llITE SANDSTONE, VERY WELL 

CE!tE.IT~D 

HOLE COMPL~ED 9/18/77 
110 Cl'>OUND WATER ENCOUNTERED 

KEY 
A-B • ~ INDICATES DEPTH AT WHICH UNDISTURBED SAMPLE WAS EX­

TRACTED USING DAMES ' MOORE SAMPI ta 

T 
I r 
1 

oc 
!SI c 

B 

D 
E 

INDICATES DEPTH AT WHICH DISTURBED SAMPLE WAS EXTRACTED 
USING !)AMES ' MOORE SAMPLER 
INDICATES SAMPLE ATTE.~T WITH NO RECOVERY 

INDICATES DEPTH AT WHICH DISTURBED SAMPLE WAS-EXTRACTED 
USING STANDARD PE.~ETR.\'IION TEST SAMPLER 

FIELD MOISTURE EXPRESSED AS A PERCENTAGE OF THE DRY 
WEICHT OF SOIL 

DRY D£NSITY EXPRESSED IN LBS/CU FT 

BLOWS/FT OF PENETRAT!ON USI!>IC A 140-LB HA.~R 
DROPPING 30 INCHES 

INDICATES NC CORE RUN 

PERCENT OF CORE RECO'fl:RY 
RQO• 

F PER"i.EASILITY ME.ASUR.£0 BY S!NGL£ PACKER TEST I~ FT/YR 

NA NOT APPLICABLE (USED FOR RQD IN CLAYS OR MECHANICAL~Y 
FRACTURED ZONES) 

NOTE: ELEVATIONS PROVIDED BY E.~ERCY FUELS NUCLEAR, INC. 

• ROCK QUALITY OESIC~ATION -- PERCENTAGE OF CORE RECOVEP~D !~ 
LENGTHS GREATER THAN • INC~ES 

BORINGS 

DAMES e. MOORE 

Pl AT!=" A-~ 
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BORING NO. 3 
EL. 5634.4 FT. 

0 _____ _,,.......,..,...,,..,...,...,...--------~--~--~-

11 ! "r' 7.6;-100 
7.0\-109 • JS 

-·;1 
tsl lJ ! 

10 -------1-.1! 

iill 

25 

,... 
JO 

I 56D 

T 
35 

2.8 

40 
I 

-1-

45 

5.8 

so 

.l. 

55 

16.2 

60 

I 

T 
65 

I 
I 
I s. J 

70 

.l. 

;· 

J.2 

80 

RED-BROWll. FINE SAND AND SILT, 
LOOSE 

GRADING CALCArtEOIJS WITH Mil'OR 
CALCI~E STRINGERS 

BROWN SILTY CLAY (WEATHERED CLAY­
STONEJ , HARD 

DARK CRAY. Fii-T,; CAAI~E.O. SILTY 
SANDSTONE WITH YELLOW BA<iDS; HOSTLY 
WELL CEME~ED il!JT WITH SOMC THIN, 
SOFT. CLAYEY a;~';DS 

LIGHT GRAY, HEDIUK GRAI:<ED. WELL 
CEIU:.'frED S~NDSTONE WI711 ORA.~GE 

LIHONITE s·rAINED BANDS 

LICHT TO MZOIUM CR££?-'-8R()y{N, 
MEDIUM TO .:OARSE-GRAINEO SAND­
STONE 

WELL CE! !ENTUl 

GROUND WATER LEVEL 56.8 FT 
ll/4/77 

CONGLOMEifATE IN LIGHT GRAY, FWE 
SANO MATRIX FROM 62.4 TO 6l FT 

GRADES THROUGH WHITE SILTS.-ON£ 
TO A GREEN CLAYSTONE 

YELLOW, MEDIUM-GRAINED SANDSTONE 

DRILLIHG INDICATES GENERALLY 
WELL-CEM.E!'TED SANDSTONE •HTH 
MI:;ua CONGl'..Offi:RATE BANI:S 

MATCH LINE 

LOG OF 

9u 

T 
I 7l 

95 15 

1 
100 

4.9 
I 

105 

T 
I 

110 

.. 
"' .... ... 
?: 115 

j5 0 

... 
"' Ls Q 

120 

I 173 
T 

125 

145------

BORINGS 

MATCH LINE 

LIGHT GRAY, Filll:•GRAINED SA.'ID­
STONE. POOiU.Y CEXE:ITED I>I PARTS 

L:t;HT BROWN TO PA:X CRAY~ FINE: ':'O 
:<EOICM-Gil.ArNto 5,~~CSTONE 

INTERLAYERED £.A.";DS OF SANDY, GREEN 
CI.AYSTONE AND PALE BROWN SANDSTONE 

DRILLING I~OIC\1£S UNFRACTUREO, 
iil£:..!. CE."lEz-.-:a:o s.:.scsro:-:E 

HOLE COMPLL.CO 9/H/77 

DAMES & MOOIRE 

PLATE A-4 
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IL 

::!: 
:r .... ... .... 
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.. ... 
"' ... .. 
i= 
0.. 

"' 0 

.. 
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: 
i= 
0.. ... 
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BORING NO. 7 
EL. 5656.9 FT. 

~0/ 

J.9,-lOl • 11 • 

97/ 

10 
ISl io· 

; )/ 

15 
fil !j• 

20------

OS 

RED-BRO.<N FINE SAND AND SILT, 
XEDIU:t DENSE 

GRADI:IG CALCAREOUS WITH CALCITE 
STRING<:RS AND OCCASIONAL ZONES 
OF MASSIVE C~~l"':'E C~'i.E!.."T..\TIOS 

PALE BROWN, FINE GRAINED, WEATHERED 
SANDSTONE, GRADING HARDER 

DARK BROWN TO DARK CRAY. FINE TO 
HEDIU.'\ GRAINED, WEATHERED SA.~DSTO.;£, 

GRADES HARDER AND TA.~ COLORED 

INTERBEODED H.\RD Al•D VERY HARD, 
LIG!IT GRAY SA.'IDSTOr.:E 

HOLE COHPLL~EO 9/13/77 
NO GROUND WATeR ENCOUNTERED 

BORING NO. 10 
EL. 5690.9 FT. 

85/ 
6. n-106 •lo· 

ISl 84/ 
10 a-

15 

20------

RED-BROWN FINE SAND AND SILT, 
DENSE 

GRADING CALCAREOUS WITH CAL­
CITE STRINGERS 

GRADING VERY CALCAREOUS AND 
VERY DENSE 

YELLOW TO GREEll. nm; TO HEDIUll 
GRAINED, WEATHERED SANDSTONE 

0

GRADING UARD, GREEN, llEDIUH TO 
COJ\!'SE•GRAINED SANDSTONE 

HOLE COHPLETED 9/19/77 
NO GROUND WATER EllCOUNTERED 

BORING NO. 13 
EL. 5602.4 FT. 

io------

RED-BROWll FINE SA~D A.'lll SILT, 
KEDIUll DENSE 

PALE GREEN, MEOIUll-GRAINED SANDSTONE 
BECOMES VERY WELL-CEHENTED 

HOLE COMPLETED 9/18/77 
NO GROUND WATER ENCOUNTERED 

LOG OF 

.. 
"' "' IL 

::!: 

j.:: 
0.. .... 
0 

... 
"' ... ... 
::!: 
:c .... ... ... 
Q 

... 
"' .... ... .. 
i= 
0.. .... 
Q 

10 

15 

20 

BORING NO. 8 
EL. 5668.4 FT. 

37 ---

50/ ------
0 2;· ------_____ __,__ --

RED-BROWN FINE SAND AND SILT, 
DENSE 

GRADING CALCAREOUS WITH CAL­
CITE STRINGERS 

GRADING TO l1ASSIVE CALCITE 
CEHENTAT ION 

GREEN, MZDIUH TO COARSE GRAINED, 
WE.ATHEReo SA~OSTONE 

DARK GRAY, SILTY CLAYSTONE, 
WU.11i£RED WITH YELLOW-ORA.~GE IRON 
STAINING, GE.;ERALl.Y VERY DRY 

GRADES TO VERY HARD 

25-------i 

DARK GRAY. HEDIUH-GRAINED SANDSTONE, 
:U:l..,,;~IV£~¥ vncuv.:·N'Tl::.U 

0 

OFF-WHITE. MEDtUM-CRAINED SANDSTONE, 
~LL CEHENTED 

HOLE COKPLETEll 9/19/77 
NO GROU!IO WA :"ER ENCOU:'<TE'1ED 

JO------

0 

10 

BORING NO. II 
EL. 5677.8 FT • 

50/ 
(il4i,• 

SM/ 
ML 

RED-BROWN l'INE SA!ID AND SILT 

GRAD:NG CALCAREOUS WITH CAL­
CITE STRIN~ERS ANO SOH.E ZONES 
OF 11ASSIV£ CALCITE CEHE!lTATION 

LICHT BROWN, FINE GRAINED. 
WEA THEaED SAt•DSTONE 

GRADING WELL C£.'1E!IT£D 

HOLE COl1PLETED 9/18/77 
NO GROUND WA':'ER ENCOUNTt:REO 

is------

BORING NO. 14 
EL. 5597.5 FT. 

RED-BROWN FI:'<£ SA.'10 AND S [LT, 
XEDIUM DENSE 

J.~\-1~5 • <2 
~RACING CALCAREOUS WITtt CAL­
C: n: STRl NGERS 

5 

10 

ts------

LIG<r.' GRAY TO OFF-WHITE. HEDIU~ 
TO COARSE-GRAINED SAl'DSTONE, VERY 
WE~L C£.~'T£0 

COLOlt GRADES TO YELLOW-TAN 

HO!.£ CO~PLE:TED 9/18/77 
NO CWU":'lO ~ATER ENCOUNTERED 

BORINGS 
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so 

55 

60 

65 

70 

BO 
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I 

BORING NO. 9 

2.7 

EL. 5679.3 FT. 

::::L;:SOS 

RED-BROWN FINE SA."<0 ANO SILT 

MOTTLED OFF-WIH~·£ MO GR.EL"', 
WEATrlLa.£0 SILTY C.:L.\YSTO.u: 

OFF-WHITE TO GREEN. CLAYLY, 
WEATHERED SANDSTONE 

GRADES riAROER TO CR££~ StU~~STONE 

GREE~. FINE TO KEDILK-GRAINED. 
WEATHERED, CLAYEY SANDSTONE 

KF.OIUH CRAY, rI~YEY SILTSTONF. 

Bl.ACK. HIGHLY WEATHLREO, SOFT, 
LANINI.TED CLAYSTON£ WITH ORAl'iGE 
LIHONITE-STAINEO LAYERS 

HEOIUH BROWN, FINE TO HEOIUH-GRAINED 
SANDSTONE: VARIES FROM MODERATELY 
CEM£:NTEO TO VERY POORLY-CEMENTED 

I 

J.. 
-'------il~]i! M!:.L>lt.'"!i-URA!NEO SAUOSTONE. HOOEAATi:LY 

CZ::U:NTEO. WITH IRON STAINING ALO"G 
HORIZONTAL FRACTURE 

~~::-:L~N:-:1 

2.0 

...... 

93 

0.7 

BANDED, LIGHT TO HEDIUH GREEN SILT­
STONE. CLAYEY AND SOFT IN PART 

DARA GRAY TO BLACK, HEDIUH GRAI:;Ell, 
WELL CEHENTt:D, CARBOtlACEOlJS SANDSTONt: 
WITH SOME SOFT, BLACK. CLAYl."'C dAl<DS 

OCCASIONAL.THIN, CARBONACEOUS 
BAKOS C::-NT:NUE 

VERY WELL CE.'IEliTEO, LIGHT GRAY TO OFF­
WKITE, MEDIUM-GRAINED SA."'DSTONE 

POORLY-CE.'1£."<TEO PEBBLE CONG:.ox£RAT£ 
IN BROW!I, SA!lOY MATRIX, SOM£ UNCEME.!ITED 
SANDY BANOS 

HODERATELY-CE!-!ENTED TO POORLY-CEH£NTt:D 
SAllDSTONE 

GRADES WELL CEHEllTED 

MATCH LINE 

90 

95 

100 

.... .... .... 
"-105 
: 
:c .... 
a.. .... 
0 

110 

115 

120 

125 

130 

135 

l. l 

I 

I 

0.3 

100 

89 

... 

·····-

-1-----ri 
.1. ............. .__ ....... 

LOG OF BORINGS 

MATCH LINE 

GRAY-SROWN, :U:OICN GRAINED, MODER­
ATELY TO ?OORLY-CE:U:tlTEO SANDSTONE, 
HIGHLY cRACTIJREO BY DISKING PERPEN­
DICULAR TO CORE AXIS 

GROCND WATER Li:V£L 99.B FT, ll/4/77 

PALE GREEN, HEilIUH GRAINED, HARD. 
SILICIFIEil SANOSTONL 

PALE GRZEl•. SANO\' CLAYSTONE FROH 
107. 7 TO 108.2 FT 

DARK GREEN, HEUIUM GRAINED, CLA\'1'."'C 
SANDS-:-ONE, MODERATELY HARO WITH MINOR 
Il'CU:S IONS OF DARK BRO>l:I, ANGULAR 
CAA'.t£!..-SIZ£0 Cil£R'!' 

HOLE CO:.:PLETED 9 /2 7 /77 

DA ... ES e ... oOAE 

PLATE A-6 



,_ ... ... ... 

BORING NO. 12 
EL. 5648.1 FT. 

0 

541 
~ 6" 

·1 t ~~/ 
1 

------tllj t 

88/ 
6.2\-104 • c· 

50/ 
GI 2· 

15 
r 
I --

5.1 1,0 I 
20 

!<.\ 

i" --
I 

25 
I 

I 
I 
I 79.2 

30 

--
I 
I 100 

35 
I 67 

J. --
I 

1. 

RZO-BROWN FINL SANO ANO SILT. 
DENSE 

GRADING CALC.\REOvS WITH THiii 
LAYERS OF VLRY C.\LCAREO~S 

MATERI.\L 

GREEN .\ND YELLOW, FI-'t: TO MEDIUM 
CRAIN£0, ~CATH~R£0 SANDSTONE 

GREEN, FINE GR;.I~ED, CLAYEY, 
~EA.TKER£0 SANOS70Nt. WIT!! YCLLOW 
AND RED I;t01' ST.\I"rnG 

SECOM<::; Lt:S~ CLAYEY; MOST 
CIRCULATION LOSl 

VERY LIGHT dRO>iN TO GRAY• MEDIU11-
GRAINED SANJSTONE WITH SQ;{E ORANGE 
STAlNING; MODERATELY TO WELL 
CEMENTED AT TOP, SECOKES P00t<~f­

CEMENT1'D AT 35 FT 

GENERALLY MODERATELY-CEMENTED 
s.\UDSTOllE 

!!: 40 I 

i= I 
... ... 
c 

45 
I 

I .. 
so I 

I 
65 

I 
70 

75 I 

I 

I 

so I 

0.9 

--

1.4 

-nOJ 
0 

WELL-COIEllTCl SANDSTONE 

MODERATELY-CE>U.NTED SANDSTO<iE 

WELL CE.'IENTCO 

WELL-CEMENTED S."\NDSTONE, APPAR­
ENTLY WITH OCCASIONAL FRACTUREu 
ZONES 

LIGHT BROWN, MED!t!M-GRAINED SAND­
STONE. MODERATELY CEMENTED, GRADING 
WELL CEMENTED 

LOG OF 

100 

.. 
::;10s ... 
!!: 
::c ,_ ... 
~10 

115 

125 

130 

lJS 

0 

... 
"' ... .. 
!!: 

i= 
0.. 

"' 10 a 

+ 
I 

I 10. 7 
I 

..!. 

GROU~D WATER ~LVEL 81.J FT, ll/4/77 

CIRCU!.ATION LOST, STILL APPE.\RS 
WELL CE:.~C:~TEO 

BECOMES U:SS CEMENTED 

SO!U: CIRCULATlON REGAlNED BUT 
STlLL LARGE WATER LOSSES 

WELL-CE."ie.<TEll s;_.~DSTONE 

POORLY-C::."<ENTEO SANDSTONE 

POORLY-ct::<E11TEO SA.~OSTONE 

WELL-CEMJ;;<TED S.\NDSTONE 

POORLY-Ct::<ENTEO, POSSIBLY CONGLOll­
ERATE OR FRACTt:RED SA.~DSTONE 

MODEAATELY-CEMLNTED SANDSTONE 

POORLY-CE:<ENTED SANDSTONE 

WELL-COU:NTED SAUDSTONE 

HOLE COMPLETED 9/29/77 

BORING NO. 15 
EL. 5600.7 FT. 

M MEDIUM DE.~E 

GRADING CALCAREOUS WITH CALCITE ! ~'Ml/ Rl:O-BROWN FINE SAND AND SILT, 

~-~~·~~6~3~'.::::~i"'j~ STRINGERS 
::-::-:::- CLS GREEN, WE."\TIIERZil CLAYSTOl<E 

G RI 
t,;Sl2.S.'1 .. FIN.i:. TO MEOlU!i-CRAl!'lt:U 
SA.~DSTONE 

GRADES WELL CEMENTED 

15 ------ HOl:.E CO.~PLETED 9/17/77 
:::: ~::t::!..-::::i :;.-\ -::::::?. :::::.:ct::::::::u::i 

BORINGS 

Pl ATF A-7 
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BORING NO. 16 

0 

6.l\-104 

10 

15 

EL. 5597.5 FT. 

9C/ 

REO-BROAN FIN£ SANO ANO SILT, 
!<£0 IUl1 0£NS£ 

GRADING CALCAREOUS WITH CAL­
CITE STRINGERS 

CAAOO:S DENS£ 

PALE CR£EN TO WHITE, FINE TO 
COARSE-GRAINED SA;<OSTONE, ALTER­
~A•I:IC W£LL-C£M£NTf:O ANO POORL¥­
C£;i£NT£0 BANDS 

B£COH£S COilTINUOUSLY WELL­
C£.'IENTEO 

HOL£ COMPL£TEO 9/10/77 
.W GROUND WATER £NCOUNTEREO 

20------

BORING NO. 18 
EL. 5608.5 FT. 

o -_,,,._fl~,,_ SMML/...,,.-----l RED-BROWN FIN£ SANO ANO SILT, 
11COIUM 0£NSE 

9 )/ GRADING CALCAREOUS WITH CAL-
• l l. CITE STRINGERS 

10 

15 

20 

25 

86, -::::-:-:: 
"'111~ ---

50/ ------
0 o· .... -_--_---......_ _ _, 

OFF-WHITE, POORLY CEl1£NTEO, 
WEATHEREO SANDSTONE WITH LAYERS 
OF WEATHERED CLAYSTONE 

GRE£N SANDSTONE 

GREEN, WEATHERED CLAYSTONE WITH 
Ol<ANG~ IRON STAINING 

Jo------ HOLE COl1PL£TEO 9/17/77 

0 

10 

NO GROUND WATER £NCOUNTERE0 

BORING NO. 20 
EL. 5570.4 FT. 

RED-BROWN FINE SANO ANO SILT, 
LOOSE TO MEDIUM OENSlo. 

LICHT BROWN, FINE TO MEDIUM­
CRAINEO SANDSTONE, GRADING WELL­
CEM£.'ITEO 

HOLE COHPL£TEO 9/17/77 
NO GROvND WATER ENCOUNTERED 

LOG OF 

... 
w 
w .... 
:.: 
:r ... 

BORING NO. 17 
EL. 5582.0 FT. 

5. 5\-105 • 76 

SM/ 
ML 

RED-BROW,< FINE SANO ANO SILT 

CRAOINC CALCAREOUS WITH CAL­
CITE STRINC£RS ANO INCLUSIONS 

CRZE~. FINE TO ~IUM-CR..\IUEO 
SANDSTONE, INIITALLY WEATHEREu, 
GRADING WELL C£.'lEllTEO 

::; 10 -----~"'''""~ LAYERED POORLY-CEM£NTEO ANO 
W£LL-C£.'lENTEO, POSSIBLY SOME CLAY­
STONE LAYERS 

0 

... ... 
w 
IL 

:.: 

15------
LAYERED WELL-CEMENTED ANO VERY 
WELL-CEMENTED 

HOLE COMPLE"XEO 9/17/77 
NO GROUND WAT~R £.XCOUNTEREO 

BORING NO. 21 
EL. 5584.5 FT. 

o-----...,...,,...~,S--M_/...,...-RE-D---B-R-a.-:<N--F-I-N-E-S.\l-NO-A-N-0-S-IL-T-,~ 

ML LOOSE TO MEDIUH DENSE 

•52 :-:-:: CLS 

:;:';::,,:SOS 

GREEN CLAY WITH SOME GYPSUl-1 
CRYSTALS, (WEATHERED CLAYSTONE) 
STIFF TO VERY STIFF 

GREEN, FINE GRAINED, WEATH£RED 
SANDSTONE 

~ ISi:~~ 
:; 10 _____ _, 
a 

... .... .... ... 
:.: 
:r ... 
"-w 
a 

BECOMt:S WELL-CEMEllTED 

HOLE COHPL£T~O 9/17/77 
15------ NO GROUND WATER ENCOUNT£REO 

BORING NO. 22 
EL 5585.3 FT. 

o-~~~-r..,.,.,...~S~M:-:-:/..--RE-0---B-ROWN--F-IN-E~SM-.-O-AN-0-S-IL-T-

73/ 
12. 5\-11a•101( 

10 

15 

20 

25------

ML G<Y\OING CALCAREOUS WITH CAL­
CITE STRINGERS 

GP.ADES CLAYIER 

LIGHT BROWN TO OFF-WHITE, SILTY 
CLAY 

c;u:zi:. FI~t: C::tftI;lEO, OJL\Tli:C:Rf:D . 
SANDSTONE WITH HIGH CLAY CONTEllT, 
POORLY-CEMENTED 

BECOMES WELL-CEMENTED 

liO~E COl<PLETEO 9/17/77 
NO GROUllO WATER ENCOUNTERED 

BORINGS 

DA ... ES C. ... OORE 

PLATE A-8 



.. 
"' ... ... 

BORING NO. 19 
EL. 5600.3 FT. 

93/ 
i2. o-92 • u · 

•'SM/ 

10 f ----:<;J~lO.._."" I 

15 

20 

25 

30 

7.0 

35 

l 
I 

95/ 
fJ 9" 

85/ 
fJ 91,• 

50/ 
.&~~-

l;! 

-~ 

J 

. [. ' 
sos 

......... 

RED-aROWN FIN£ SAND ANO SILT. 
MEDIUM DENSE 

GRAD!llG CALCAREOUS WTIH 
CALCITE STRINGERS 

GAAOES VERY CA'-CAREOUS ANO 
VERY DENSE 

BECOMES VERY LOOSE, POSSIBLY 
:.1ITH VOI.)S 

BECOMES OEliSE 

GREEN, FINE TO HEOIUH-GRAINEO 
SANDSTONE, "f:ATHLREO, WITH SOME 
ORA.'JGE A.'JO YELLOw IRON STAINI:IG 

GRAY-GREEN, FINE TO MEDIUM CRAIN£0, 
WEATHERED, CLAYEY SANDSTONE WITll 
ORANGE ANO YELLOW IRON STAINWC 

BECOMES LESS WEATHERED WITH LESS 
CLAY, PR£00MiliA.'<TLY CRAY WIT11 
ORANGE IRON S1AININC, HOOERATELY 
CEMENTED, MEOlUM GRAINED 

BROWN-YELLOli, COARSE-CRAINLD SANDSTONE 

:!: 40 
85 

::·;·.:: CGL 
::::;;:'i' sos 

FINE GRAVEL CONGLOMERATE WITH CONSID­
ERABLE COARSE•CRAINED SANO ANO CAL­
CARCOUS XI.TRIX 

i= 
0.. -~ ... 
Q 

943 
45 

50 

J.. --
78 

55 
n 

--

60 

65 

70 

_____ .......,lllil 

80 ___ :01~ 

BROWN TO YELLOW, COARSE-GRAINED SAND­
STONE WITH CONSIDERABLE NEAR HORI• 
ZONTAL FRACTURING A.'10 SOME ORANGE 
IRON STAINING, KOOERATELY CEMENTED 

WATER RETURN COMPLETELY LOST 

LICHT GRAY, MEDIUM TO COARSE-GRAINED 
SANDSTONE; HIGHLY FRACTURED ALONG 
HORIZONTAL BEDDING, CONSIDERABLE 
tIHONITE STAINING ALONG BEDDING 
FRACTURES; l«JOERATELY CEMENTED TO 
UNCEHENTEO, CORE LOSSES ASSUMED 
OU£ TO WASHING AWAY OF UNCEH£NTEO 
ZONES 

LIMITED WATER RETUl<N 

BECOMES VERY UNCEMl:llTED, WATER 
RETURN LOST 

HOLE LOST AT 72 FTi HOLE l9A 
DRILLED 15 FT SOUTH OF HOLE 19: 
NO WATER RETURN OBTAINED; NO 
Sll;{PLING POSSIBLE: HOLE LOCCEO 
FRO~ ~RI!..!-!~IC PRCCRESS 

VERY WELL-CEHENTEO SANDSTONE (72 FT) 
MODERATELY-CEMENTEO SANDSTONE (73 FT) 

LOG OF 

130------

BORINGS 

MODERATELY WELL-CEMENTED CONG<.OMERATE 
OR FRACTURED SAtlDSTONE. GaAOING BETTER 
CE.'IE!ITEO 

GRADING LESS CE~E~ITEO 

VERY POORLY-CE.'<ENTEO SANDSTONE 

MOOERATELY-CE.'<ENTEO CLAYSTONE 

POORLY-CEME.'<TEO SANDSTONE WITH 
MINOR HARO LENSLS 

HODERATELY-CEME~TED SANDSTONE 

GRADES L!:SS CE.~ENTEO 

APPEARS CLJ.YEY 

HOOERATELY-CEME~TEO SANDSTONE 

GROUND WATER LEVEL liO FT, ll/4/77 

POORLY-CE:<CNTt:O SANDSTONE WITH 
ocCASIOllAL BA.'<OS OF GRAVEL OR 
CONGLOMERATI: 

VERY WELL-CEME!ITEO SANDSTONE 

VERY POORLY-CEMENTED SANDSTONE 

VERY :<ELL-CE!<ENTEO SANDSTONE 

BECOMES LESS CEMENTED ANO CLAYEY 

HOLE COMPLETED 9/25/77 

PLATE A-9 



BORING NO. 23 
EL. 5555 .9 FT. 

RCO-Bk"OW~ FINE SAND AND SILT, 
LOOSE TO MEDIUM OENSE 

GRADING CALCAREOUS WITH CAL· 
CITE STRINi.:tRS 
GRAOE5 HEOIUH-CRA!~EO 
M07TLED CO~RS FROM RED TO 
;nil T£ ANO YELLOW 

,_ YELLOW TO LIGHT BROWN. MEDIUM TO 
IU COARSC:-GRAINED SANO (WEATHERED 
~ SANilSTONEl i 10 

___ _.c!:-l;:;:!=lr=!ll:ll~s;:;;o;:s~c~FF~::::~~::~~~: .c::IUN 

a CSll609{. :1rnrn1 ~N~~~~:G~~· W~R~~~~~EO 

... 
"' "' .... 
~ 

j'.: ... 
"' a 

15------

HOLE COMPLL"TEO 9/10/77 
NO GROUND WATER £!<COUNTERED 

20------

BORING NO. 24 
EL. 5573.4 FT 

o~~~~-..,.,.,,.~,~S~M~/,,,_~~~"--~~~~~~~-

REo-saOWN FINE SANO AND SILT. 
ML LOOSE TO HEOIUH DENSE 

GRADING CALCAREOUS WITII CALCITE 
STRWGERS 

OFF-WHITE, FINE GRAINED, WEATHERED 
SANDSTONE, GRADES WELL-CE.'IENTI:O 

OFF-WHITE, FINE TO MEDIUM GRAINED, 
MODERATELY WELL-CO!ENTED SANDSTONE 

!.IGllT BRO:iN. FU:£ TO MEDIUM GRAINED. 
"ELL-C£1iE::IT£;) SANDSTONE 

llOLZ CO.~LETED 9/17/77 
15------ NO GROUND WATER EllCOUNTERED 

10 

BORING NO. 26 
EL. 5578.3 FT. 

RED-BROW?I FINE SAND AND SILT, 
LOOSE TO MJ:DIUM DE.'<SE 

GRADING CALCAREOUS WITII CALCITE 
STRINGERS 

OFF-WHITE, FINE TO HEOIUM-GRAINEO 
SANDSTONE, WEATHERED, GRADING WELL­
CEMENTEO 

VERY WELL CEMEUTEO 

HOLE COHPLETED 9/17/77 
NO GROUND WATER ENCOUNTERED 

LOG OF 

... 
IU 

"" .. 
~ 

j': ... 
IU 
a 

... 
IU 

"' .. 
~ 

j'.: 
0.. 
IU 
a 

10 

10 

BORING NO. 27 
EL. 5555.0 FT. 

il!:.0-SRO:-r.i FINE s;..~;o ANO SILT. 
LOOSE: TO MEDIU:~ :it:;sE 

GRADING C.\LCA!l.~OUS "!TH CALCITE 
S7RillG£RS 

ca.::r:;isH. FL'f .. ·:o :-!E:Hi;;.;-GMI~E:> 

S~:OS70NZ • VC:RY WELL-CE.'IENTED 

HO~! CO:il'LET=D 9/17/77 
NO GROU!IO WATER £~COUNTERED 

BORING NO. 29 
EL. 5655.0 FT. CAPPROXJ 

:~1 · SM/ 

ff •ML 

RED-oROWN FWE SA1'D A~D SILT, 
:.:::.s::: 

GAAOES HEDICM DE1'SE 

h<H7E TO SLIGHTLY TA.'< SANDSTONE 

3ECOM£S WELL-CE.'IC:ITED 

HO~~ COMPLETCD 9/JJ/77 
~O GROU~O WATER £:;COUNTERED 

BORINGS 
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BORING NO. 28 
EL. 5547.6 FT. 

76/ "'11. 
10 

""15 
15 

f;i 50/ 

20 
2\· 

-~ 

25 I 
94 

0 81 

T -~ 

30 

0 
JS I 

I 

I --
I 

lOO 
40 I 

80 
I 

-~ 

45 

~1i 
so-----t'~~~ 

:: ___ -+-~-:=-...1111 
~ 

6s------1~l\ll 
70 ------ff ,~II!~ 
1;-~-----1@!:i·i~Y-

ao-..... •' ___ .... -~UJ r-

RED-BROWN FINE SA.NO A~O SILT. 
HJ;QIUM DENSE 

GRAD ING C:.LCARLOUS W I1"H 
CALCI7'E S7RIWG.E.:RS 

GRADES LIGHT BROWN AND VERY DENSE 

Bi:COIU:S LOOSE 

BECOMES Vl:RY DENSE 

ORANGE TO YELLOW. MEDIUM TO cINE 
o;RAINEO, SILTY SA!ID (WEATHERED 
SANDSTONE) 

LIGHT GREE:II!:H-GRAY. FHIE TO 
MEDIUM-GRAINCD S;.t;DSTONE WITH 
SOME GRAVEL TO PEBBLE-SIZED IN­
CLt;SIONS: SOilE !HKOR Lll«)NlTE 
STAINING: FR.\CTURlS llO~IZONTAL 

LIGHT GREEN, FI:IE-GRAINED s;.xc-· 
STONE WITri LAYlRS or GREE:! CLAY­
STONE UP TO 4 INCHES THICK 

MEDIUM TO LIGHT Br.o«N, MEDIUM TO 
COARSE GRAIN~D. WLLL-CE~ENTED SAND­
STONE, IRON STAINING EVIDE:<T AT 
CONTACT WITH OVERLYING n:n:a­
GRAINED SANDSTONE 

CIRCULATION LOST 

LICHT GRAY, MEDIUM TO COARSE­
GRAINED SANDSTONE WITH SC:CTIO.<S or 
VERY POORLY-CEMENTED SANDSTONE 

INTERLAYERED, poo1u.:i-cc::-u:::r£D A:<D 
WELL-COU::NTED SANDSTO"E AND CO!l­
GLOMERATE 

CA3ING INSTALLC:D TO 74 FT 

GROUND WATER LEVEL 75.7 FT, ll/4/77 

MATCH LINE 

LOG OF 

BO 

a; 

90 

I 
14.) 

I 

I 

.l 

•o.J 
I 

E1os -''-------11;:;,;;,;;1 
.... 
"" .L 
j:: I 
CL 
~110 -'--+'-""'-cl'''''"" 

135------

BORINGS 

MATCH LINE 

GRAVEL AND PEBBLE CONGLO:-IERATE WITH 
SA.NOY MATRIX IN PLACES CNCt.."'lENTEO 

LIGHT GRAY TO OFF-WHITE, FINE TO 
H£0IUM-CRAI!-Z£0 SANC3TONE. WELL 
CE.'IOITED 

GE:IERALLY LlGHT GRAY SANDSTONE WITH 
OCCASIONAL 3ANOS OF aROli!I, CLAYIER 
SA:lOSTONE 

GRADES 0.\RKER GR.\Y 

LI(;HT GRAY, WELL-CE.'U:.~TEO SA.~OSTONE 

LIGHT GRAY, MEDIUM GRAINED, WELL­
C~NTED SAllDSTONE; FRACTURES 
C£1l£RALLY NEAR HORIZONTAL 

HOU: COMPLETED 9/21/77 

DA ... ES e ... oone 

PLATE A-11 
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TRIAXIAL COMPRESSION TESTS 
ct:~T" lrftTI .e"''"'°"' ,e ..... ,k ,e.,u,, 

"· .. ;3.3 1~.2 /3·3 15·1 

ON SILTY FINE SAND COMPACTED TO 95% ~ Y4• ~f ///, I ///, Z. ///,/ ///. 5 

! .. o. nJ__ ''"SJ.7 "· ~Zd' o . .S,2.~ 

OF AASHTO T-99 MAXIMUM DRY DENSITY , s " 'J' 7- 'J' x " .. y. c 7 ·1.. /• 

"'• .. /8.2 ll·~ !<! .. 7 t<:. / 
~ Tio "1:F /lfl·i 117.1 t•J.o_ IZO·~ . ...___ 
~ ., o . .:tel 
~-

o.f:;o ",<lN o, f-O'! .. ,. ,, s .. "' /oO Y. /00 "- /00 J loo •1; 
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• coo.r.s 3 ,00<>0'3 5 . ooo €'GO I IHCHts I MINUTI! I ,t:)Oc:J ?;:3 
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- - TOTAL STRESS ' .: $ ~ $ 'f t( f -<( I•. 
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NORMAL STRESS, KSF I 
(MAXIMUM EFFECTIVE STRESS RATIO) TRIAXIAL COMPRESSION TEST REPORT 

TYPE OF TEST ~0/ff.~#t 7;!,.{~.;,/t.::1£R:1,1Af 8.c~: J f"'; ~,. 

TYPE MATERIAL CO,.,,l"ACT'~Q ~e 

I SAMPLE DESCRIPTION 

CLASSIFICATION .Pet>O,SH •.<!,.._OWi". CC-'!Y€Y S'•t.." 
LIOUIO LIMIT_-_ PLASTIC LIMIT_-_SPECIFIC GRAVITY, G1 ;;: ;.,o (A tJ.I 

P~OJECT I C'-N·!:'R~ y rue ls 
LOCATION Q~...,v{c;> 

Kf{ JOB NO. "'f.?J. · O/S· 1.::1. PREPARED BY ' /o l lZl 7:i 
' CHECKED BY A"# _, lt..._L~f._;2 

PL.ATE: 8-1 l 
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MUL Tl PHASE TRlAXIAL COMPRESSION TESTS 

ON SIL TY FINE SAND AT NATURAL DENSITY 

EFFECTIVE STRESS 

TOTAL STRESS 
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NORMAL STRESS, KSF' 

C MAXIMUM EFFECTIVE STRESS RATIO) 
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TRIAXIAL COMPRESSION TEST REPORT 
TYPE OF TEST Th • C\l - P Q 
TYPE MATERIAL e,,..., :s.-Lt \ F. S111.14 

, SAMPLE DESCRIPTION 

CLASSJFICATION_.:5,_M..__/._M'-'--"L.'°-----------­
LIOUIO LIMIT.ti/A.. ~STIC LIMIT~iLSPECIFIC GRAVITY, G1 ~v~ 

PROJECT i'.N E P. I.'/ c;.,, 
LOCATION_fl.l.A •• u .... t.ul.u' ""'1-,,..__,_ul..li: ..... -----------
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By TAM Date 7/5/96 Subject _,,E=FN....._,__-_W~h....,it=e....,M....,e""s""""a _________ Page_j__of_l:_ 
Chkd By~ Date o/tiff 1& Tailings Cover Material Volume Cale. Proj No 61I1-001 

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: 
• 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 in 

Cell 3. 

Standard geometric equations, as shown below, were used to determine the 
required material volumes. 

Volume of a rectangle 
Volume of a trapezoid 

= base * height * length 
= 112 *height *(base1 +base 2) 

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 5H: IV slopes have been divided into several zones which are indicated on 
Figure I. 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. 

• 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. 

• 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: \proj ects\6111. 001 \volume. clc 9 /16/96 
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By TAM Date 715196 Subject ~E=FN-"-'--~W~h=i=te~M,_.,_e=s=a _________ Page 2--of_l__ 
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Results: 
Option 1: (Cover on Cells 2, 3, and 4A): 

Total volume (Clay): =9,857,221 ft3 
Total volume (Random fill): =19,918,351 ft3 
Total volume (Riprap - top cover): =2,234,563 ft3 
Total volume (Riprap - side slopes): =1,122,881 ft3 

Option 2: (Cover on Cells 2 and 3): 
Total volume (Clay): =7,816,884 ft3 
Total volume (Random fill): =15,804,024 ft3 
Total volume (Riprap - top cover): =l, 754,563 ft3 
Total volume (Riprap - side slopes): =968,890 ft3 

d: \projects\6111. 001 \volume. clc 9/16/96 

=365,082 yd3 
=737,717 yd3 
=82,762 yd3 
=41,588 yd3 

=289,514 yd3 
=585,334 yd3 
=64,984 yd3 
=35,885 yd3 



TABLE 1 
Volume of materials for top of cover: 

Cell# surface area Th (riprap) Th (fill) Th (clay) 

ft'2 inches feet feet 

2 3237500 3 2 1 

3 3780750 3 2 1 
4A 1920000 3 2 1 

Option 1 Total (Cells 2,3,and 4A): 
Option 2 Total (Cells 2 and 3): 

TABLE 2 
Volume of materials for side slopes: 

Slope# total h h (riprap) h (fill) h (clay) L' (riprap) L' (fill) L' (clay) Length 

ft. ft. ft. ft. ft. ft. ft. ft. 

1 16 15.5 14.0 12.5 79.0 71.4 63.7 3500 

2 6 5.5 4.0 2.5 28.0 20.4 12.7 500 

3 6 5.5 4.0 2.5 28.0 20.4 12.7 1180 

4 20 19.5 18.0 16.5 99.4 91.8 84.1 1900 

5 43 42.5 41.0 39.5 216.7 209.1 201.4 1750 

6 10 9.5 8.0 6.5 48.4 40.8 33.1 950 

7 5 4.5 3.0 1.5 22.9 15.3 7.6 1350 

8 27 26.5 25.0 23.5 135.1 127.5 119.8 1200 

9 35 34.5 33.0 31.5 175.9 168.3 160.6 1450 

10 18 17.5 16.0 14.5 89.2 81.6 73.9 1300 

n 1 Total (Slopes 1, 2, 3, 4, 6, 7, 8, 9, and 10): 
n 2 Total (Slopes 1, 2, 3, 4, 5, 6, and 7): 

TABLE 3 
Total Material Volumes for the Cover 

Option 1: 
rlprap (top of cover) 2234563 ft' 82762 yd' 

riprap (side slopes) 1122881 ft• 41588 yd0 

random fill 19918351 ft' 737717 yd0 

clay 9857221 ft 0 365082 yd' 

Option 2: 
rlprap (top of cover) 1754563 ft' 64984 yd' 

rlprap (side slopes) 968890 ft0 35885 yd 0 

random fill 15804024 ft0 585334 yd' 

clay 7816884 ft 289514 yd 0 

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)) I (cos 78.7). The slope Is 5H: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). 

d:lprojecis\6111 .001 \VOL_ CLC.XLSS/14/96 

V (riprap) 
ft.'3 

809375 
945188 
480000 

2234563 
1754563 

Th (rlprap) Th (fill} Th (clay) V(riprap)' 
feet feet feet ft.'3 

1 2 1 276622 
1 2 1 14022 
1 2 1 33093 
1 2 1 188919 
1 2 1 379240 
1 2 1 46019 
1 2 1 30977 
1 2 1 162149 
1 2 1 255078 
1 2 1 116003 

1122881 
968890 

V(fill) 
ft.'3 

6475000 
7561500 
3840000 

17876500 
14036500 

V(fill)' 
ft.•3 

499704 
20396 
48135 

348773 
731709 
77505 
41302 
305941 
487976 
212119 

2041851 
1767524 

V(clay) 

ft.'3 

3237500 
3780750 
1920000 

8938250 
7018250 

V(clayt 
ft.•3 

223082 
6374 
15042 
159854 
352470 
31486 
10326 

143792 
232898 
96117 

918971 
798634 

,. \ 
~ ..... ,.,..:1' 
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TECHNICAL SPECIFICATIONS FOR EXISTING COVER DESIGN  
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1.0 GENERAL 

 

The specifications presented in this section cover the reclamation of the Mill facilities. 

 

2.0 CELL 1 RECLAMATION 

 

2.1 Scope 

 

The reclamation of Cell 1 (previously referred to as Cell 1-I) 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. 
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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." 

 

 

2.5 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 including all SX and 

reagent tankage, mixers and settlers, pumps and piping. 

· The SX building. 

· The Mill building. 

· The Alternate Feed processing circuit 

· Decontamination pads 

· The office building. 

· The shop and warehouse building. 

· The sample plant building. 

· The Reagent storage building. 

 

The sequence of demolition would proceed so as to allow the maximum use of support areas of 

the facility such as the office and shop areas.  It is anticipated that all major structures and large 

equipment will be demolished with the use of hydraulic shears.  These will speed the process, 

provide proper sizing of the materials to be placed in tailings, and reduce exposure to radiation 

and other safety hazards during the demolition.  Any uncontaminated or decontaminated 

equipment to be considered for salvage will be released in accordance with the terms of License 



Page A-10 
 Revision 3.2.B 

Denison Mines (USA) Corp. 
White Mesa Mill Reclamation Plan 

 

 

Condition 9.10.  As with the equipment for disposal, any contaminated soils from the Mill area 

will be disposed of in the tailings facilities in accordance with Section 4.0 of the Specifications. 

 

 

3.2 Mill Site 

 

Contaminated areas on the Mill site will be primarily superficial and include the ore storage area 

and surface contamination of some roads.  All ore and alternate feed materials will have been 

previously removed from the ore stockpile area.  All contaminated materials will be excavated 

and be disposed in one of the tailings cells in accordance with Section 4.0 of these Plans and 

Specifications.  The depth of excavation will vary depending on the extent of contamination and 

will be based on the criteria in Section 2.2.3 of these Plans and Specifications.  All other 11e.(2) 

byproduct materials will be disposed of in the tailings cells. 

 

All ancillary contaminated materials including pipelines will be removed and will be disposed of 

by disposal in the tailing cells in accordance with Section 4.0 of these Plans and Specifications. 

 

Disturbed areas will be covered, graded and vegetated as required.  The proposed grading plan 

for the Mill site and ancillary areas is shown on Figure A-3.2-1. 

 

3.3 Windblown Contamination 

 

Windblown contamination is defined as Mill derived contaminants dispersed by the wind to 

surrounding areas.  The potential areas affected by windblown contamination will be surveyed 

using scintillometers taking into account historical operational data from the Semi-annual 

Effluent Reports  and other guidance such as prevailing wind direction and historical background 

data.  Areas covered by the existing Mill facilities and ore storage pad, the tailings cells and 
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adjacent stockpiles of random fill, clay and topsoil, will be excluded from the survey.  Materials 

from these areas will be removed in conjunction with final reclamation and decommissioning of 

the Mill and tailings cells. 
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3.3.1 Guidance 

 

The necessity for remedial actions will be based upon an evaluation prepared by Denison, and 

approved by the Executive Secretary, of the potential health hazard presented by any windblown 

materials identified.  The assessment will be based upon analysis of all pertinent radiometric and 

past land use information and will consider the feasibility, cost-effectiveness, and environmental 

impact of the proposed remedial activities and final land use.  All methods utilized will be 

consistent with the guidance contained in NUREG-5849:  "Manual for Conducting Radiological 

Surveys in Support of License Termination." 

 

3.3.2 General Methodology 

 

The facility currently monitors soils for the presence of Ra-226, Th-230 and natural uranium, 

such results being presented in the second semi-annual effluent report for each year.  Guideline 

values for these materials will be determined and will form the basis for the cleanup of the Mill 

site and surrounding areas.  For purposes of determining possible windblown contamination, 

areas used for processing of uranium ores as well as the tailings and evaporative facilities will be 

excluded from the initial scoping survey, due to their proximity to the uranium recovery 

operations.  Those areas include: 

· The Mill building, including CCD, Pre-Leach Thickener area, uranium drying and 

packaging, clarifying,  and preleach. 

· The SX building, including reagent storage immediately to the east of the SX 

building. 

· The alternate feed circuit. 

· The ore pad and ore feed areas. 

· Tailings Cells No. 2, 3, 4A, and 4B. 

· Evaporation Cell No. 1. 
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The remaining areas of the Mill will be divided up into two areas for purposes of windblown 

determinations: 

 

· The restricted area, less the above areas; and, 

· A halo around the restricted area. 

 

Areas within the restricted area, as shown on Figure 3.2-1 will be initially surveyed on a 30 x 30 

meter grid as described below in Section 3.3.3.  The halo around the suspected area of 

contamination will also be initially surveyed on a 50 x 50 meter grid using methodologies 

described below in Section 3.3.3.  Any areas which are found to have elevated activity levels will 

be further evaluated as described in Sections 3.3.4 and 3.3.5.  Initial surveys of the areas 

surrounding the Mill and tailings area have indicated potential windblown contamination only to 

the north and east of the Mill ore storage area, and to the southwest of Cell 3, as indicated on 

Figure 3.2-1. 

 

3.3.3 Scoping Survey 

 

Areas contaminated through process activities or windblown contamination from the tailings 

areas will be remediated to meet applicable cleanup criteria for Ra-226, Th-230 and natural 

uranium.  Contaminated areas will be remediated such that the residual radionuclides remaining 

on the site, that are distinguishable from background, will not result in a dose that is greater than 

that which would result from the radium soil standard (5 pCi/gram above background).  

 

Soil cleanup verification will be accomplished by use of several calibrated beta/gamma 

instruments.  Multiple instruments will be maintained and calibrated to ensure availability during 

Remediation efforts. 
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Initial soil samples will be chemically analyzed to determine on-site correlation between the 

gamma readings and the concentration of radium, thorium and uranium, in the samples.  Samples 

will be taken from areas known to be contaminated with only processed uranium materials (i.e. 

tailings sand and windblown contamination) and areas in which it is suspected that unprocessed 

uranium materials (i.e. ore pad and windblown areas downwind of the ore pad) are present.  The 

actual number of samples used will depend on the correlation of the results between gamma 

readings and the Ra-226 concentration.  A minimum of 35 samples of windblown tailings 

material, and 15 samples of unprocessed ore materials is proposed.  Adequate samples will be 

taken to ensure that graphs can be developed to adequately project the linear regression lines and 

the calculated upper and lower 95 percent confidence levels for each of the instruments. The 95 

percent confidence limit will be used for the guideline value for correlation between gamma 

readings and radium concentration.  Because the unprocessed materials are expected to have 

proportionally higher values of uranium in relation to the radium and thorium content, the 

correlation to the beta/gamma readings are expected to be different than readings from areas 

known to be contaminated with only processed materials.  Areas expected to have contamination 

from both processed and unprocessed materials will be evaluated on the more conservative 

correlation, or will be cleaned to the radium standard which should ensure that the uranium is 

removed.  

 



Page A-16 
 Revision 3.2.B 

Denison Mines (USA) Corp. 
White Mesa Mill Reclamation Plan 

 

 

Radium concentration in the samples should range from 25% of the guideline value (5 pCi/gram 

above background) for the area of interest, through the anticipated upper range of radium 

contamination.  Background radium concentrations have been gathered over a 16 year period at 

sample station BHV-3 located upwind and 5 miles west of the Mill.  The radium background 

concentration from this sampling is 0.93 pCi/gram.  This value will be used as an interim value 

for the background concentration.  Prior to initiating cleanup of windblown contamination, a 

systematic soil sampling program will be conducted in an area within 3 miles of the site, in 

geologically similar areas with soil types and soil chemistry similar to the areas to be cleaned, to 

determine the average background radium concentration, or concentrations, to be ultimately used 

for the cleanup. 

 

An initial scoping survey for windblown contamination will be conducted based on analysis of 

all pertinent radiometric and past land use information.  The survey will be conducted using 

calibrated beta/gamma instruments on a 30 meter by 30 meter grid.  Additional surveys will be 

conducted in a halo, or buffer zone, around the projected impact area.  The survey in the buffer 

area will be conducted on a 50 meter by 50 meter grid.  Grids where no readings exceed 75% of 

the guideline value (5 pCi/gram above background) will be classified as unaffected, and will not 

require remediation. 

 

The survey will be conducted by walking a path within the grid as shown in Figure A-3.3-1.  

These paths will be designed so that a minimum of 10% of the area within the grid sidelines will 

be scanned, using an average coverage area for the instrument of one (1) meter wide.  The 

instrument will be swung from side to side at an elevation of six (6) inches above ground level, 

with the rate of coverage maintained within the recommended duration specified by the specific 

instrument manufacturer.  In no case will the scanning rate be greater than the rate of 0.5 meters 

per second (m/sec) specified in NUREG/CR-5849 (NRC, 1992). 
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3.3.4 Characterization and Remediation Control Surveys 

 

After the entire subarea has been classified as affected or unaffected, the affected areas will be 

further scanned to identify areas of elevated activity requiring cleanup.  Such areas will be 

flagged and sufficient soils removed to, at a minimum, meet activity criteria.  Following such 

remediation, the area will be scanned again to ensure compliance with activity criteria.  A 

calibrated beta/gamma instrument capable of detecting activity levels of less than or equal to 25 

percent of the guideline values will be used to scan all the areas of interest.   

 

3.3.5 Final Survey  

 

After removal of contamination, final surveys will be taken over remediated areas.  Final surveys 

will be calculated and documented within specific 10 meter by 10 meter grids with sample point 

locations as shown in Figure A-3.3.2.  Soil samples from 10% of the surveyed grids will be 

chemically analyzed to confirm the initial correlation factors utilized and confirm the success of 

cleanup effort for radium, thorium and uranium.  Ten (10) percent of the samples chemically 

analyzed will be split, with a duplicate sent to an off site laboratory.   Spikes and blanks, equal in 

number to 10 percent of the samples that are chemically analyzed, will be processed with the 

samples. 

 

3.3.6 Employee Health and Safety 

 

Programs currently in place for monitoring of exposures to employees will remain in effect 

throughout the time period during which tailings cell reclamation, Mill decommissioning and 

clean up of windblown contamination are conducted.  This will include personal monitoring 

(film badges/TLD’s) and the ongoing bioassay program.  Access control will be maintained at 

the Restricted Area boundary to ensure employees and equipment are released from the site in 
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accordance with the current License conditions.  In general, no changes to the existing programs 

are expected and reclamation activities are not expected to increase exposure potential beyond 

the current levels. 

 

3.3.7 Environment Monitoring 

 

Existing environmental monitoring programs will continue during the time period in which 

reclamation and decommissioning is conducted.  This includes monitoring of surface and 

groundwater, airborne particulates, radon, soils and vegetation, according to the existing License 

conditions.  In general, no changes to the existing programs are expected and reclamation 

activities are not expected to increase exposure potential beyond the current levels.   

 

3.3.8 Quality Assurance 

 

At least six (6) months prior to beginning of decommission activities, a detailed Quality 

Assurance Plan will be submitted for Executive Secretary approval.  The Plan will be in 

accordance with NRC Regulatory Guide 4.15, Quality Assurance for Radiological Monitoring 

Programs.  In general, the Plan will detail Denison’s organizational structure and responsibilities, 

qualifications of personnel, operating procedures and instructions, record keeping and document 

control, and quality control in the sampling procedure and outside laboratory.  The Plan will 

adopt the existing quality assurance/quality control procedures utilized in compliance with the 

existing License.       
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4.0 PLACEMENT METHODS 

 

4.1 Scrap and Debris 

 

The scrap and debris will have a maximum dimension of 20 feet and a maximum volume of 30 

cubic feet.  Scrap exceeding these limits will be reduced to within the acceptable limits by 

breaking, cutting or other approved methods.  Empty drums, tanks or other objects having a 

hollow volume greater than five cubic feet will be reduced in volume by at least 70 percent.  If 

volume reduction is not feasible, openings will be made in the object to allow soils, tailings 

and/or other approved materials to enter the object at the time of covering on the tailings cells.  

The scrap, after having been reduced in dimension and volume, if required, will be placed on the 

tailings cells as directed by the QC officer. 

 

Any scrap placed will be spread across the top of the tailings cells to avoid nesting and to reduce 

the volume of voids present in the disposed mass.  Stockpiled soils, contaminated soils, tailings 

and/or other approved materials will be placed over and into the scrap in sufficient amount to fill 

the voids between the large pieces and the volume within the hollow pieces to form a coherent 

mass.  It is recognized that some voids will remain because of the scrap volume reduction 

specified, and because of practical limitations of these procedures.  Reasonable effort will be 

made to fill the voids.  The approval of the Site Manager or a designated representative will be 

required for the use of materials other than stockpiled soils, contaminated soils or tailings for the 

purpose of filling voids. 
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4.2 Contaminated Soils and Raffinate Crystals 

 

The various materials will not be concentrated in thick deposits on top of the tailings, but will be 

spread over the working surface as much as possible to provide relatively uniform settlement and 

consolidation characteristics of the cleanup materials. 

 

4.3 Compaction Requirements 

 

The scrap, contaminated soils and other materials for the first lift will be placed over the existing 

tailings surface to a depth of up to four feet thick in a bridging lift to allow access for placing and 

compacting equipment.  The first lift will be compacted by the tracking of heavy equipment, 

such as a Caterpillar D6 Dozer (or equivalent), at least four times prior to the placement of a 

subsequent  lift.  Subsequent layers will not exceed two feet and will be compacted to the same 

requirements.   

During construction, the compaction requirements for the crystals will be reevaluated based on 

field conditions and modified by the Site Manager or a designated representative, with the 

agreement of the Executive Secretary. 

 

The contaminated soils and other cleanup materials after the bridging lift will be compacted to at 

least 80 percent of standard Proctor maximum density (ASTM D-698). 
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5.0 RECLAMATION CAP - CELLS 1, 2, 3, 4A AND 4B 

 

5.1 Earth Cover 

 

A multi-layered earthen cover will be placed over tailings Cells 2, 3, 4A and 4B and a portion of 

Cell 1 used for disposal of contaminated materials (the Cell1 Tailings Area).  The general 

grading plan is shown on Drawing A-5.1-1.  Reclamation cover cross-sections are shown on 

Drawings A-5.1-2 and A-5.1-3. 

 

5.2 Materials 

 

5.2.1 Physical Properties 

 

The physical properties of materials for use as cover soils will meet the following: 

 

Random Fill (Platform Fill and Frost Barrier) 

These materials will be mixtures of clayey sands and silts with random amounts of gravel and 

rock size material.  In the initial bridging lift of the platform fill, rock sizes of up to 2/3 of the 

thickness of the lift will be allowed.  On all other random fill lifts, rock sizes will be limited to 

2/3 of the lift thickness, with at least 30 percent of the material finer than 40 sieve.  For that 

portion passing the No. 40 sieve, these soils will classify as CL, SC, MC or SM materials under 

the Unified Soil Classification System. Oversized material will be controlled through selective 

excavation at the stockpiles and through the utilization of a grader, bulldozer or backhoe to cull 

oversize from the fill. 
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Clay Layer 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. 
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5.2.2 Borrow Sources 

 

The sources for soils for the cover materials are as follows: 

 

1. Random Fill (Platform and Frost Barrier) - stockpiles from previous cell 

construction activities currently located to the east and west of the tailing 

facilities. 

 

2. Clay - will be from suitable materials stockpiled on site during cell construction 

or will be imported from borrow areas located in Section 16, T38S, R22E, SLM. 

 

3. Rock Armor - will be produced through screening of alluvial gravels located in 

deposits 1 mile north of Blanding, Utah; 7 miles north of the Mill site. 

 

5.3 Cover Construction 

 

5.3.1 General 

 

Placement of cover materials will be based on a schedule determined by analysis of settlement 

data, piezometer data and equipment mobility considerations.  Settlement plates and piezometers 

will be installed and monitored in accordance with Section 5.4 of these Plans and Specifications.   
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5.3.2 Placement and Compaction 

 

5.3.2.1 Methods 

Platform Fill 

An initial lift of 3 to 4 feet of random fill will be placed over the tailings surface to form a stable 

working platform for subsequent controlled fill placement.  This initial lift will be placed by 

pushing random fill material or contaminated materials across the tailings in increments, slowly 

enough that the underlying tailings are displaced as little as possible.  Compaction of the initial 

lift will be limited to what the weight of the placement equipment provides.  The maximum rock 

size, as far as practicable,  in the initial lift is 2/3 of the lift thickness. Placement of fill will be 

monitored by a qualified individual with the authority to stop work and reject material being 

placed.  The top surface (top 1.0 feet) of the platform fill will be compacted to 90% maximum 

dry density per ASTM D 698. 

 

Frost Barrier Fill 

 

Frost barrier fill will be placed above the clay cover in 12- inch lifts, with particle size limited to 

2/3 of the lift thickness.  Frost barrier material will come from the excavation of random fill 

stockpiles, If oversized material is observed during the excavation of fill material it will be 

removed as far as practicable before it is placed in the fill. 

 

 In all layers of the cover the distribution and gradation of the materials throughout each fill layer 

will be such that the fill 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.  Nesting of 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 utilizing a 

grader. Successive loads of material will be placed on the fill so as to produce the best practical 

distribution of material. 
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If the compacted surface of any layer of fill is too dry or smooth to bond properly with the layer 

of material to be placed thereon, 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 earthfill is placed.  If the 

compacted surface of any layer of earthfill in-place 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 5.3.2.1-1.  It will then be recompacted to the earthfill requirements. 

 

No 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. 

 

5.3.2.2 Moisture and Density Control 

 

As far as practicable, the materials will be brought to the proper moisture content before 

placement on tailings, or moisture will be added to the material by sprinkling on the earthfill.  

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 fill will be within 

the limits of standard optimum moisture content as shown in Table 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 soil will be such that the compacted material represented by 

samples having a dry density less than the values shown in Table 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 5.3.2.1-1. 
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To determine that the moisture content and dry density requirements of the compacted fill 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." 

 

 

5.4 Monitoring Cover Settlement 

 

5.4.1 Temporary Settlement Plates 

 

5.4.1.1 General 

 

Temporary settlement plates will be installed in the tailings Cells.  At the time of cell closure, a 

monitoring program will be proposed to the Executive Secretary.  Data collected will be 

analyzed and the reclamation techniques and schedule adjusted accordingly. 

 

5.4.1.2 Installation 

 

At the time of cell closure or during the placement of interim cover temporary settlement plates 

will be installed. These temporary settlement plates will consist of a corrosion resistant steel 

plate 1/4 inch thick and two foot square to which a one inch diameter corrosion resistant monitor 

pipe has been welded. The one inch monitor pipe will be surrounded by a three inch diameter 

guard pipe which will not be attached to the base plate. 

 

The installation will consist of leveling an area on the existing surface of the tailings, and placing 

the base plate directly on the tailings.  A minimum three feet of initial soil or tailings cover will 

be placed on the base plate for a minimum radial distance of five feet from the pipe. 

 

5.4.1.3 Monitoring Settlement Plates 
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Monitoring of settlement plates will be in accordance with the program submitted to and 

approved by the DRC.  Settlement observations will be made in accordance with Quality Control 

Procedure QC-16-WM, "Monitoring of Temporary Settlement Plates." 



Cover Layer 

Platform Fill 

Clay Layer 

Frost Barrier 

Rip rap 

TABLE A-5.3.2.1-1 

Placement and Compaction Criteria 
Reclamation Cover Materials 

Maximum Per Cent 
Lift Thickness Compaction 

3 Feet Bridging Lift* 80 
1 Foot 90 

1 Foot 95 

2 Feet 95 

Top of Tails 6 Inches 

Slope 8 Inches 

Note: 

Allowable Placement 
Moisture Content 
from Optimum 

Moisture Content 

±2 

Oto + 3 

±2 

* Compaction of the bridging lift is dependent on stability of fill and equipment used 
Percent Compaction is based on standard Proctor dry density (ASTM D-698). 

Optimum moisture content of a soil will be determined by ASTM D-2216 or D-4643 methods. 
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6.0 ROCK PROTECTION 

 

6.1 General 

 

The side slopes of the reclaimed cover will be protected by rock surfacing.  Drawings 5.1-1, 5.1-

2, and 5.1-3 show the location of rock protection with the size, thickness and gradation 

requirements for the various side slopes. 

 

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 calculations are summarized in the Tailings Cover 

Design report (Appendix D). 

 

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 (D50) 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 has been assessed by laboratory tests to determine the physical 
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characteristics of the rocks.  The gravels  sourced from pits located north of Blanding require an 

oversizing factor of 9.35%.  Therefore, riprap created from this source should have a D50 size of 

at least 0.306 inches and should have an overall layer thickness of at least three inches on the top 

of the cover. From a practical construction standpoint the minimum rock layer thickness may be 

up to six (6) inches. 

 

Riprap dimensions for the side slopes were calculated using Stephenson Method equations.  The 

side slopes of the cover are designed at 5H:1V.  At this slope, Stephenson's Method indicated the 

unmodified riprap D50 of 3.24 inches is required.  Again assuming that the gravel from north of 

Blanding will be used, the modified D50 size of the riprap should be at least 3.54 inches with an 

overall layer thickness of at least 8 inches. 

 

Riprap bedding should be placed between the random fill and the riprap on the side slopes. The 

bedding should consist of medium sand, and should be placed with a minimum layer thickness of 

6 inches. 

 

6.2 Materials 

 

Materials utilized for riprap applications will meet the following specifications: 

 

 
 Material 

 
 D50 Size  D100 Size  Layer Thickness 

 
Top Surface Riprap 

 
0.3" 0.6" 6" 

 
Slope Surface Bedding 

 
No. 40 Sieve 3” 6” 

 
Slope Surface Riprap 

 
3.5" 7" 8" 

 
Toe Apron Riprap 

 
6.4" 12" 24" 
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Riprap will be supplied to the project from gravel sources located north of the project site.  

Riprap will be a screened product. 

 

Riprap quality will be evaluated by methods presented in NUREG/1623 Design of Erosion 

Protection for Long-Term Stabilization  Size adjustment will be made in the riprap for materials 

not meeting the quality criteria. 

 

6.3 Placement 

 

Riprap and bedding material will be hauled to the reclaimed surfaces and placed on the surfaces 

using belly dump highway trucks and road graders.  Riprap and bedding will be dumped by 

trucks in windrows and the grader will spread the riprap in a manner to minimize segregation of 

the material. Depth of placement will be controlled through the establishment of grade stakes 

placed on a 200 x 200 foot grid on the top of the cells and by a 100 x 100 foot grid on the cell 

slopes.  Physical checks of riprap and bedding depth will be accomplished through the use of 

hand dug test pits at the center of each grid in addition to monitoring the depth indicated on the 

grade stakes. Placement of the riprap and bedding will avoid accumulation of riprap or bedding 

sizes less than the minimum D50 size and nesting of the larger sized rock.  The riprap and 

bedding layer will be compacted by at least two passes by a D-7 Dozer (or equivalent) in order to 

key the rock for stability. 

 

7.0 QUALITY CONTROL/QUALITY ASSURANCE 

 

7.1 Quality Plan 

 

A Quality Plan has been developed for construction activities at the Mill.  The Quality Plan 

includes the following: 

 

1. QC/QA Definitions, Methodology and Activities. 
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2. Organizational Structure. 

3. Surveys, Inspections, Sampling and Testing. 

4. Changes and Corrective Actions. 

5. Documentation Requirements. 

6. Quality Control Procedures. 

 

7.2 Implementation 

 

The Quality Plan will be implemented upon initiation of reclamation work. 

 

7.3 Quality Control Procedures 

 

Quality control procedures have been developed for reclamation and are presented in Attachment 

B of this Reclamation Plan.  Procedures will be used for all testing, sampling and inspection 

functions. 

 

7.4 Frequency of Quality Control Tests 

 

The frequency of the quality control tests for earthwork will be as follows: 

 

1. The frequency of the field density and moisture tests will be not less than one test per 

1,000 cubic yards (CY) of compacted contaminated material placed and one test per 500 

CY of compacted random fill, radon barrier or frost barrier.  A minimum of two tests will 

be taken for each day that an applicable amount of fill is placed in excess of 150 CY.  A 

minimum of one test per lift and at least one test for every full shift of compaction 

operations will be taken. 

 

Field density/moisture tests will be performed utilizing a nuclear density gauge (ASTM 

D-2922 density and ASTM D-3017 moisture content).  Correlation tests will be 
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performed at a rate of one for every five nuclear gauge tests for compacted contaminated 

materials (one  

per 2,500 CY placed) and one for every ten nuclear gauge tests for other compacted 

materials (one per 5,000 CY of material placed). Correlation tests will be sand cone tests 

(ASTM D-1556) for density determination and oven drying method (ASTM D-2216) for 

moisture determination. 

2. Gradation and classification testing will be performed at a minimum of one test per 2,000 

CY of upper platform fill and frost barrier placed.  A minimum of one test will be 

performed for each 1,000 CY of radon barrier material placed.  For all materials other 

than random fill and contaminated materials, at least one gradation test will be run for 

each day of significant material placement (in excess of 150 CY). 

 

3. Atterberg limits will be determined on materials being placed as radon barrier. Radon 

barrier material will be tested at a rate of at least once each day of significant material 

placement (in excess of 150 CY). Samples should be randomly selected. 

 

4. Prior to the start of field compaction operations, appropriate laboratory compaction 

curves will be obtained for the range of materials to be placed.  During construction, one 

point Proctor tests will be performed at a frequency of one test per every five field 

density tests (one test per 2,500 CY placed).  Laboratory compaction curves (based on 

complete Proctor tests) will be obtained at a frequency of approximately one for every 10 

to 15 field density tests (one lab Proctor test per 5,000 CY to 7,500 CY placed), 

depending on the variability of materials being placed. 

 

5. For riprap and bedding materials, each load of material will be visually checked against 

standard piles for gradation prior to transport to the tailings piles.   
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Prior to delivery of any riprap materials to the site rock durability tests will be performed for 

each gradation to be used.  Test series for riprap durability will include specific gravity, 

absorption, sodium soundness and LA abrasion.  During construction  

gradations will be performed for each type of riprap and bedding when approximately one-third 

(1/3) and two-thirds (2/3) of the total volume of each type have been produced or delivered. In 

addition, test series for rock durability will be performed on any riprap material at this same 

time. For any type of riprap where the volume is greater than 30,000 CY, a test series and 

gradations will be performed for each additional 10,000 CY of riprap produced or delivered. 
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