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Description of Calculation:

e Determine the peak unit discharge from the Probable Maximum Precipitation (PMP) using methods
given in the UMTRA TAD (DOE 1989).

e Calculate the required rock size (D50) on the top slope of the disposal cell using the Safety Factor
method (Nelson et al. 1986).

e Calculate the required rock size (D50) on the side slopes of the disposal cell using Abt and Johnson
method (Abt and Johnson 1991).

¢ Calculate the required rock size (D50) for the toe apron to accommodate flow transitioning from cell
slope to native ground using the method proposed by Abt et al. (1998).

e Evaluate the scour potential of flow from the toe apron using methods in NUREG 1623 (Johnson 2002)
and U.S. Department of Transportation (1983).

e Evaluate the need for a bedding layer between cover soils and erosion protection material by estimating
interstitial pore velocities using the method proposed by Abt and Johnson (1991).

Assumptions:

e The PMP precipitation event is applicable for long-term erosional stability analyses.

e The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters”
calculation, Draft RAP Attachment 1, Appendix E).

* Rock available for erosion protection will be angular, have a specific gravity of 2.65, and will meet
Nuclear Regulatory Commission (NRC) durability requirements.

e For the PMP precipitation event, all the rainfall runs off during the peak rainfall intensity (C=1.0 for the
Rational Method).
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DESCRIPTION OF CALCULATION:

Determine the rock protection required to protect the cover of the disposal cell from erosion due to
precipitation directly on the cell to meet the specifications of the Code of Federal Regulations (CFR)
(40 CFR part 192).

METHOD OF SOLUTION:

Determine the peak unit discharge from the Probable Maximum Precipitation (PMP) using methods given
in the UMTRA TAD (DOE 1989).

Calculate the required rock size (D50) on the top slope of the disposal cell using the Safety Factor method
(Nelson et al. 1986).

Calculate the required rock size (D50) on the side slopes of the disposal cell using Abt and Johnson
method (Abt and Johnson 1991).

Calculate the required rock size (D50) for the toe apron to accommodate flow transitioning from cell slope
to native ground using the method proposed by Abt et al. (1998).

Evaluate the scour potential of flow from the toe apron using methods in NUREG 1623 (Johnson 2002)
and U.S. Department of Transportation (1983).

Evaluate the need for a bedding layer between cover soils and erosion protection material by estimating
interstitial pore velocities using the method proposed by Abt and Johnson (1991).

ASSUMPTIONS:

The PMP precipitation event is applicable for long-term erosional stability analyses.

The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters” caiculation,
Draft RAP Attachment 1, Appendix E).

Rock available for erosion protection will be angular, have a specific gravity of 2.65, and will meet Nuclear
Regulatory Commission (NRC) durability requirements.

For the PMP precipitation event, all the rainfall runs off during the peak rainfall intensity (C=1.0 for the
Rational Method).
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CALCULATION SECTION:

SPREADSHEETS WHERE CALCULATIONS WERE PERFORMED INCLUDED IN THIS CALCULATION
PACKAGE ARE. CELLRIPRAP.XLS AND APRONSCOUR.XLS.

Drainage Area Characteristics

The layout of the disposal cell is shown in Figure 1. A cross section from the top to the apron on the south
side is shown in Figure 2. The cell will have a 2 percent top slope, 5:1 (horizontal:vertical) side slopes, and a
total footprint area of 251 acres.

Six drainage areas were delineated on the cover of the disposal cell, as shown in Figure 1. The area and flow
length of these drainage areas were calculated using computer-aided design (CAD) tools.

ROCK LAYER--
D50-2.0 STONE

TOP OF CAP-
10

TOP OF

WASTE
PROPOSED
GROUND
EXISTING
GROUND

BOTTOM .

oF

WASTE

Figure 2 Cross section of the south slope of the waste cell.

Peak flows occurring within each drainage area are calculated using a rainfall duration equivalent to the time
of concentration for each drainage basin. The time of concentration is a characteristic of the geometry and
slopes of the drainage areas, and is computed by three different methods, with the average of the three
methods used to calculate peak discharges. The three methods used to calculate the time of concentration
are described below. The mean of the three times calculated was used as the time of concentration in runoff
calculations.

1) The Kirpich equation as presented in NUREG/CR-4620 (Nelson et al. 1986):

0.77
T =0.0078-%
S
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where:
T, = time of concentration (minutes),

L = slope length (feet [ft]), and
S = slope (ft/ft).

2) The Soil Conservation Service (SCS) Triangular Hydrograph Theory, as presented in
NUREG/CR-4620 (Nelson et al. 1986):

1.0\
T =|—

where:
T, = time of concentration (hours),
L = slope length (miles), and
H = slope height (ft).

3) The Brant and Oberman equation as presented in the Uranium Mill Tailings Remedial
Action Project (UMTRA) Technical Approach Document (TAD) (DOE 1989):

1
T, = C(%)a
Si

where:
T, = time of concentration (minutes),
C = coefficient = 1.0 for bare earth,
S = slope (ft/ ft), and
i = one-hour rainfall intensity (inches/hour).

As specified in UMTRA TAD (DOE 1989), T, is limited to a minimum of 2.5 minutes. Because precipitation
falling on the top of the cover flows to the north and south slopes, the time of concentration for each of these
side slopes is equivalent to the time of concentration for precipitation on the top slope plus the time of
concentration for precipitation on the side slope. The characteristics of the drainage areas on the disposal cell
are summarized in Table 1. Where there is some variation of slope length within an area, the maximum
slope length was used in the calculation.

Table 1. Drainage Area Characteristics

Drai A Slope LSIopt; Time of Concentration (min)
rainage Area engt . Brant and

(f/ft) () Kirpich | SCS | o 0 o Mean
South Top Slope 0.02 1292.0 8.75 8.76 9.87 9.12
North Top Slope 0.02 564.5 4.62 4.63 7.49 5.58
South Side Slope 0.2 176.0 9.52 9.53 12.22 10.43
North Side Slope 0.2 42.0 4.88 4.89 8.95 6.24
East Side Slope 0.2 164.0 0.74 0.74 2.30 2.5*
West Side Slope 0.2 164.0 0.74 0.74 2.30 2.5*

*Time of concentration is limited to a minimum of 2.5 minutes.
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Peak Discharge

One of the technical criteria for the stability of the disposal cell is acceptable erosional stability from extreme
storm events (10 CFR 40, Appendix A). NRC has interpreted this criterion to be able to safely pass the peak
runoff from storms up to the PMP event (Johnson 2002). The PMP event has a 1-hour depth of 8.2 inches,
and a 15-minute depth of 7.1 inches (“Site Drainage—Hydrology Parameters” calculation, Draft RAP
Attachment 1, Appendix E). For events with durations less than 15 minutes, precipitation depths as a percent
of the 1-hour PMP are estimated using the following formula, as given in Table 4.1 of the UMTRA TAD (DOE
1989):

% PMP RD
0 =
thour —0.0089RD + 0.0686

where: RD = rainfall duration (minutes).

The precipitation depth of any given storm duration is then calculated as:

PD,,, = %PMP,

1-hour

X PMP,

1=hour

where: PDpye = precipitation depth of the PMP storm with duration equivalent to the time of
concentration (inches).

The rainfall intensity is calculated for a rainfall duration equivalent to the time of concentration for the drainage
basin. Rainfall intensity (inches per hour) is calculated as follows:

= Pr ecDepth(in)x 60
Pr ecDur(min)

Peak flow per unit width was calculated as specified in the UMTRA TAD.

_ CIL

1= 43200

where:
g = unit discharge (cubic feet per second per foot [cfs/ft]),
C = runoff coefficient = 1.0,
| = rainfall intensity (inches per hour), and
L = slope length (ft).

A runoff coefficient of 1.0 is used for PMP conditions, as discussed in UMTRA TAD (section 4.1.3).

Table 2 shows the results of the PMP unit discharge calculations in cubic feet per second per foot (cfs/ft) for
the areas shown in Figure 1.
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Table 2 Results of PMP Unit Discharge Calculation

Drainage Area | Average | Percent | PrecD Intensity Dis::]r:‘;:' e

Description | T, (min) | PMPy | (inches) | (inches/hr) | ~ °°3 sﬁst’) ’
South Top Slope 9.12 60.9 5.0 32.8 0.98
North Top Slope 5.58 47.2 3.9 41.6 0.54
South Side Slope 10.43 64.6 5.3 30.5 1.02
North Side Slope 6.24 50.3 4.1 39.6 0.55
East Side Slope 2.5* 27.5 2.3 54.2 0.20
West Side Slope 2.5" 27.5 2.3 54.2 0.20

Rock Size (D50) Calculation:

The required rock size on the top slopes was calculated using the Safety Factor method, as recommended in
NUREG/CR-4620 (Nelson et al. 1986) and NUREG-1623 (Johnson 2002) for slopes less than 10 percent. The
safety factor against erosion for any given rock is calculated as:

cos & X tan ¢
nXxtang+sino

SF =

where:
o = angle of slope measured from horizontal,
¢ = angle of repose of rock, and
1 = stability number.

The stability number is calculated as:

217,
n=——-
(S, -1)D
where:
1, = bed shear stress (psf),
S, = specific weight of the rock,
v = specific weight of water,
D = representative rock size (ft),
and:
T, = s
where:

d = depth of flow (ft), and
s = slope (ft/ft).

The depth of flow is calculated using Manning’s equation

2
4= L4864R’ Js
n
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where:
g = unit flow (cfs/ft),
d = depth of flow (ft),
R = hydraulic radius = d for wide channels,
S = slope (ft/ft), and
n = Manning’s n

Manning's n is computed using procedures discussed by Abt et al. (1987) as follows:
n=0.0456* (D, * $)*"* (1)

where: nis Manning's n,
Dsq is the mean riprap diameter in inches, and
S is the channel slope (ft/ft).

For a PMP event, a factor of safety slightly greater than 1.0 is recommended (Nelson et al. 1986). A factor of
safety of 1.01 was used in these calculations. The method assumes uniform sheet flow across the entire
drainage basin. The peak unit discharges due to the PMP (Table 2) were used to represent flow conditions on
the top slope. The flow per unit width was multiplied by 3 to account for potential flow channelization. The
angle of repose of 37° and specific gravity of rock (2.65) were assumed. The minimum thickness of rock on
the top slope should be 2 times the D50 (Johnson, 2002).

The rock size (D50) required on the side slopes was calculated using the Abt and Johnson (1991) method, as
discussed in NUREG-1623 (Johnson 2002). This method is recommended for slopes greater than 10 percent.
The Dsg rock size using the Abt and Johnson method is calculated as:

D5O — 523S 0.43q0.56

where:
g = design unit discharge (cfs/ft), and
S = Slope (ft/ft).

The method assumes uniform sheet flow across the entire drainage basin. The peak unit discharges due to
the PMP (Table 2) were used to represent flow conditions on the top slope. This flow was multiplied by a
concentration factor of 3 to account for flow channelization and by 1.35 to account for the ratio of stone
movement to stone failure (Abt and Johnson, 1991). The angle of repose and specific gravity of rock were
assumed and will need to be adjusted (if necessary) with actual source characteristics.

The rock protection layer thickness should be at least 1.5 to 2 times the median rock size.

Rock Size (D50) on Cell Aprons

Additional erosion protection will be provided for runoff from the side slopes of the disposal cell with rock
aprons. The perimeter apron will: (1) serve as an impact basin and provide for energy dissipation of runoff, (2)
provide erosion protection, and (3) transition flow from side slopes to natural ground. The median rock size
required in the perimeter apron was calculated using the equations derived by Abt et al. (1998) as outlined in
NUREG 1623 (Johnson 2002) as follows:

D,, =10.465°%°¢,"*
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where S is the side slope above the apron, and qq is the design unit discharge. The computed unit discharge
was multiplied by three to account for potential flow channelization and by 1.35 to protect against rock
movement as well as catastrophic failure (Johnson, 2002 and Abt et.al. 1998) The thickness of the rock apron
should be at least three times the D50 (Johnson, 2002) and the width of the apron at least 15 times the D50.

Scour at Aprons:
The maximum scour depth for a PMP storm was calculated using procedures outlined in NUREG 1623

(Johnson 2002) and U.S. Department of Transportation (DOT 1983). For discharge from a rock apron onto
natural ground the scour depth is computed as:

vl ¢ ’
Dszaeyelip ] l:—:l
T, t,

where

Ds = scour depth (ft)

e =1.37
T. = critical tractive shear
B =0.18
6 = 0.10

t =time duration of peak flow duration or 30 minutes if unknown
t, = base time used in the experiments to determine the coefficients (316 minutes is the default)
Ye = (A/2)" where A is the cross sectional area of flow

and 7, = 0.001(S, +8618)tan(30+1.73* PI)

where

S, = saturated shear strength (assumed 1.4 for native soils)
Pl = plasticity index ( 5 for native soils)

For these calculations, the flow per unit width was multiplied by 3 to account for potential flow concentration.
This design flow was assumed to exit the apron in a v-shaped channel with side slopes of 2H to 1V. The
Manning n value was computed from the D50 of the rock on the apron using the equation from Abt et. al.
(1987) as follows:

n=0.0456* (D, *5)*'* (M

where: nis Manning's n,
Dy, is the median riprap diameter in inches, and
S is the channel slope (ft/t).

The results of these calculations are summarized in Table 3.
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Table 3 Calculated rock sizes and thickness for erosion protection.

) Unit PMP Conc Stone D50 Mip Layer Mip Apron | Scour
Drainage Area Dl(i;g?ftr)ge Factor Mo;er_nent (in) Thlc_kness Width (_ft) Depth
atio (in) 10 ft min. (ft)
South Top Slope 0.98 3 1.8 3.6
North Top Slope 0.54 3 1.2 24
South Side Slope 1.02 3 1.35 5.8 11.6
North Side Slope 0.55 3 1.35 41 8.2
East Side Slope 0.20 3 1.35 2.3 46
West Side Slope 0.20 3 1.35 2.3 4.6
South Apron 1.02 3 1.35 11.6 34.7 15 1.66
North Apron 0.55 3 1.35 8.2 245 10 1.18
East Apron 0.20 3 1.35 4.7 14.0 10 0.67
West Apron 0.20 3 1.35 47 14.0 10 0.67

Over sizing may be required for rounded rock or for durability considerations. The width of the apron should be
a minimum of 15 times the median rock size or construction width. Rock apron thickness should be a
minimum of 3 times the median rock size or greater than the calculated scour depth. (Johnson, 2002)

Bedding Requirements

NUREG-1623, Appendix D (Johnson 2002), recommends a filter or bedding layer be placed under erosion

protection if interstitial velocities are greater than 1 ft/sec, in order to prevent erosion of the underlying soils.
Bedding is not required if interstitial velocities are less than 0.5 ft/sec, and recommended depending on the
characteristics of the underlying soil if velocities are between 0.5 and 1 ft/sec.

Interstitial velocities are calculated by procedures presented by Abt and Johnson (1991) as given by the
following equation:

1

V,=0.23*(g*D,, *S)2

where:
V, = interstitial velocities (ft/s),
g = acceleration of gravity (ft/s?),
D+, = stone diameter at which 10 percent is finer (inches), and
S = gradient in decimal form.
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The D10 is still to be determined, but assuming it will be equal to 2 the D50, the following results are
obtained. These results will be refined when the source and size distribution of the rock is
determined, but it is expected that a bedding layer will be required at least on the north and south side
slopes and probably on the east and west.

Table 4. Results of Bedding Requirements

Location D10 (in) | Slope VL?;:;:;':;:L)
South Top Slope 09 0.02 0.18
North Top Slope 0.6 0.02 0.14
South Side Slope 29 0.2 0.99
North Side Slope 2.05 0.2 0.84
East Side Slope 1.15 0.2 0.63
West Side Slope 1.15 0.2 0.63

South Apron 5.8 0.02 0.44
North Apron 4.1 0.02 0.37
East Apron 2.35 0.02 0.28
West Apron 2.35 0.02 0.28
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Appendix A
Sample Calculations
Rock D50 on the South Top, Side , and Apron

Scour Depth on the South
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Size side slope riprap using the Abt and Johnson Method (1991)

For the PMP, the requirement is that the safety factor, S, by greater than 1.

The top slope RipRap is sized with the safety factor method.

Only marginal exceedance is required for safety factor.

Enter Data Here Then
Maximum Flow Length on Top (ft) 1292
Slope on the Top of Cell (ft/ft) 0.02
Length of the Side Slope (ft) 176
Side Slope (ft/ft) 0.2
Results are Below

Tc(minutes) Tc(minutes)

Maximum Flow Length on Top (ft) 1292 Length of the Side Slope (ft) | 176 Kirpich 8.75 0.78
Slope on the Top of Cell (ft/ft) Side Slope (ft/ft) | 0.2 SCS 8.76 0.78
B&O 9.87 2.36
Mean 9.12 1.30
Use Angular Riprap with a D50 of 1.8 inches on the top slope Top + Side 10.43
Use Angular Riprap with a D50 of 5.8 inches on the side slope q Top(cf/ft-sec) 0.982 x3 2.95
Use Angular Riprap with a D50 of 11.6 |inches on the apron. q Side(cf/ft-sec) 1.016 x3 3.05
Minimum apron rock depth is 34.7 |inches
and minimum width of apron is 9.6 |feet
For flow in cfs/ft width use with i(inches/hr), L(ft) is the flow path length
CiL This is almost the rational formula but is more
q= theoretically based.
43,200
Find the time of concentration using three formulas and take the mean.
Tc for Top of Cell Tc for Side Slope
Feet Miles Feet Miles
Maximum Flow Length 1292 0.2447 176 0.0333
Slope of watershed = 0.02 0.2
DeltaH = 25.8 feet 35.2 feet
0.377
Kirpich(1940) |~ _ 0-0078L 8.75 minutes 0.78 minutes
o 50.385
3 0.3
1.9 - ;
SCS T, = Y 8.76 minutes 0.78 minutes
)
Brant & Oberman T =C| L ) 9.87 minutes 2.36 minutes
¢ Si’
Mean Tc 9.12|minutes 1.30 minutes
Combined Tc Top and Side 10.43|minutes
Unit Weight of Water 62.4
Specific Gravity of Rock 2.65
1 Hour PMP = 8.2 inches for 1 square mile watershed
9.12 minute PMP = 60.9% of 1 hour = 4.99 inches Set up Solver
10.43 minute PMP = 64.6% of 1 hour = 5.30 inches
Dso 1.8]inches 0.1468 feet
For Rock on top Slope Ss 2.65 specific gravity
Rainfall Intensity = 32.84 inches/hour Gamma 62.4 Ib/ct
Safety Factor
Max Q/ft width = 0.982 cfs/ft Alpha 1.146 degrees
Multiply by Concentration Factor of 3 2.95 cfs/ft Phi 37 degrees
n 0.0268|manning
Rock size on top slope by Safety Factor Method y 0.556ft
I Y q 2.95 cfs
__cosatang | yhere 21, and |7, = ¥ | Tau_0 0.6934406
7tan ¢ +sin o M= = ) Slope 0.02 ftft
- Eta 0.9634
Velocity (fps) 5.30
For Rock on Side Slope
Rainfall Intensity = 30.48 inches/hour
Max Q/ft width = 1.016 cfs/ft
Multiply by Concentration Factor of 3 3.05 cfs/ft
Multiply by stone movement to stone failure ratio = 1.35 4.11 cfs/ft
For side Slope D50 = 5.8 inches
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Tc = 10.43|minutes
Fluid Density 1.94  slugs/ft’2
Q 1.016 |cfs
Concentration Factor & for overland sheet flow concentrating Use solver to find y
Design Flow 3.048 cfs Assume V Shaped Channel
G 32.2 Rh = 0.33
Time t 10.43 |p. 73 HEC14 - 30 min or peak flow duration |Area = 1.10
Base Time to 316  from HEC14 after eq 5-1 Q= 3.05
D50 Native Soil y = 0.74
Apron slope 0.02 WP = 3.31
RipRap D50 11.6 |inches Solve Q by varying y
Manning n 0.036 Channel Shape
Horizontal 2
Vertical 1
Hydraulic Radius 0.33 Depth of Scour = 1.66 ft
Flow Area 1.10
Flow Depth 0.74
Q 3.048
Velocity 2.78
Pl 5
Unconfined Compressive strength(psi) 1.4
Critical Tractive Shear 0.145
Modified Shear Number 103.49
o 0.86
B 0.18
0 0.1
oe 1.37
Equivalent Depth ye =Culvert Diameter 0.74 or sqrt(A/2)
Dimensionless Depth 2.25
Depth of scour 1.66  ft




Size side slope riprap using the Abt and Johnson Method (1991)
For the PMP, the requirement is that the safety factor, S, by greater than 1.
The top slope RipRap is sized with the safety factor method.
Only marginal exceedance is required for safety factor.
Enter Data Here Then
Maximum Flow Length on Top (ft) 1292
Slope on the Top of Cell (ft/ft) 0.02
Length of the Side Slope (ft) 176
Side Slope (ft/ft) 0.2
Results are Below
Tc(minutes) Tc(minutes)
Maximum Flow Length on Top (ft) 1292 Length of the Side Slope (ft) | 176 Kirpich 8.75 0.78
Slope on the Top of Cell (ft/ft) Side Slope (ft/ft) | 0.2 SCS 8.76 0.78
B&O 9.87 2.36
Mean 9.12 1.30
Use Angular Riprap with a D50 of 1.8 inches on the top slope Top + Side 10.43
Use Angular Riprap with a D50 of 5.8 inches on the side slope q Top(cf/ft-sec) 0.982 x3 2.95
Use Angular Riprap with a D50 of 11.6 |inches on the apron. q Side(cf/ft-sec) 1.016 x3 3.05
Minimum apron rock depth is 34.7 linches
and minimum width of apron is 9.6 |feet
For flow in cfs/ft width use with i(inches/hr), L(ft) is the flow path length
CiL This is almost the rational formula but is more
q= theoretically based.
43,200
Find the time of concentration using three formulas and take the mean.
Tc for Top of Cell Tc for Side Slope
Feet Miles Feet Miles
Maximum Flow Length 1292 0.2447 176 0.0333
Slope of watershed = 0.02 0.2
DeltaH = 25.8 feet 35.2 feet
0.377
Kirpich(1940) T = 0.0078L 8.75 minutes 0.78 ‘minutes
c 0.385
S
3 0.38
11 9L . .
SCS T, = T 8.76 minutes 0.78 minutes
() - :
Brant & Oberman T -C L 9.87 minutes 2.36 minutes
¢ Si®
Mean Tc 9.12|minutes 1.30 minutes
Combined Tc Top and Side 10.43|minutes
Unit Weight of Water 62.4
Specific Gravity of Rock 2.65
1 Hour PMP = 8.2linches for 1 square mile watershed
9.12 minute PMP = 60.9% of 1 hour = 4.99 inches Set up Solver
10.43 minute PMP = 64.6% of 1 hour = 5.30 inches
Dsg 1.8|inches 0.1468 feet
For Rock on top Slope Ss 2.65 specific gravity
Rainfall Intensity = 32.84 inches/hour Gamma 62.4 Ib/cf
Safety Factor
Max Q/ft width = 0.982 cfs/ft Alpha 1.146 degrees
Multiply by Concentration Factor of 3 2.95 cfs/ft Phi 37 degrees
n 0.0268|manning
Rock size on top slope by Safety Factor Method y 0.556|ft
r Y q 2.95 cfs
g __Cosatang where 2, and lro = 7Sy | Tau 0 0.6934406
ntan ¢ +sin - (S, -1);D Slope 0.02 fu/ft
: Eta 0.9634
Velocity (fps) 5.30
For Rock on Side Slope
Rainfall Intensity = 30.48 inches/hour
Max Q/ft width = 1.016 cfs/ft
Multiply by Concentration Factor of 3 3.05 cfs/ft
Multiply by stone movement to stone failure ratio = 1.35 4.11 icfs/ft
For side Slope D50 = 5.8 inches
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Appendix B
Reference Material
Safety Factors Method
Overtopping Flow
Toe of Embankments
Culvert Scour

Interstitial Flow
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RIPRAP SIZING AT TOE OF EMBANKMENT SLOPES
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By Steven R. Abt,' Fellow, ASCE, T. L. Johnson,> Member, ASCE,
Christopher I Thornton,® and Stuart C. Trabant*

ABSTRACT: A pilot study was conducted to evaluate existing rock-sizing techniques for stabilizing transition
toes of embankments. The U.S. Bureau of Reclamation and the U.S. Army Corps of Engineers (Campbell)
procedures were applied and determined to be conservative in sizing riprap. Embankment-overtopping tests were
conducted placing 8.9, 13.0, and 19.8-cm-diameter stones at the slope transition. An alternative method was
developed for sizing toe rock based upon the unit discharge, embankment slope, and flow concentration. The
results indicate that an embankment toe can be stabilized with a smaller median stone size than previously
anticipated. These results were verified for unit discharges of 0.54 m*/s/m or less.

INTRODUCTION

Rock toes, or toe basins, are often placed at the base of
sloped embankments to stabilize and/or anchor rock placed on
the side slope; serve as a toe drainage channel; serve as an
impact basin and provide for energy dissipation from tributary
flow; and provide erosion protection at the toe, transition flow
from the side slope to adjacent properties, and/or provide gully
intrusion protection to the embankment. Therefore, proper
rock sizing is an imperative element of the design process to
meet the project requirements while minimizing project costs.

Rock-sizing procedures have been developed by Isbash
(1935), Olivier (1967), Hartung and Scheuerlein (1970), Ste-
phenson (1979), and Abt and Johnson (1991) that can be ap-
plied for protecting embankment top slopes and side slopes
for parallel flow conditions. However, these procedures were
derived from through-flow and overtopping-flow conditions
and are not considered applicable to flow transitioning from a
side slope onto a horizontal or near-horizontal toe. In most
cases, riprap placed at the toe of an embankment slope must
be sized to ensure stability as runoff transitions from the em-
bankment slope to the toe.

The U.S. Bureau of Reclamation (USBR) developed a rip-
rap design procedure for applications in stilling basins (US-
DOI 1978) founded on the work of Berry (1948). The USBR
procedure is empirically based from extensive laboratory test-
ing and field observations. The procedure estimates the median
stone size as a function of the localized bottom velocity (in
feet per second) of the flow, V,, at the location where the flow
transitions onto a stone-filled basin. If the bottom velocity can-
not be determined, the local average velocity may be substi-
tuted to size the rock. The local average velocity can be de-
termined using the U.S. Army Corps of Engineers procedures
(USACE 1991). The stone size and/or stone weight can be
determined from Fig. 1 (developed in English units).

Campbell (1966) presented a velocity-based riprap design
procedure for stone placed in channels for bank stability and in
stilling basin applications. Using the Isbash approach to rock
sizing and applying the logarithmic law velocity distribution,
Campbell developed a series of relationships between velocity
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and stone size as presented in Fig. 2. Campbell presented ve-
locity in feet per second, stone diameters in feet, and stone
weights in pounds.

The USBR and Campbell rock-sizing procedures were de-
veloped to dissipate energy and provide a stable toe as flow
transitions into a stilling basin or similar structure. The rock
was sized to resist movement on a flat toe in the hydraulic
jump development region of flow. These procedures are dif-
ficult to apply for relatively small rock requirements (<0.3m).
Both procedures have been routinely applied in engineering
practice for sizing rock placed at the transitions of compound
slopes (i.e., toe rock at the base of a slope) because alternative
procedures have not yet been formulated. Interestingly, both
procedures are perceived to yield conservative rock sizes.

A pilot program was performed to test and evaluate the
USBR and Campbell rock-sizing procedures when applied to
flow transitioning from an embankment side slope onto a rock
toe. The experimental program was designed to observe and
document rock movement and/or failure of riprap placed at the
toe of an embankment and subjected to flow parallel to the
embankment, thereby, transitioning into a rock toe.

TEST PROGRAM
Facility

An outdoor, concrete facility was used to accommodate a
pilot, near-prototype experimental program. The model con-
sisted of a supply pipeline with a control valve, a headbox
with a manifold, an embankment, a rock toe, and an outlet
sluice. A schematic profile of the test section is presented in
Fig. 3.

The embankment was constructed in the test section with
dimensions of 29.3 m (96.2 ft) long and 2.4 m (7.8 ft) wide.
The embankment consisted of a moistened sand-fill material
placed to a height of 1.83 m (6 ft). The top slope was 4.6 m
(15 ft) long with a slope of 0.5%. The side slope was approx-
imately 4.6 m (15 ft) long with a slope of 20%. The toe-of-
the-slope (rock toe) basin was approximately 4.9 m (16 ft) in
length with a rock depth transitioning from 0.91 m (3 ft) to
0.61 m (2 ft) as indicated in Fig. 3. A sand/clay soil was placed
adjacent to the toe rock outlet extending downstream approx-
imately 12.2 m (40 ft) at a slope of approximately 3% to
simulate adjacent field conditions.

The embankment top slope and side slope were covered
with a stabilized riprap layer of 8.9 cm (3.5 in.) diameter rock
with a minimum depth of 1.5 times the median rock Dsp. Rock
was placed at the toe and smoothly transitioned the embank-
ment side slope to the toe as indicated in Fig, 3.

Riprap

The riprap placed at the toe for each of three tests had me-
dian stone sizes of 8.9 cm (3.5 in.), 13.0 cm (5.1 in.), and
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19.8 cm (7.8 in.), respectively. The stones were angular in
shape with a specific gravity of 2.63. The coefficients of uni-
formity of the riprap ranged from 1.13 to 1.25 and are con-
sidered uniform.

Instrumentation

Instrumentation used to document the rock performance in-
cluded a point gauge for monitoring the water surface on the
top slope and slide slope of the embankment and a total station
survey instrument with prism for monitoring the bed eleva-
tions at and near the toe. Velocities were measured using a
Marsh-McBirney magnetic flowmeter, which was calibrated
immediately prior to its use. Videotape and still photographs
were used to visually document each test.

Test Procedure and Program

Once the embankment was constructed, a detailed survey
was performed to document the pretest stone surface eleva-
tions. A 0.3-m grid was established throughout the toe basin
area. The grid elevations served as the base elevations for
monitoring riprap movement during and after each flow incre-
ment,

Each rock toe was tested in the same manner. The flow to
the facility was initiated, and the headbox was slowly filled.
?are was taken to prevent surging or pulsation of the flow as
1t first overtopped the embankment and entered the test sec-

Calculation C-02 Project 35DJ2600 Appendix B Page B-21 of 37
— - I o
48 NOTE -
The riprap should ba composed of a [
waell graded mixture but most of the 1 - 2
stones should be of the size indicated
by the curve. Riprap should be placed — 1000
42 —{over a filter blanket or bedding graded [ 17, 3
gravel in a fayer 1.5 times (or more} as | |/ C .
thick as the largest stone diameter. -«
- - : 2
38 s i 8
! =Y — 100 §
E bR
] -+ 8
30 ! [, 3
g 1S | 3 <
8 e 8
o )
& i 10 &
g2 . el 8
2 A I
S ST Oz . 2
S T TOFIST g
] /T T - 2 (%
| -
18 -
} . NOTES - 1 §
vi 7| Curve shows minium size E | 2
o~ : stones nacessary to - 2]
35— 58— resist movement. [ . ‘s
/ Q4F Curve Is tentative and . £
12 A - subject to change as k=)
! aresultoffurthertests [~ 2 g
/ L or operating experiences.
F points are prototype
4 I riprap installations 4 0
/ s'r that falled. ==
6 / N S points are satisfactory - o
/ Instailations. L«
/ - 3
A — 2
A _
0 —= ' 0
0 5 10 15 20 25
Bottom Velocity, fest per second
FIG. 1. Parametric Curve Used To Determine Maximum Stone Size in Riprap Mixture as Function of Channel Flow (USDO! 1978)

tion. The discharge was increased to a flow of approximately
0.028 m*/s/m (1 cfs/ft). Flow was allowed to stabilize; then
data were collected at four locations throughout the test sec-
tion. Flow velocities were recorded at the embankment crest
(Section 1), midslope (Section 2), toe of the slope immediately
upstream of the hydraulic jump (Section 3), and 1.5-m down-
stream of the toe in the basin as indicated in Fig. 3. Point
velocity measurements were taken at 0.6 times the flow depth
from the surface at quarter intervals across the flume. Bed
elevations were determined at the toe of the slope each time
velocity measurements were obtained. After the velocity and
bed elevations were recorded, the flow was increased and the
data collection repeated. The process continued until the rock
toe failed. The test was then terminated, the toe basin docu-
mented, and the embankment and/or toe basin reconstructed.

The testing program consisted of three tests; each test using
one of the rock sizes (8.9, 13.0, and 19.8 cm) in the toe. The
program test focused on the rock placed at and immediately
downstream of the location where the flow transitioned from
the side slope to the rock toe. It is acknowledged that the flow
turbulence at the impact zone made direct observation difficult.
Therefore, observations of the rock included monitoring au-
dible vibrations of the stone. In addition to the vibrations, the
point gauge and survey rod with base plate were used to mon-
itor vertical displacement prior to stone entrainment or hori-
zontal dislodgment. Rock movement was defined to be when
stone was horizontally dislodged at the toe. Toe failure oc-

JOURNAL OF HYDRAULIC ENGINEERING /JULY 1998 /673



s 7 7 7 ¢
: > ///
H H * h e B-P2 Of 7 / L 3
Calculation C-02 Project 35DJ2600 _Appendix/B Pa 20137 , /177
o)
1000 e
2 = 7 ,I' l]l = 2
: PR I A S Y |
3 ! l /
, AR AN
AN /
100 b v 1
=
: ESMNE 71/ B
@ N /1 y/ &
= 2 '] - - o E
t 14, / /j a
o 10 —F C oW
E ; Il v 2 o
H CAL yavi -«
w : 717 7
s 4 7 7 E
5 : l’ / / = 3 u
’ AN g
1 L LNV 2
; 17 I" L, 8
H 7
4 + S ’/
3
) N/ T
! /
0 LA
, & f 4 f y 4 III 90
: —
4 + ] 2 8
3 T cf1 7 - 7
. MNYANY .
;| / | "™ Voo |
0 : L — -
1 2 3 4 8 6 78 01 2 3 4 6§ €
VELOCITY AGAINST STONE (FT/SEC)
FIG. 2. Campbell Velocity ~Stone-Sizing Relationships (Campbell 1966)
Flow
\.
—t
Fill
1. Material T e 03m
~—_ ]
. Sandy-Cl : : S
. Aendy-Clay Y TITTN
46 m ————46m | 43m _&. %
. ‘§ 1.5m
4 | \
03 m § N -+
:'_ S 9. 1m ——— "7 '2_.4 m_""

FIG. 3. Schematic Profile Section of Test Embankment

curred when the elevation of the toe degraded the equivalent
of one median stone size. Although this is not a conservative
definition of failure, it provides measurable criteria during test-
ing.

RESULTS

When overtopping began, flow was conveyed down the em-
bankment slope and transitioned onto the toe. Rock usually
settled and/or adjusted to resist the impinging forces. Rock
adjustment to incremental flow increases was not considered

€74/ JOURNAL OF HYDRAULIC ENGINEERING / JULY 1998

a state of rock movement. As the flow increased, a point was
attained where individual stones began to vibrate and/or ver-
tically displace. Rock vibrations would eventually transition to
rock entrainment and/or displacement. In some instances, the
rock displaced a short distance across the toe basin and then
settled and/or lodged into other rocks in the basin. The flow
eventually entrained the rock and completely transported the
rock out of the basin. Identifying the exact point of rock move-
ment was difficult (horizontal displacement) due to the tur-
bulent conditions.
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TABLE 1. Summary of Velocitles

Average Velocity
Dw| a (m/s)

Test | (cm) | (m*/s/m) | Section 1 Saction 2| Section 3] Section 4| Comment
nl@ (3) (4) (5) (6) 7) (8)
1 19.8 0.08 1.22 1.58 1.25 0.52

19.8 0.18 1.54 2.61 2.38 1.04

19.8 0.26 1.73 273 3.00 0.81

19.8 0.36 1.87 301 326 0.96

19.8 0.44 2.02 3.15 3.50 0.94

19.8 0.54 2.15 3.43 3.65 — Failure
2 13.0 0.09 1.09 1.65 1.98° 0.92

13.0 0.18 1.50 3.15 3.05 0.83

13.0 0.26 1.72 3.36 2.36 1.11

13.0 0.36 1.83 2.99 3.20 1.32 Failure
3 8.9 0.08 —_— —_ 1.05* —

8.9 0.08 1.49 1.75 — —

8.9 0.18 1.56 2.04 1.78 1.78

8.9 0.26 1.69 2.18 2.85 1.81 Failure

*Rock begins to vibrate/vertically translate based on visual and auditory obser-
vations.

A summary of the test measurements indicating the unit
discharge and average velocities at each of the four monitoring
sections is presented in Table 1. Incipient rock vibration and/
or vertical displacement was detected based upon visual ob-
servations, videotapes, and auditory assessments as annotated
in Table 1. Rock movement was monitored in Sections 3 and
4 based upon periodic bed elevation contouring. It is observed
that the maximum flow velocities were measured at the toe of
the slope adjacent to Section 3; velocities ranged from 2.85
m/s (9.34 fi/s) to 3.65 m/s (11.97 ft/s).

The flow impinged on the rock toe and transitioned into a
hydraulic jump to dissipate the energy of the flow. The data
demonstrate that the velocity was significantly slowed at the
jump downstream of the toe by 50-70%.

,lNALYSIS

During the low-flow segments of each test, flow conditions
permitted the observation (visual and auditory) of rock vibra-

s B e

tion and/or vertical displacement (incipient movement). The
8.9 cm (3.5 in.), 13 em (5.1 in.), and 19.8 cm (7.8 in.) stones
were observed to vibrate/vertically displace at velocities of ap-
proximately 1.05 m/s (3.43 ft/s), 1.98 m/s (6.48 ft/s), and 3.0
m/s (9.84 ft/s), respectively. The incipient values were plotted
on the USBR (USDOI 1978) rock-sizing design curve as pre-
sented in Fig. 4. The incipient movement measurements appear
to agree closely with the data used to establish the USBR
criteria. These results imply that the USBR used a conservative
definition of rock movement.

Traditional procedures such as the USBR (USDOI 1978)
and Campbell (1966) utilize the flow velocity estimated at the
transition to determine the median rock size of the riprap in
the stilling area (toe basin). These procedures are empirically
based and determine rock sizes based upon flow impingement
at the toe. The point velocities measured at stone failure are
plotted with the USBR relation as presented in Fig. 5. A re-
lation is projected through the test results to allow a compar-
ison of these test results with the USBR procedure. When a
flow velocity of 3.65 m/s (12.0 ft/s) transitions onto the rock
toe, the USBR yields a median rock size of approximately 53.3
cm (21 in.). The initial results of these flume tests indicate that
a 20.3 cm (8 in.) rock would fail at the same 3.65 m/s velocity
(Section 3). The USBR rock size is larger than 260% of those
indicated in Fig. 5. The Campbell procedure prescribes a stable
rock size of 55.9 cm (22.0 in.) at a transition velocity of 3.65
mJ/s. It is important to note that flow velocities depicted in the
USBR and Campbell procedures is measured immediately
downstream of the jump transition, whereas the velocity pre-
sented herein is measured immediately upstream of the jump
transition.

The USBR and Campbell procedures apparently provide a
conservative approach to stone sizing in stilling basins and for
rock placed at the toe of a slope. Although the rock size de-
rived from the flume tests requires adjustment (increased) from
the failure condition to reflect a nonmovement condition, con-
siderable differences exist between these procedures.

An analysis was performed to evaluate how the unit dis-

120 = - USBR Design Curve
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FIG. 4. Comparison of USBR Design Relation with Rock Movement Resuits
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FIG. 6. Toe Rock Relations

charge affects the median rock size at the toe. Abt and Johnson
(1991) formulated an expression for sizing the median rock,
Dy, for top and side slopes of embankments as a function of
the estimated design unit discharge, g,, and the slope, S. Util-
izing the unit discharge instead of the flow velocity relieves
the designer from estimating the resistance to flow parameter
as well as rectifying the differences between average, bottom,
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and point velocities. The median stone size (Abt and Johnson
1991) designed to resist stone movement on embankment
slopes is expressed as

Dy = 5.23 X §04348%6 Y]

where g, is in cubic feet per second per foot; and Dj, is if
inches. Eq. (1), expressed in SI units is



on

w

1

in

Dy = 50.74 X 8% X 5% @

where Dso is in centimeters; and g, is in cubic meters per
second per meter.

Stone movement, upstream of Section 3, was documented
and plotted in Fig. 6. The stone movement of the embankment
slope reasonably agrees with the Abt and Johnson relation. The
data indicate that the Abt and Johnson relation, plus 100%,
envelops the rock toe size for unit discharges =0.54 m®/s/m
(5.77 cfs/ft).

An expression can be derived to size the median rock size
based upon the toe rock relation presented in Fig. 6. The mod-
ified expression should incorporate (1) the rock size differen-
tial between the two relations portrayed in Fig. 6; and (2) the
flow concentration, C,, aspect of flow discussed by Abt and
Johnson. Abt et al. (1988) and Abt and Johnson (1991) re-
ported that flow channelization develops on uniformly graded
slopes. Flow concentrations, or areas where flow was diverted
around larger stones and directed into zones of smaller stones,
created subchannels. The unit discharge in the subchannels
was documented to be at least three times (1 < C; < 3) the
uniform unit discharge before channelization. The magnitude
of C, should depend upon the hazard level of the protected
surface. For example, a C; of 1.0 should be used for low-
hazard applications, whereas a C; of 2—3 should be used for
high-hazard conditions. Therefore, the inclusion of a flow con-
centration factor for rock toe sizing is warranted.

Eq. (1) may be shifted such that the median stone size is
designed to resist stone movement rather than failure at the
transition of the toe as

Dy = 10.46 X 8% X (C, X g)** A3)

where g, = design unit discharge in cubic feet per second; Dse
is in inches, and C; = flow concentration factor. Eqg. (3) ex-
pressed in SI units is

Dso = 100.5 X 8§ X (C,; X g)>* @)

where g, is in cubic meters per second per meter; and Dy, is
in centimeters. Extrapolation of Egs. (3) and (4) beyond unit
discharges of 0.54 m’/s/m are not recommended without fur-
ther testing.

These flow tests indicate that the rock toe may be sized
based upon the unit discharge and the embankment slope tran-
sitioning into the rock basin. The rock toe should minimally
extend 10-stone-diameters downstream of the toe and the stone
layer should be a minimum of 3-stone-diameters thick. It is
recognized that these few data points do not necessarily define
a definitive relation. Further, it is noted that (3) and (4) are
applicable to a small range of flows (<0.54 m®/s/m) and do
not incorporate a factor of safety. However, (3) and (4) provide
the user a unit discharge rather than velocity-based approach,
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accounts for concentrated flows, and reduces the conservatism
of design.

CONCLUSIONS

A few methods or procedures exist that size riprap placed
at the toe of a slope. Existing rock-sizing methods are velocity
based, focus on energy dissipation, and are extremely conser-
vative. A near-prototype, pilot flume study was performed
where flow overtopped an embankment and transitioned into
a rock toe comprised of 8.9, 13.0, and 19.8 cm (median stone
diameter). The test results indicate that the stone size required
to stabilize the riprap layer at the toe is approximately 100%
larger than the rock size required to stabilize embankment side
slopes. A method was developed for sizing rock placed at an
embankment toe based upon the embankment slope and unit
discharge at the compound slope transition. Although the unit
discharge approach to rock sizing is based upon a limited da-
tabase, the results indicate that a less conservative rock size
may be sufficient to stabilize the embankment toe. It is ac-
knowledged that the database must be expanded.
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CHAPTER v

' /;’ N
: ESTIMATING EROSION AT CULVERT OUTLETS

Estimating erosion at culvert outlets is difficult because of the many complex
factors affecting erosion. Some of these factors are the discharge, culvert
diameter, soil type, duration of flow and tailwater depth. 1In addition, the
magnitude of the total erosion can consist of local scour and channel
degradation, the two types of erosion discussed in Chapter II-B. Maintenance
history, site reconnaissance and data on soils, flows and flow duration provide
the best estimate of the potential erosion hazard at a culvert outlet.

Investigations (1), (3), indicate that the scour hole geometry varies with
tailwater conditions with the maximum scour geometry occuring at tailwater
depths less than half the culvert diameter (1); and that the maximum depth of
scour (hg) occurs at a location approximately 0.4 Lg downstream of the

culvert outlet (3) where Ls is the length of scour,

Empirical equations defining the relationship between the culvert discharge
intensity, time, and the length, width, depth, and volume of scour hole are
presented qu the maximum or extreme scour case,

Cohesionless Material

The general expression for determining Scour geometry in a cohesionless soil for
a circular pipe flowing full is

Dimensionless Scour Geometry = o Q t \ (V-1)
\/_g- DS/Z><tO

where:

Dimensionless Scour Geometry 13 93’.$5’.53: or ;a
, e Ye Ve e

~ hg, WS,_LS, and Vg are depth, width, length and volume of scour
respectively.

D is the diameter of the culvert '

Q@ is the discharge, g is the acceleration of gravity

V-1
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t is the time in minutes

to is a base time used in the experiments to derive coefficients
(316 minutes unless specified otherwise).

For noncircular or part full culverts, the diameter D can be replaced by a n
equivalent depth ye, where ye is defined as

Ye = (_A/_2)1/2 |

and A is the cross sectional area of flow. Modifying Equation (v-1) to include

the equivalent depth Tesults in the general expression.

B . 9
Dimensionless Scour Geometry = % Q e (v-2)

where:

o = o 0.632:5 P-1 for hg, Wg, and Lg

o = a0.632:5 %3 for Vg

The values of the coefficients %g, B, and © in Equations V-1 and V-2 are given
in Table V-1. : '

Gradation

. The cohensionless bed materials presented in Table V-1 are categorized as either

uniform (U) or graded (G). The grain size distribution is determined by
performing a sieve analysis (ASTM DA22-63). The standard deviation (o) is
computed as:

g - 2&4\1/2
d1g

where the values of dgy4 and dig are extracted from the grain size

distribution. If < 1.5, the material is considered to be uniform; if > 1.5,
the material is classified as graded.

Cohesive Soils

If the cohesive soil is a saﬁdy clay similar to the one tested at Colorado State

University by Abt et al (8), Equation (v=1) or (V-2) and the appropriate
coefficients in Table V-1 can be used to estimate the scour hole dimensions.

The sandy clay tested had 58 percent sand, 27 percent clay, 15 percent silt and
1 percent organic matter; had a mean grain gize of 0.15 mm and had a plasticity

index, PI, of 15.

V-2
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—~

Since Equations V-1 and V-2 do not include soil characterisitcs, they can only
be used for soils similar to the ones tested. Shear number expressions, that

related scour to the critical shear stress of the soil, were /derived to have a
wider range of applicability for cohesive soils besides the one specific sandy
clay that was tested. The shear number expressions for circular culverts are:

B . 8
[hes Ws, Lg, or Vgl = a EXE~X /e (v-3)
TTDTTD D %)\
and for other shaped culverts: 6 6
[Dss Wor Lsy o Vol = apfoVZ /N (V-4)
Ye Ye Ye Ve /) \%)

where: oVZ ;o the modified shear number

e
V = outlet mean velocity
Ta = critical tractive shear stress
P = fluid density
% = _oa_ for hg, Wy, and Lg
.63
(.63)3

The values of the coefficients @ B, 8, and @y in Equations V-4 ahd V-5 are

presented in Table V-1. The critical tractive shear stress (2) is defined as

Te = 0.0001 (S, + 180) tan (30 + 1.73 PI) ' (V-5)
where S, is the saturated shear strength in pounds per square inch and PI is
the Plasticity Index from the Atterberg Limits.

It is recommended that Equations V-3 and V-4 be limited to sandy clay soils with
a plasticity index of 5-16. - :

Time of Scour

The time of scour is estimated based upon a knowledge of peak flow duration.
Lacking this knowledge, it is recommended that a time of 30 minutes be used in
Equations V-1, V-2, V-3, and V-4. The tests indicate that approximately 2/3 to
3/4 of the maximum scour occurs in the first 30 minutes of the flow duration,

V-3
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It should be noted that the exponents for the time parameter in Table V-1 reflect
‘the relatively flat part of the scour-time relationship and are not applicable .
for the first 30 minutes of the scour process. ‘ ‘

Headwalls

Installation of headwalls (6) flush with the culvert outlet moves the scour
hole downstream. However, the magnitude of the scour geometries remain
essentially the same as for the case without the headwall. If the culvert is
installed with a headwall, the headwall should extend to a depth equal to the
maximum depth of scour.

SUMMARY

The prediction equations presented in this chapter are intended to serve along
‘with field reconnaissance as guidance for determining the need for energy
"dissipators at culvert outlets.’ It should be remembered that the equations do
not include long-term channel degradation of the downstream channel. The
equations are based on tests which were conducted to determine maximum .scour for .
the given condition and therefore represent what might be termed worst case

scour geometries. The eguations were derived from tests conducted by the Corps

of. Engineers (1), and Colorado State University (5), (6), (7), (8) and (9).

V-4
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Design Procedure

1. Perform a hydrologic analysis of the drainage in which the culvert is
located or to be placed. Estimate the magnitude and duration of the peak
discharge. Express the discharge in cfs and the duration in minutes.
The’discharge intensity is

-D.I. = Q for circular culverts flowing full

o

D.I. = Q for other shapes

e
where yg = CA\1/2

FOR COHESIONLESS MATERIALS, OR THE 0.15mm SANDY CLAY

2. Compute the discharge intensity when the culvert is flowing at the
peak discharge. ' '

3. Determine scour coefficients from Table V-1.

4. Compute the scour hole dimensions from

B 6
[Nss Wsy Lgy or Vg1 = o/ g > £ - (V-1)
D

D "D D3 '\Va pD>/2 \316}

or

B 6
[hs, Ws, Lg, or Vsl = ae/ a__\ /tN (v-2)
Ye Ye Ye Ye \Va'yes/f/ 16

FOR OTHER CUHESIVE MATERIALS WITH PI FROM 5 TO 16

a. Compute the culvert outlet velocity in feet/sec.
b. Obtain a soil sample at the proposed culvert location,

C. Perform Atterberg limits tests and determine the plasticity index, PI
(ASTM D423-36). ’

V-5
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d. Saturate a sample and perform an unconfined compressivé’test (ASTM
D211-66-76) to determine the saturated shear stress, Sv, in pounds per
square inch.

e. Compute the critical tractive shear strength, "¢, frombequation V-5,

f. Compute the modified shear number p!E
Te

3, Determine scour coefficients from Table V-1.

4, Compute the desired scour hole dimensions from

‘ B 8
[har Wes Ly o7 Vo] =a (V2 [t
Db D O D T 316

for circular culvert ‘

or

- B
[hs, Ws» Lsy Vs 1 = OLe( vz > <__§_.
Ye Ye VYe Ye‘3

A\
—
\—/GD

for noncircular culverts.

Example Problem Cohesionless Material

Determine the scour geometry—-maximum depth, width, length .and volume of
scour--for a proposed circular 30-inch C.M.P. discharging an estimated 50 cfs
when flowing full. The downstream channel is composed of a graded gravel
material.

1. The duration of the peak discharge of 50 cfs is not known.
Therefore, a peak flow duration of 30 minutes will be estimated.

2. The circular, 30-inch C.M.P. at 50 cfs will have a discharge intensity of

D.I. = 50 = 50 - = 0.89
| 79 (30)°/2 (5.67)(2.5)7/2

V-6
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3. The coefficients of scour obtained from Table V-1 are:

o 8 ]
Depth of Scour 1.49 .50 .03

AT

A

Width of Scour 8,76  0.89 = .19
Length of Scour  13.09 0.62 .07

Volume of Scour 42.31 2.28 .17
4. Sbour hole dimensions:

B 8
depth: h

s = a < q \> // t
N = .5 [ ;
D Jg n2  / \?16/

3]

1.49 (0.89)0-50 (p.g9).03; hg = 3.27 ft

width: g
D

8.76(0.89)0-89 (,09).10; yw_ = 155 £t

25.72 ft

13.09(0.89)0.62 ( g9).07; Lg

Foo0 Length: Lg

Volume: Vg = 42.31(0.89)2.28 (,q9).17, Vg = 335,79 ft3

n
1t

3. The location of the maximum scour (Figure V-2)

0.4 (Lg) = .4 (25.72) = 10.3 ¢t downstream of the culvert outle

V-7
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Example Problem Cohesive Material

Determine the scour geometry-maximum depth, width, length and volume of scour
for an existing circular 24-inch C.M.P. discharging an estimated 40 cfs when
flowing full. The downstream channel is composed of a sandy-clay materizal.

1. The duration pfﬁthe.peak\dispharge of 40 cfs is not knbwn; Therefore, a

peak flow duration of 30 minutes will be estimated.

2. é. The average_ve}ogity at the culyert outlet is: .

V = Q=40.0 = 12.74 fps

3.6

a
A
b-e. The sandy-clay material was tested and found to have a Plasticity fndex
: (P1) of 12 and a saturated shear strength (Sv) of 240 psi.

The critical  tractive. shear can be estimated by substituting into
Equation V-5

T . 0.001 (240 + 180) tan (30 + 1.73(12))
0.001(420) tan (50.76) = 0.51 1b/ftZ

£ The modified shear number :thod = (pV2) is:

Te

- 1.94 (12.78)2 - 617.4
0.51

Snmod

3. The experimental coefficients @, B and & from Table V-1 are

o B 5]
Depth .86 A8 .10
Width 3.55 A7 .07
Length  2.82 33 .09
Volume .62 93 .23

V-8




Calculation C-02 Project 35DJ2600 Appendix B Page B-34 of 37

4. The scour hole dimensions are:

V-9

e 8 0
hg = sz t
D Te 316
= .86(617.4)-18 ( 09),10, hs = 2,16 X 2 = 4,30 t
Ws = 3.55(617.4)-17 (.09):07; wy = 8.94 X 2 = 27.9 ft
ts = 2.82(617.4)+33 (.09)-09; |, = 18.92 X 2 = 37.8 ft
D | | |
Vs = .62(617.4)-93 (.09)-23; V. - 140.3 x 23 < 1122.5 ft3
3 | | |
5. Location of maximum -depth of scour (Flgure V-2)
0.4 Lg = 0. 4(37.8) = 15.1 ft downstream of culvert outlet
,,' k ' »
£ \,
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Calculation

‘L—1 ‘elessny ‘oprejepy ‘-d48uyg .ﬁthek n._wwwv%:m@h. Nmow a..ﬁ.woﬁv_zm‘%wﬁ_ﬂﬂa
W . o Aus . i
Y1Ano 204 | Suiep _Eu_uo.uvmwmwnchﬁM%Zu.:8:;8&20 “313ug .:ommwuw_”o %w “WMM
¢ —UDDAISNY PU0IaS "304d swep Jo ugy
SOIUBRYOIW *'fU0D) [10S pUDIDIZ MIN S O D e
ayy 0y uoneordde sy pue [[Fo0s Y3noxy Ioem J Em\.ZIwﬁA— .o—% .N.W.N,MB
OISUOD),, “(1S6T) "V 'S8t
“sup4J . 'Swep yues 19A0 spooly Surssed Jo snbiuyos) uon O D Y
‘42 Surieaurdua oo
¢ 5 ‘Auedwio) Juiysiiqngd OYNUAOS IANAIS[H m Ul i
ayy EMEo,w:“ME&e_wthn..umztumz‘&zm oynoaply wr [P0y “(6L61) A o:ﬂwﬂwmaa
e .wm_ ‘(9) ‘90sV “a1q "punoy “YoIW 119§ “f M..Boc 1agem w< i
5 [143o0d,, "(9961) "d [ ‘uosmer] pue “H " oao:ol_,.r A ot
Mo Tped, ‘RI[ENSNY ‘OUINOQIIN ‘BI[RNISUY "upy S9!

. S
100 ‘9 "N unapng . Kemijids JIAQUL I SWEQ [P0, “(€961) “N "V ‘UP |

e o . suy 't
"ILy—€EY ‘9€ **843ug "a1) fo is
3noxyy, "(L961) "H ‘I1Al0
«'$9nbluyo9) uBiSIp MON—SWED [[JHO0I MO[JIOAO PUE Y SWW ‘suog pue Ao

: (EL61) "W "L 'S¢
of ‘Burspouidus wop waunuoquiy |, TIYAo0s YSnory MoLt, “(£L61

‘uonuzauoy K3otoipdpy quy Dlosaunipy ‘a04g  ssewr
X001 2 y3nomy Isjem JO vonenyyur oy Jururosuoo Siuounradxy, (€s61) 1 ‘opueosgy
'S9~LS ‘T "IOA ‘uorssruwon) KIoyeIngoy
TIONN 'S'0 ‘TS94-4D/DHANN ."II oseyq ‘Ssswiny ut Bunse) deidu £q eusjuo
uisop dexdur jo juswdoraaa(y, "(8861) "M " ‘a9 pue ‘g ‘N OPuIH “°q °r
"UOSISN 'S "W “‘Yeneyy ‘T q ‘ouoine] Ud T PO Cr Y epim Y S gy
€6-8% ‘I "[OA ‘vorssrumion
&iojensoy respony s ‘IS9r-4D/OFANN ' dseyq ‘sownyy up Bunse) derdu
£q euoms uStsop dexdu jo Juawdo[aaaq,, “(/861) *H *N ‘apyury pue “M Qe
LY M Y PIeYS g o gy g T “UOSIIN 'S ‘W “Yeneyyp Y ' ‘qv

S3ON3Y343Yy "XiON3ddy

‘uolsstuwio) Aroyerngey respony 'S’ ‘sprengoyeg
PuE AjoJes TeLalE Jes[ony] Jo 394JO 2y Aq parosuods sem yoressar SIYL

._.ZWEOOW._;OZ!O<

Wwd £°6 01 wo g1 woyy SuiSuex %7 pue
‘Wd £°GT 01 W 9°7 woy JuiBuer %g & yym $3ZIs JU03s 10§ padofaasp sem
diysuonerar oy1, *adojs jusunjuequs pue ‘uoyepeid ‘azis ouoys SALBIUOSII
-do1 & uodn poseq Moy y3nonp Sunewmso 103 poysowr & yim 1ouSisop oy
saptaoad diysuonerex aandIpaxd ayy,

33e10a® o1 Jn0qe 90 b+ PILIBA SJUSWOINSEIW MO[{ *Papiooal pue parnseow
seM Aj1o0foA ‘mofj-ySnoxnyp 1o ‘TenusIul 9feroae oy pue ‘rofer deidu e
ySnory painor sem moyy UoIyM Ut ‘pajonpuoo sem sise) swngy g1 Jo souss y

SNOISNTONOY

Y ‘s3duBISUI Swios uf “1oe] oo o ux wuswaoerd oqoxd ay; uo Eovc.om
-3p sem uod 1osuoss oY) pue pod Joyoafur ay3 usamiaq duRISIp Moy oy,

Amv. ..... S e e e ...‘......................N\—A%O—vamh.O“..\»

Se sjun 1§ ur passaxdxa oq ueo 4 "bg -ooeds pioa Jake]
U0Is Sy} y3noay mopy jo sxer oy S[0nu0d 9z1s auols %7 oy tey siesdde |
'T6°0 = 4 St ¢ "by 10§ JustOIFR00 UONB[SLIO0D 9y "un0f [ewnoop ur possaid
-X3 Juatpeis oy = ¢ pue ‘sayour ur st Oy 299s/y ur fiaeig jo UuoneIa[od
OB 3} = B *puooss xod 3o9) ut Lroo[oa fennsisyur sferone M = 'A aroym

uorssardxa sy pappe1f sisA[eue uoissoigos Jeaul] y -odoys
P pue %7 azis yoo1 3y Jo uonouny v se ‘z ‘314 ur umoys are SANIOo[9A
[BHNsIOUL Qyy, *paysa) sazis ouos 94 JO UOWEIALOD JO JUSIOLJa0D Is~ ™y
9@ papraoid (1ouyy st jySrom oy 30 %O0T YoM 18) J010WeEIp SuOoss O, 3



JACOBS Calculation No: | Page 1 of 20 — Plus

C-03 Appendices 53 Pgs
Calculation Cover Sheet Rev. No.: 0 Revision Date:
(Ref. FOWI 116 Design Calculations) Previous Revision| Current Revision

Date: Date:1/09/08

Issuing Department: Supersedes:

Federal Operations Design Engineering

Client: Energy solutions Engineering Discipline: Civil

Project Title: Moab UMTRA

Project Number: 35DJ2600

System:

Calculation Title: Wedge Longevity

Purpose:
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for the 1000 year lite of the disposal cell.

NQA-1 QUALITY LEVEL: 2

Prepared by:___Bob Yager Date:__1/09/08

Checked by:___Bill Barton Bt Date:_L[25[ 2%

Engineering Managers Approval: B Bat=—" Date: l ! Z5 l o3

C03_Wedge_Longevity Calcs_Pgs01-20_Moab010908.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007


jashwort
Typewritten Text
NQA-1 QUALITY LEVEL:  2

jashwort
Rectangle


JACOBS Project: Calculat::g I;‘J.’Zssgget

. . Calculation Number:__C-03
(Ref- FOWI 116 DeSIgn Calculatlons) Page 2 of 20 — Plus Appendices 53 Pgs

Revision History:

Pages Affected By Revision Revised/Added/Deleted Description of Revision

All

C03_Wedge_Longevity Calcs_Pgs01-13_Moab010908.doc
The current applicable version of this publication resides on Jacobs’ intranet. All copies are considered to be uncontrolled.

Copyright® Jacobs Engineering Group Inc., 2007



JACOBS Project: Ca|CUIat:§gSJ236|;§et

. . Calculation Number:__C-03
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Description of Calculation:

Determine the runoff from the watersheds between the book cliffs and the wedge and from the top of
the wedge for design storms with return intervals from 1 year to the pmp.

Calculate the potential sediment transport in a hypothetical channel that routes the runoff along the
north side of the wedge and around the disposal cell using methods from Johnson, 2002.

Calculate the sediment yield of the areas between the Book Cliffs and the wedge using the Modified
Universal Soil Loss equation (MUSLE) (Nelson, et. al., 1986)

Calculate the sediment yield from the top of the wedge using the MUSLE to determine the potential
reduction in the height of the wedge due to direct rainfall. .

Compute the net potential sediment addition to or subtraction from the wedge.

Calculate the potential depth of gullies formed on the top and side slopes of the wedge using the
methodology of Johnson, 2002 to determine whether the wedge may be breached by gullying.

Assumptions:

The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters”
calculation, Draft RAP Attachment 1, Appendix E).

The rainfall frequency-depth-duration data were developed in the Draft RAP. The 1 year rainfall depth
was taken from the NOAA Atlas 14 ( hitp:/hdsc.nws.noaa.gov/hdsc/pfds/sa/ut pfds.html ).

Over a period of 1000, years 12.7% of the total rainfall will become runoff (Johnson, 2002).

The unit weight of compacted soil in the wedge is 103.5 pcf and of undisturbed soil between the Book
cliffs and the wedge is 91.3 pcf.

Since the results of this calculation indicate that most of the erosion of soil in the channel along the
north side of the wedge will be uncompacted sediment from the area between the Book Cliffs and the
wedge, it has been assumed that the unit weight of all soil transported in the channel is 91.3 pcf. This is
a conservative assumption as erosion of compacted soil would result in less volume for a given weight
of eroded soil.
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Design Inputs:

See following pages

Software:

Title Developer Versions Revision Level
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Conclusions/Recommendations:
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. . Calculation Number:___C-03

DESCRIPTION OF CALCULATION:

Runoff from the area between the top of the Book cliffs and the waste cell will diverted around the cell by a

wedge constructed of approximately 3,000,000 cubic yards of excavated material placed as shown in Figure 1.

The purpose of this calculation is to analyze the ability of the “wedge” to survive for the 1000 year life of the
disposal cell.

METHOD OF SOLUTION:

Determine the runoff from the watersheds between the book cliffs and the wedge and from the top of the
wedge for design storms with return intervals from 1 year to the PMP.

Calculate the potential sediment transport in a hypothetical channel that routes the runoff along the north
side of the wedge and around the disposal cell using methods from Johnson, 2002.

e Calculate the sediment yield of the areas between the Book Cliffs and the wedge using the Modified
Universal Soil Loss equation (MUSLE) (Nelson, et. al, 1986)

e Calculate the sediment yield from the top of the wedge using the MUSLE to determine the potential
reduction in the height of the wedge due to direct rainfall.

e Compute the net potential sediment addition to or subtraction from the wedge.
e Calculate the potential depth of gullies formed on the top and side slopes of the wedge using the
methodology of Johnson, 2002 to determine whether the wedge may be breached by gullying.

ASSUMPTIONS:

Draft RAP Attachment 1, Appendix E).

The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters” calculation,

e The rainfall frequency-depth-duration data were developed in the Draft RAP. The 1 year rainfall depth

was taken from the NOAA Atlas 14 ( http:/hdsc.nws.noaa.qgov/hdsc/pfds/sa/ut_pfds.html ).
e Over a period of 1000 years, 12.7% of the total rainfall will become runoff (Johnson, 2002).

¢ The unit weight of compacted soil in the wedge is 103.5 pcf and of undisturbed soil between the Book
cliffs and the wedge is 91.3 pcf.

e Since the resuits of this calculation indicate that most of the erosion of soil in the channel along the north
side of the wedge will be uncompacted sediment from the area between the Book Cliffs and the wedge, it
has been assumed that the unit weight of all soil transported in the channel is 91.3 pcf. Thisis a
conservative assumption as erosion of compacted soil would result in less volume for a given weight of
eroded soil.

CO3_Wedge_Longevity_Calcs_Pgs01-19 Moab010908.doc
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JACOBS Project: Ca|CU|aggSJ2$6|'(I)SEt

. . Calculation Number:__C-03

CALCULATION SECTION:

Unit hydrographs for the two drainage areas between the Book Cliffs and the wedge are developed in Unit
Hydrographs.xls WedgeErosionEast.xls WedgeErosionWest.xls. Runoff calculations are performed using
HEC-HMS using the project: WedgeDrainage.hms Drainage area properties for other watersheds are in
WatershedParms.xls

Sediment Transport Capacity

Drainage Area Characteristics

Two drainage areas were delineated between the Book Cliffs and the wedge draining to the southeast and to
the southwest. Two more were delineated on top the wedge draining to the northeast and the northwest.
These drainage areas are shown in Figure 1.

For the undisturbed watersheds north of the wedge composite curve numbers were developed. The western
drainage is approximately 63% Toddler-Ravola-Glenton families association with an HSG of B and a constant
infiltration rate of 0.2 — 0.6 inches/hr. The remainder is Hanksville family-Badland complex with an HSG of C
and an infiltration rate of 0.0 — 0.06 inches/hr (WEB Soil Survey,
http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx, and Appendix B). The Eastern drainage is
approximately 49% Toddler-Ravola-Glenton and 51% Hanksville family-Badland complex. The following curve
numbers have been assigned, a runoff curve number of 75 to the type B soils for semiarid rangelands with
herbaceous cover in fair to poor condition and 87 to the type C soils for the same use in poor condition (TR-
55, ), composite curve numbers of 79.4 for the western drainage and 81.1 for the eastern. Computing initial
abstraction using the NRCS curve number approach yields 0.52 inches for the western drainage and 0.47 for
the eastern. The NRCS initial abstraction is

I, = o.z[@-lo}
CN

Assuming a constant infiltration of 0.3 inches/hr for the type B soils and 0.03 for type C resuits in constant
infiltration rates of 0.20 in/hr for the western drainage and 0.16 for the eastern . For the compacted soil
comprising the wedge an initial abstraction equal to 0.2 inches was assumed with a constant infiltration rate of
0.1 in/hr. These loss values were used for all storms except the PMP for which the initial abstraction was set
equal to 0.0.

Pertinent properties of the four drainage areas are computed in UnitHydrographs.xls and
WaterShedParms.xls and listed in Table 1. The flow lengths are used to develop a unit hydrograph using the
USBR methodology and the Lag time is used in the SCS unit hydrograph method. The mean of the Kirpich
and SCS time of concentration formulas is used for the time of concentration.

0.77

The Kirpich equationis T, = O.OO78W where

T, = time of concentration (minutes)
L = slope length (feet [ft])
S = slope (ft/ft).

30385
and the SCS equationis T, = [llzL J where

CO3_Wedge Longevity Calcs Pgs01-19 Moab010908.doc
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T, = time of concentration (hours)
L = slope length (miles)
H = slope height (ft).

Table 1. Drainage Area Characteristics

Max Flow Time of Initial Const
; Area Flow Length Lag = | Abstraction Inf
Drainage Area (acres) Length Opposite ?n::r‘:; 0.6 Tc (inches) Rate
(ft) Centroid (in/hr)
Northwest of Wedge 183.6 4911 3078 NA NA 0.52 0.20
Northeast of Wedge 179.4 5126 3309 NA NA 0.47 0.16
West Side of Wedge 37.1 3140 NA 25.5 15.3 0.30 0.10
East Side of Wedge 31.6 2942 NA 24.5 14.7 0.30 0.10

Runoff Hydrograph Calculations

For the two largely undisturbed drainage areas between the book cliffs and the wedge, unit hydrographs were
developed using the methodology of the U S. Bureau of Reclamation (USBR, 1987). These unit hydrographs
are computed in UnitHydrographs.xls. For the two drainage areas on top the wedge the SCS unit hydrograph

was used. The USBR method was developed for natural areas in the west and is not appropriate for the

wedge constructed of compacted soil. The runoff hydrographs were computed using the Computer Program

HEC-HMS (USACE 2007).
Rainfall Depths Applied

The series of storms for the runoff calculations was developed from the Hydrology data in the draft RAP and
NOAA Atlas 14. The number of storms of each depth was chosen conservatively as follows.

e A storm with rainfall depth equal to or greater than the 1000 year storm occurs on the average once every

1000 years. Since the rainfall depth may be any depth between the 1000 year storm and the PMP, the
PMP was used for this storm.

A storm with rainfall depth equal to or greater than the 500 year storm occurs on the average twice every
1000 years. Since the rainfall depth may be any depth between the 500 year storm and the 1000 year
storm, the 1000 year rainfall depth was used for this storm. Since the PMP accounts for one of these
storms, only one 1000 year storm was used.

A storm with rainfall depth equal to or greater than the 200 year storm occurs on the average five times
every 1000 years. Since the rainfall depth may be any depth between the 200 year storm and the 500
year storm, the 500 year rainfall depth was used for this storm. Since two larger storms have already
been applied, three 500 year storms were used.

Following this logic through storms of all available return periods resulted in the distribution of rainfall depths
and number of storms listed in Table 2. All storms represent 24 hour precipitation depth except for the PMP
which is a 6 hour depth.

Table 2 Distribution of storms used in computing sediment transport capacity.

Return Interval Return Precipitation Number of Storms Number of Storms of Depth

Represented Interval Depth (inches) | Equal or Greater than Employed
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(years) Employed Interval Represented
(years)

1000 PMP (6 hour) | 9.0 1 1

500 1000 3.73 2 1

200 500 3.15 5 3

100 200 2.58 10 5

50 100 2.35 20 10

25 50 2.12 40 20

10 25 1.91 100 60

5 10 1.63 200 100

2 5 1.42 500 300

1 2 1.16 1000 500

<1 1 0.93 Unknown 1000

The runoff from each area was computed using HEC-HMS with the results from the wedge and from the book
cliffs area flowing to the west combined into one hydrograph and to the east into another. A five minute time
step was used.

Sediment Transport Capacity

The capacity of the flow to the east and the flow to the west along the north edge of the wedge (Figure 2) was
estimated using a procedure in NUREG 1623 (Johnson 2002).

PROPOSED
4 GROUND
20 /‘_/ |1

EXISTING | 3
GROUND — | SPOIL

_ MATERIAL

o |1

...‘_ // 3

<8
o — il

Figure 2 Cross section of the north edge of the wedge.

In this method the sediment transport capacity of a channel can be computed as

qs — CSIhCJZVCsE!

where
gs = unit sediment transport rate in ft%/s (unbulked)
V = velocity in ft/s
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h = flow depth in feet

NUREG 1623 gives the coefficient and exponents as a function of grain size distribution. Those that most
closely correspond to the grain size distribution of the native soil are

Cs1 =3.3x10°
Ce2=0.715
Ces = 3.30

A hypothetical trapezoidal channel with a bottom width of 3 feet and a side slope of 1.5 horizontal to 1 vertical
was assumed based on field observations of West Kendall Wash. The slope of the channel was assumed to
be 0.007 to the east and 0.009 to the west as determined from the topography of the site and the location of
the wedge. A table was constructed of sediment transport in cfs as a function of discharge in each channel.
The flow in each 5 minute period of a runoff hydrograph was then used to interpolate to find the sediment
transport during each 5 minute increment of the hydrograph. The sediment transport of each hydrograph was
then computed as the sum of these 5 minute contributions.

For the channel shown below in Figure 3 with a discharge Q, a depth h, and a top width T, the volume of
sediment transport capacity in a five minute period was calculated as follows. g was computed as above.
Since this is the unbulked volume transport rate the unit weight was assumed to be 165 pcf. The value of g,
will vary across the channel as it depends on both the velocity and depth of flow. As a conservative approach,
the value q; computed for the fuli depth, h, was applied throughout the channel. The total rate of sediment
transport in cubic feet/sec (unbulked) was computed as

O, (unbulked) = q.T

and the rate in ¢f/5 min (bulked) as

165 pcf

Q. (5min_bulked) = Qs(unbulked) * (300sec) *
91.3 pcf

These 5 minute contributions were summed for each of the 5 minute flow periods of a storm hydrograph to
compute the total sediment transport potential in cubic feet of the native soil from a single storm.

\ T /

\ /
\ /

Figure 3 Cross Section of Hypothetical Channel along the North Edge of the wedge.
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This calculation was repeated for all the storms listed in Table 2 and the total potential sediment transport
during 1000 years was computed.

Unaccounted for Runoff

The total runoff of water in the listed storms was also computed. Since the annual rainfall at Thompson
Springs during the period (1971-2000) was 9.97 inches(reference), and NUREG 1623 states that a reasonable
estimate of the ratio of runoff to rainfall in the semi-arid regions of the western United States is 0.127, a
volume of total expected runoff during 1000 years was computed. Comparing this volume with that computed
from the listed storms indicated that over half the runoff had not been accounted for.

Assuming that the sediment concentration in this additional runoff will be equal to the average concentration in
the runoff from the one year storm, an additional volume of sediment transport was added by multiplying the
average concentration in the runoff from the one year storm by the volume of additional runoff.

Sediment Supply from the Book Cliffs Area

The runoff from the area between the Book cliffs and the wedge will transport sediment toward the wedge.
The total sediment loss from the two watersheds delineated over a 1000 year period can be estimated with the
Modified Universal Soil Loss Equation (MUSLE).

The equation is
A=RXKXLSXVM

where:
A = soil loss in tons per acre per year,
R = rainfall factor,
K = soil erodibility factor,
LS = topographic factor, and
VM = dimensionless erosion control factor relating to vegetative and mechanical factors.

The rainfall factor is 25, as given in NUREG/CR-4620 (Nelson et al. 1986) for the eastern third of Utah. The soil
erodibility factor was estimated using the nomograph given in NUREG/CR-4620 (Nelson et al. 1986).

The topographic factor is calculated by the following equation:

650+ 450X 5 + 65X 52 LY
LS = > X
10,000 + s 72.6

where:
s = slope steepness in percent,
L = slope length in ft, and
m = exponent dependent upon slope steepness.

The dimensionless erosion control factor used for the undisturbed watersheds was 0.4, from Table 5.3 of
NUREG/CR-4620 (Nelson et al. 1986), representing seedings of 0 to 60 days to mimic light vegetation in the
area. Over an extended period of time, a similar value can be expected to apply on the top of the wedge as
some vegetation will develop. A slope of 3.5% was used. This is a representative slope for the area between
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the wedge and the base of the Book Cliffs. Table 3 summarizes the results of the soil loss equation. The soil
loss (sediment supply) from the Book cliffs area is most likely underestimated since the slope from the base to
the top of the Book Cliffs is 40 — 50% and the erodibility factor of the soil is about the same for the two soil
types in the watershed (Web Soil Survey and Appendix B). More sediment than calculated should be eroded
from this area, but much of the additional sediment will be deposited as the slope flattens near the wedge.

Table 3. Results of Soil Loss Equation

Soil Cover Book Cliffs Top of Wedge Book Cliffs Area Top of Wedge
Area (West) (West) (East) (East)
Rainfall factor, R 25 25 25 25
Silt and very fine sand (%) 60 60 60 60
Sand (%) 25 25 25 25
| Organic matter (%) 2 2 2 2
Soil structure Very fine granular_| Very fine granular Very fine granular Very fine granular
Relative permeability Moderate Moderate Moderate Moderate
Erodibility factor 0.35 0.35 0.35 0.35
Topographic factor, LS 0.911 0.183 0.861 0.178
VM (low density seedings 0.4 0.4 0.4 0.4
Soil loss (tons/acre/year) 3.19 0.64 3.01 0.62
Soil loss (inches/1,000
years) 19.2 3.4 18.2 3.3
Total sediment loss in 1000
years (cf) 12,825,853 459,167 11,841,089 380,310

The relative sediment yield of a more realistic watershed shape has been assessed with the Revised
Universal Soil loss Equation (RUSLE) using the computer program RUSLE2 (USDA 2001). In this simulation
three slopes were used, 1000 feet at 40% to represent the book cliffs, 800 feet at 3.5% and 800 feet at 2.5%
to represent the area between the base of the Book Cliffs and the wedge. A RUSLE2 simulation was also
performed with a the same three segments, but with each having a slope of 3.5%. The rainfall was the long
term average at Thompson, about 6 miles east of the site of the waste cell and the other climate factors were
those for Grand Junction, Colorado. These input parameters and the results are presented in Table 4 and

Appendix C.

Table 4 Input Data and Results of RUSLEZ2 Estimate of Sediment Yiels from t Yield from Book Cliffs Area

RUSLE2 Sediment Yield
Segment Length(ft) Slope(%) Erosioﬁ‘ﬁ Jaciyr) Sed Delivery(T/aclyr)

1 100 35
2 800 35
3 800 3.5

Net Erosion 2.6 2.6
1 100 40
2 800 35
3 800 25

Net Erosion 28 9.1

These results indicate that the assumption of a single 3.5% slope in the MUSLE calculation was conservative.
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Sediment Budget

The volumes of sediments over a 1000 year period calculated with the MUSLE and the sediment transport
potential along the north side of the wedge are summarized in Table 5.

Table 5 Sediment Budget for the North Side of the Wedge

Area Sediment Transport | Sediment Yield from
Capacity (cf) MUSLE (cf)
Channel along wedge to the west 4,629,541
Channel along wedge to the east 4,101,687
Western area between Book Cliffs and the wedge 12,825,853
Eastern area between Book Cliffs and the wedge 11,841,089
Western portion of the top of the wedge 459,167
Eastern portion of the top of the wedge 380,310
Total sediment yield toward the west portion of the 13,285,020
wedge
Total sediment yield toward the east portion of the 12,221,399
wedge
Ratio of sediment supply from Book Cliffs to 28
transport capacity (west) )
Ratio of sediment supply from Book Cliffs to 29
transport capacity (east) )

These results indicate that the water flowing along the northern side of the wedge to the west and the east
does not have sufficient sediment transport capacity to carry away the supply of sediment from the areas
between the Book Cliffs and the wedge. The northern edge of the wedge is expected to expand northward
during the 1000 year life of the disposal cell and offer increasingly more protection to the cell as time passes.
Even if the sediment supply from the north is discounted, the total sediment transport potential over 100 years
is only about 12% of the volume of the wedge.

Erosion from top of Wedge

Due to the flat slope the predicted erosion from the top of the wedge is only 3.3 inches over a 1000 year
period. This is a relatively high estimate since the longest flow paths to the east and the west were used in
these estimates. Since the height of the wedge ranges from 28 to 48 feet, this is an insignificant depth of
erosion.

Gully Formation on Wedge

In addition to potential erosion of the wedge by runoff from the Book cliffs area and sheet and rill erosion from
precipitation directly on the top of the wedge, runoff from the top of the wedge is expected to form gullies on
the top and on the steep slopes as the runoff from the top of the wedge flows to the northwest and the
northeast. The potential depth of these gullies can be estimated with an approach detailed in NUREG 1623.
The three types of embankment geometries analyzed in this guidance document as shown in Figure 3.

Gullies forming on the top of the wedge are analyzed as a Type 3 embankment and on the steep side slope as
a Type 2 embankment. The effective tributary drainage area for each embankment is computed as
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A =0.276[Lcos(8)] **

where L = total length of the flow path. A gully factor depending on the soil type, the height of the
embankment and the volume of runoff to the toe of the embankment toe is

G = —070 for a clay content between 15 and 50%.

2.80+|0.197 Y,
H

o

3
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Type 1 Embankmeant

Type 3 EmGankment

Figure B4, Three types of embankment geesnetry.

NUREG- 1623 B-6

Figure 4 Three types of embankment geometry for gully calculations.
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The estimated maximum depth of gully incision is

D,. =G,L,.,S

total

where S is the original slope of the embankment. The top width of the gully at its deepest point is

1.149
W - Dmx
e

and the location of the deepest incision measured in units of Dy, downslope from the crest of the
embankment is

-0.415
V.S
3

(4]

D, =0.713

The results of these calculations are summarized in Table 6. The calculations are performed in metric units
and the results converted to English units.

Table 6 Summary of Calculation of Depth of Gullies on the Wedge

Variable Description Top Slope | Side Slope Top Slope | Side Slope
West West East East

H, (ft) Height of Embankment 10 18 8 22

X, (ft) Horizontal Length of Embankment 1339 95 1254 92

L, (ft) Length of Embankment along Slope 1339 96.7 1254 94.6

O (radians) | Embankment Slope Angle (radians) 0.0075 0.1873 0.0064 0.2347

L, (ft) Distance along Top Slope (Type II) NA 1339 NA 1254

H, (ft) Height of Top Slope (Type il) NA 10 NA 8

L (ft) Long Term Embankment Siope Length | 1573 1436 1473 1349

A (sq ft) Effective Drainage Area 72,231 60,418 64,882 53,638

V, (cf) Rainfall Volume 7,622,392 | 6,375,820 6,846,885 | 5,660,312

G Gully Factor 0.36 0.35 0.36 0.35

Dmax (ft) Maximum Gully Depth 4.2 6.5 3.4 8.0

W (ft) Gully Width at Maximum Depth 7.7 12.7 5.9 16.0

D, (ft) Distance of Dmax from Top of Slope 248 4.1 204 4.7

Summary

As shown Figure 1 a wedge of spoil material consisting of approximately 3,000,000 cubic yards of soil
excavated from the waste cell will be placed between the Book cliffs and the waste cell to divert runoff from
the Book Cliffs area around the waste cell. These calculations have been performed to asses whether the
wedge will continue to protect the cell during the 1000 year design life. Three possible processes by which the
integrity of the wedge might be compromised have been considered.
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Erosion of the wedge by runoff from the area between the Book Cliffs and the wedge will tend to erode
the wedge as it is routed to the southwest and northwest around the wedge and the waste cell. The
sediment transport capacity of this runoff during the 1000 year design life has been assessed using
equations from NUREG 1623. Supply of sediment from the watersheds north of the wedge have been
estimated by use of the Modified Universal Soil Loss Equation (MUSLE), as described in NUREG
4620 (Nelson et al. 1986). The assumptions made in the MUSLE have been evaluated using the
RUSLE. The results of these calculations indicate that the total sediment carrying capacity of the
runoff as it flows around the wedge is slightly more than 10% of the volume of the wedge. In addition,
the sediment supply from the Book Cliffs area computed from the MUSLE will be approximately three
times the sediment transport capacity of the flow around the wedge resulting in a net gain in the
volume of the wedge over the design life of the waste cell. For each storm, the flow in the channels
along the north side of the wedge will increase from near zero at the center of the wedge to the full
flow calculated at the east and west ends of the channels. This will result in increasingly greater
sediment transport as the flow increases along the channel. Since the sediment supply to the north
edge of the wedge is expected to be comparatively uniform along the channel, the result will be that
the central portion of the north edge of the wedge will migrate further northward than the east and
west ends. The slope of the channels will then increase over time and a balance between sediment
transport capacity and sediment supply may be achieved during the 1000 year design life of the cell.

Precipitation falling directly on the top of the wedge will run off toward the northeast and the northwest.
This runoff will erode the wedge from the top. Application of the MUSLE to estimate the volume of
sediment lost from the wedge through this mechanism indicate that the wedge will be reduced in
average height by about 3 to 4 inches. With a design height ranging from approximately 20 to 48 feet,
this loss of soil will not threaten the integrity of the wedge.

The third mechanism considered is concentration of flow as it runs off the top of the wedge and the
consequent formation of gullies both on the top of the wedge and on the steep slopes to the northwest
and the northeast. The depth, width, and location of the deepest portions of these gullies has been
estimated with techniques described in NUREG 1623 (Johnson 2002). The results are summarized in
Table 6. On top the wedge the deepest gully is estimated to be slightly over 4 feet deep, 8 feet wide,
with the deepest part of the gully about 250 feet from the south edge of the wedge. The deepest gully
on the steep side slope is anticipated to be about 8 feet deep, 16 feet wide, with the deepest portion
about 5 feet below the slope break from the flat top to the steep side of the wedge. Neither of these
gullies would pose a serious threat to the integrity of the wedge. It should be noted that because of
the time period over which gullies developed that were used in developing the equations, NRC staff
recommends the method be used for a design cell life of 200 years. Since the gully depth increases
with time, the calculation has been extrapolated to 1000 years as the best available estimate of the
extent of potential gully formation over a 1000 year design period.

Based on these calculations, we conclude that the wedge will protect the waste cell from runoff from the areas
to the north and continue to function over the 1000 design life.

C03_Wedge_Longevity_Calcs_Pgs01-19_Moab010908.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007



JACOBS Project: calcmat::ggﬁsg(‘)get

. . Calculation Number:__C-03
(Ref. FOWI 116 Design Calculations) Page 20 of 20 — Plus Appendices 53 Pgs

References:

10 CFR 40. U.S. Nuclear Regulatory Commission (NRC), “Domestic Licensing of Source Material,” Appendix
A, Code of Federal Regulations, February 2007.

40 CFR 192. U.S. Environmental Protection Agency (EPA) “Health and Environmental Protection Standards
for Uranium and Thorium Mill Tailings,” Code of Federal Regulations, February 2007.

Abt, S.R., and T.L. Johnson, 1991. “Riprap Design for Overtopping Flow”, Journal of Hydraulic Engineering,
117(8), pp. 959-972.

Abt, S.R., T.L. Johnson, C.I. Thornton, and S.C. Trabant, 1998. “Riprap Sizing at Toe of Embankment Slopes”,
Journal of Hydraulic Engineering, 124(7), July.

Abt, S.R., J.F. Ruff, and R.J. Wittler, 1991. “Estimating Flow Through Riprap”, Journal of Hydraulic
Engineering, 117(5), pp. 670-675.

Chow, V.T., 1964. Handbook of Applied Hydrology, McGraw-Hill Book Company, New York, New York.

DOE (U.S. Department of Energy), 1989. Technical Approach Document, Revision Il, UMTRA-
DOE/AL 050424.0002, December.

DOT (U.S. Department of Transportation), 1983. Hydraulic Design of Energy Dissipaters for Culverts and
Channels, Hydraulic Engineering Circular No. 14, September.

Geotechnical Engineering Group, Inc. (GEG), 2005. Technical Testing, Crescent Junction, GEG Job
No. 2165, December 22.

Johnson, T.L., 2002 Design of Erosion Protection for Long-Term Stabilization, Final Report, NUREG-1623,
U.S. Nuclear Regulatory Commission, September.

Nelson, J.D., S.R. Abt, R.L. Volpe, D. van Zyl, N.E. Hinkle, W.P. Staub, 1986. Methodologies for Evaluating
Long-Term Stabilization Design of Uranium Mill Tailings Impoundments, NUREG/CR-4620, U.S. Nuclear
Regulatory Commission, June.

Temple, D.M., K.M. Robinson, R.M. Ahring, and A.G. Davis, 1987. Stability Design of Grass-Lined Open
Channels, U.S. Department of Agriculture Handbook No. 667, September.

TR-55, Win TR-55 User Guide, US Department of Agriculture, 2003

USDA (U.S. Department of Agriculture), 1994. “Gradation Design of Sand and Gravel Filters”, National
Engineering Handbook, Part 633, Chapter 26, October.

C03_Wedge_Longevity_Calcs_Pgs01-19_Moab010908.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007



Calculation C-03 Project 35DJ2600 Appendix A Page 1 of 53

Appendix A
Reference Material
NUREG 4620 MUSL
NUREG 1623 Gully Formation

NUREG 1623 Channel Sediment Transport



Calculation C-03 Project 35DJ2600 %pendix A Page 2 of 53

Two basic approaches exist for the design of suitable erosion-
resistant covers for a tailings impoundment surface as originally described
by Nelson et al, (1983). The first approach consists of providing a cover
material that will resist material transport by flowing water using the
concept of critical shear stress. The second approach is based on the
Universal Soil Loss Eguation, an empirical method originally developed
during the 1930's, The methodologies involved with both of these methods
are discussed below,

5.1.1 Critical Shear Stress Approach

The critical shear stress approach consists of providing a cover
material with a dqg grain size (i.e., 70% of the material by weight is
coarser than the 830) that will resist movement when subjected to the
sheet flow maximum permissible velocity resulting from the application of
the PMP over the entire impoundment surface. Minimum d., grain sizes
should be determined using the critical shear stress approach similar to
the procedures discussed in Simons and Senturk (1977) applicable to over-
Tand flow. A numerical solution for selecting an appropriate dzg to
provide armoring has been developed by Shen and Lu (1983).

The design approach described above, im which the critical grain size
is selected to resist the onset of sheet erosion, should evaluate the run-
off from PMP storms of different durations, such as 0.5, 1, 2, 4, and 6
hours to select the maximum dy required. Rainfall depths will
usually be based on 2,5 to 15 minute durations for small drainage basins as
presented in Section 2.1.2. Typically, the mimimum construction layer
thickness is specified to be at least two times the maximum particle size.
If the above approach results in a cover thickness less than about 6
inches, then other considerations - such as nonuniform placement of cover
and particle breakdown due to handling, placement and weathering - would
suggest that a minimum cover thickness of 10 inches should be considered.
If a self-armoring cover can be provided, and there is no major concern for
weathering of the cover material, the design is independent of time and the
cover should remain intact indefinitely.

5.1.2 Soil Loss Equation Approach

The concept of sheet erosion was recognized by early researchers and
the Universal Soil Loss Equation (USLE) was developed in the late 1930's by
the Agricultural Research Service to evaluate soil conservation practices
for cropland throughout the United States, After its inception, the soil
loss procedure was used and modified as field experience and data were
obtained incorporating the basic parameters of field slope and length,
precipitation, and crop management to estimate soil losses on an annual
basis. Application of the USLE to non-cropland areas and specifically for
construction sites became feasible when Wischmeier et al. {1971), using
basic soil loss characteristics, developed and implemented a soil
erodibility factor (K) in the soil loss computation. Subsequent efforts
refined the parameters used in the USLE for mining and construction
activities in the interior western United States.
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The Modified Universal Soil Loss Equation (MUSLE) was developed by the
Utah Water Research Laboratory in 1978 for the principal objective of esti-
mating soil losses due to highway construction activities. Alterations
were made to the USLE to accomodate unique or special conditions encoun-
tered in highway construction, including steep and deep cuts and fill
slopes that could cause erosion affecting adjacent or nearby roadways,
streams, lakes, or inhabited areas. It is apparent that the modifications
made to the USLE extend to manmy construction and mining sites beyond the
scope of highway construction,

The Modified Universal Soil Loss Equation (MUSLE) is a mathematical
model based on field determined coefficients and provides the most rational
approach to evaluate the long-term erosion potential from an upland area
similar to that of the area covering a reclaimed tailings pond., Recent
investigations into appropriate methods of modeling major types of sheet
erosion {Abt and Ruff, 1978; Nelson et al. 1983; Nyhan and Lane, 1983; and
NRC, 1983), indicate that although more rigorous mathematical models are
available to simulate erosion as a function of time, the use of the USLE
has a strong precedent because it has a 40-year history of runoff and soil
loss data.

The MUSLE is used to evaluate average soil losses for certain types of
slopes as a function of time, The MUSLE does not consider the potential
for gully development or intrusion as discussed in Chapter 4 because the
topographic features of the tailings area are assumed to remain constant
with time. Also, the MUSLE does not incorporate the concept of the PMP but
rather a rainfall factor based on historical rainfall values. The MUSLE is
defined by Clyde et al., (1978) as follows:

A =R K (LS) (vM) (5.1)

where,

A = the computed loss per unit area in tons per acre per year with the
units selected for K and R properly selected;

R = the rainfall factor which is the number for rainfall erosion index
units plus a factor for snowmelt, if applicable;

K = the soil erodibility factor, which is the soil loss rate per ero-
sion index unit for a specified soil as measured on a unit plot
that is defined as a 72.6-ft length of uniform 9% slope continu-
ously maintained as clean tilled fallow;

LS = the topographic factor, which is the ratio of soil loss from the
field slope length to that from a 72.6-ft length under otherwise
identical conditions;

VM = the dimensionless erosion control factor relating to vegetative

and mechanical factors. This factor replaces the cover management
factor (C) and the support factor (P) of the original USLE.
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5.1.2.1 The Rainfall and Runoff Factor (R)

As noted by previous research at lLos Alamos National Laboratory (Myhan
and Lane, 1983), the R factor as used in the MUSLE is often misinterpreted
only as a rainfall factor. In reality, it must quantify both the raindrop
impact and provide information on the amount and rate of runoff likely to
be associated with the rain. More specifically, the R factor is described
in terms of a rainfall storm energy (E) and the maximum 30-minute rainfall
intensity (I3g). Generalized R factors applicable to the interior
western Uniteg States are given in Table 5.1. For R factors in specific
areas of the United States, it is recommended that erosion index distribu-
tion curves be obtained from local SCS offices.

Table 5.1. Generalized Rainfall and Runoff (R) Values.

State Eastern Third Central Third Western Third

N. Dakota 50 - 75 40 - 50 40

S. Dakota 75 - 100 50 40

Montana 30 - 40 20 20 - 50
Wyoming 30 - 50 15 - 30 15 - 25
Colorado 75 - 100 40 - 50 20 - 40
Utah 20 - 30 20 - 50 15 - 40
New Mexico 75 - 100 40 - 50 20 - 40
Arizona 20 - 50 20 - 50 25 - 40

5.1.2.2 The Soil Erodibility Factor (K)

The soil erodibility factor (K) recognized the fact that the erodi-
bility potential of a given soil is dependent on its compositional make.p,
which in turn reflects the grain size distribution of the soil, To predict
soil erodibility, five soil characteristics that include the percent silt
and fine sand, percent sand greater than 0.1 mm, percent organic material,
general soil structure and general permeability are determined. The K fac-
tor is then found by using the Wischmeier nomograph presented in Figure
5.1.

The imakeup of the various soil fractions presented in Figure 5.1 is
based on separating sand and silt at the 0.1 mm size. This differs from
the Unified Soil Classification System which uses the No. 200 sieve size
(0.075 mm) for the separation between sand and silt. The value to enter
Figure 5.1 with should be the percentage of material finer than 0.1 mm in
size, not the percentage passing the Ho, 200 sieve., Also, the determina-
tion of the Soil Erodibility Factor (K) as shown on Figure 5.1 does not
specifically reference the percentage of clay ~ iner than 0.002 mm) con-
tained in the material. The percentage of silt plus very fine sand to be
used for Figure 5.1, therefore, is the percentage of material contained
between 0.002 mm and 0.1 mm.
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5.1.2.3 The Topographic Factor (LS)

Although the effects of both length and steepness of slope have been
investigated separately in different research efforts, it is more con-
venient for analytical purposes to combine the two into one topographic
factor, LS. MWischmeier and Smith (1978) developed plots correlating the
topographic factor for slopes up to 5080 meters in length at slope inclina-
tions from 0.5% up to 50%. Note that flat, short slopes will have less
erosion than long, steep slopes and it is to the benefit of the design
engineer to optimize slope length and gradients to fit the topography.

The equation to determine the LS factor is as follows:

re 2
LS = 650 + 450s + 63s L m (5.2)

10,000 + s¢ 72.6

vhere LS = topographic factor

L = slope length in feet
s = slope steepness in percent
m = exponent dependent upon slope steepness

The slope dependent exponent m is presented in Table 5.2,

Table 5.2 Slope Dependent Exponent

Slope (percent) m

s <1.,0 0.2
1.0 < s < 3.0 0.3
3.0 <s <5.0 0.4
5.0 < 5 €10.0 0.5
s > 10.0° 0.6

5.1.2.4 The VM Factor

The VM factor is the erosion control factor applied in place of the
cover and erosion control factors found in the USLE. The erosion control
factor accounts for measures implemented at the construction site to
include vegetation, mulching, chemical treatments and sprayed emulsions to
impede or reduce erosion due to the overland flow of water, Values of the
VM factor relative to site-specific conditions are presented in Table 5.3.

The VM factor is perhaps the most sensitive factor to effect the
computed erosion loss for a given site. As shown by the values presented
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on Table 5.3, the development of a permanent vegetative cover can have a
significant impact in reducing the computed erosion loss. However, the
effectiveness of a vegetative cover over long-term periods should be
questioned uniess other protective schemes, such as armoring of the cover
with the proper size material, are also included in the design.
5.1.2.5 Example Problem

An example problem in how to use the MUSLE is provided below.

Assumptions:

Site location: Hestern Colorado

Site description: Uncovered tailings pond

Pond size: 160 acres

Slope: 3%

Length: 2500 ft

Material: 42% sand greater than 0.10 mm;

58% fine sand and silt less than 0.10 mm;
5% ¢lay less than 0.002 mm;

0% organics;

(53% silt plus fine sand less than 0.1 mm);
Consistency - fine granular;

Permeability - slow to moderate.

The following factors have been determined for use in Equation 5.1.

R = 20 from Table 5.1

K = 0.50 trom Figure 5.1

LS = 0.747 from Equation 5.2 and Table 5.2
W = 1.0 (average from Table 5.3 based on an undisturbed surface)

Using Equation 5.1, the annual soil loss (A) from the tailings pond due to
sheet erosion caused by flowing water is computed to be 7.47 tons/acre/
year, or 1195 tons/year from the facility. Therefore, the cover is esti-
mated to erode at a rate of 0.003 ft per year, or 0.3 ft/century.

5.2 SUMMARY AND FUTURE STUDIES

The main application of the soil loss equation approach in the evalua-
tion of cover integrity is to determine whether it is possible for sheet
erosion to penetrate the tailings cover, thereby exposing bare tailings and
constituting a failure of the cover. The followup study will concentrate
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Teble 5.3, Typical VM Factor Velues Rsported im th® Literature.?

Condition ¥M Factor
1. Bare s0i) conditions
freshly disked to 6.8 inches 1,00
after one rain 0.89
loose to 12 inches smooth 0.90
loose to 12 {nches rough 0.80
compacted bulldozer scraped up amd down 1.30
same except root raked 1.20
compacted bulldezer scraped across sloge 1.20
same except root raked across 0.90
rough frregular tracked all directions 0.90
seed and fertilizer, fresh 0.64
same after six months 0.54
seed, fertilizer, and 12 months chemical 0,38
not tilled algae ¢rusted 0.01
tilled algae crusted 0,02
compacted fill ' l1.28 - 1.71
undisturbed except scraped 0.66 - 1.30
scarified only 0.76 - 1.1
sawdust 2 inches deep, disked in 0,61
2. Asphalt emulsion on bare soil
1250 gallons/acre 0.n2
1210 gallons/acre 0.01 - 0.019
605 gallonsfacre 0.14 - 0,57
302 gallons/acre .28 - 0.60
151 gallonsfacre 0.65 - 0.70
3. Dust binder
605 gallons/acre 1.08
1210 gallons/acre 0.29 - 0.78
4. Other chemicals
1000 1b, fiber Glass Roving with 60-150 gallons asphalt eaulsion/acre 0.nM - 0.05
Aquatain 0.68
Aerospray 70, 10 percent cover 0.94
Curasol AE 0.30 - 0.48
Petroset 5B 0.40 - 0.66
PVA 0,71 - 0.90
Terra-Tack 0.56
¥ood fiber slurry, 1000 b/acre freshd 0.05
Wood fiber slurry, 1400 1b/acre freshb 0.01 - 0.02
¥ood fiber slurry, 3500 \b/acre fresh® 0.10
5. Seedings
temporary, 0 to 60 days 0.40
temporary, after 60 days .08
permanent, 0 to 60 days 0.40
permanent, 2 to 12 manths 0.05
permanent, after 12 months n.01
6. Brush
7. Excelsior blanket with plastic net 0.08 - 0.10

3pte the variation in values of VM factors reported by different researchers for the same

measures.

References containing details of research which produced these VM values are

included in NCHRP Project 16-3 report, “Erosion Control During Highway Canstruction,

vol. I1I.

bTMs material is commonly referred to as hydromulch.

Bibliography of Mater and Wind Erosion Control References,” Transportation
Research Board, 2101 Constitution Avenue, Washington, DC 20418,
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on using the MUSLE for several alternate cover designs in order to evaiuate
whether the proposed analytical approach can be successfully used to mea-
sure the long-term integrity of protective soil covers for uranium tailings
reclamation., Alternative designs will be compared, both from a standpoint
of overall integrity and construction difficulty. The covers will also be
evaluated using the critical shear stress approach to determine, based on a
given PMP, the minimum particle size necessary to protect the cover against
long-term degradation.
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APPENDIX B

METHOD FOR DETERMINING
SACRIFICIAL SLOPE REQUIREMENTS

1 INTRODUCTION

In many cases where tailings extend over a large area, slope lengths may be so long that
extremely gentle slopes will be needed to provide long-term stability. Such gentle slopes may
necessitate the use of very large amounts of soil, such that some of these slopes (with no tailings
directly under them) may extend greatly beyond the edge of the tailings pile.

In such cases, licensees may be able to demonstrate that it is impractical to provide stability
for 1,000 years and may choose to show that stability for less than 1,000 years, but for at least 200
years, is a more cost-effective option. Such a design may incorporate tailings embankment "out
slopes," where there are no tailings directly under the soil cover. Such slopes, designed for less than
the 1,000-year stability period, may be acceptable if properly justified by the licensee.

It should be emphasized that the staff considers that a 200-year sacrificial slope design should
be used only in a limited number of cases and only when a design life of 1,000 years cannot be
reasonably achieved. However, it should not be assumed that the design period should immediately
jump from 1,000 to 200 years. The staff concludes that the selection of a design period should
proceed in a stepwise fashion, with consideration given to intermediate design periods from 200-
1,000 years. In determining a minimum design, a 200-year sacrificial slope design, as presented
below, may be used. However, such a design has a considerable amount of uncertainty associated
with its use, due to its development by extrapolation of a relatively limited data base. Therefore, the
staff considers that the procedure should be used only after other reclamation designs have been
considered. The staff considers that the procedures for justifying a design period of less than 1,000
years, as discussed in Appendix C, should be carefully followed to document that a 200-year
sacrificial slope design is the best design that can be reasonably provided.

2 TECHNICAL BASIS

The long-term gully erosion process has the potential to destabilize an earthen embankment
or soil cover constructed to prevent waste material release to the environment. Figures B-1 and B-2
present photographs of earthen embankments damaged by gullying. It was apparent to the staff that
little criteria were available that assisted the designer in predicting the potential impacts of gullying
processes to long-term stability of the waste material. The NRC thereby supported a series of studies
to expand the knowledge base on the potential impacts of gullies on reclaimed impoundments and
provide guidance for assuring the long-term stability of the waste.

In 1985, Falk et al. conducted a pilot study in an attempt to develop a procedure to predict

the maximum depth a gully may incise into a tailing slope as a function of time. Falk characterized
16 reclaimed mine and/or overburden sites in Colorado and Wyoming that demonstrated incision

B-1 NUREG-1623
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on the side slope and in some cases extended into the top slope areas. Field measurements included
gully length, slope length, pile height, pile age, maximum gully depth, and width, tributary drainage
area, vegetative cover and soil composition. From these data, Falk et al. attempted to formulate a
procedure for estimating the maximum depth of incision, width of gully, and location of the
maximum incision from the crest. The estimation procedure had a limited application but indicated
that an estimation procedure could potentially be developed.

Pauley (1993) performed a series of flume studies in which near prototype soil embankments
were constructed simulating a reclaimed waste impoundment. Figure B-3 presents a photograph of
the flume used in the study. A series of rainfall and subsequent runoff events were conducted
resulting in gully incision into the embankment. The gullying processes were documented as a
function of rainfall duration and volume, soil type, embankment slope and the maximum depth of
incision. The results of the study indicated that the gully incision depth was a function of the clay
content of the soil, volume of runoff to the gully, and the embankment height (Abt et al. 1994). The
gully processes observed by Pauley and later documented by Abt et al. (1995b) in the flume study
closely paralleled those observed in the field by Falk (1985) and others.

In an attempt to expand the Falk et al. (1985) data base, Abt et al. (1995a) conducted a study
in which 11 field sites that demonstrated gullying on reclaimed 1mpoundments were located,

characterized, measured, and sampled in the Colorado and Wyoming region and each gully was
characterized (Falk et al. 1985).

The information presented by Falk et al. (1985), Pauley (1993) and Abt et al. (19952) was
consolidated into a composite data base as reported by Abt et al. (1995b). A comprehensive
procedure was presented to estimate the maximum depth of gully incision, top width of the gully,
and location of the maximum incision from the crest. The procedure allows the designer to
determine gully depths and to predict the location of maximum gully incision.

Areview of existing waste and tailing reclamation designs in conjunction with extensive site
experience indicates that three primary embankment/cover configurations are commonly proposed.
The three embankment configurations or types have been proposed or constructed as presented in
Figure B-4. It is important to recognize that although each embankment type is similar along the
main embankment face, the top slope, and subsequent potential tributary drainage, significantly
impact the maximum depth of gully incision, D,,, that may intrude into the main slope. Therefore,
a different procedure was developed to estimate the potential tributary drainage area and volume of
runoff for each embankment type.

An empirical gully incision estimation procedure is presented as a function of the
embankment/cover geometry, hydrologic parameters, soil composition, and the design life. It is
anticipated that the estimation procedure will provide the user the maximum depth of gully incision,
the approximate location of the maximum depth of incision along the embankment slope, and the
approximate top width of the gully at the point of maximum incision as schematically presented in
Figure B-5. The user will need to insure that the gully incision does not expose the waste/tailings
materials.

NUREG-1623 B4
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Figure B-3. Flume used by Pauley (1993).
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Figure B-4. Three types of embankment geometry.
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Figure B-5. Schematic of typical waste impoundment.

B-7 NUREG-1623
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Staff review indicates that locating the depth of maximum gully incision is the most unpredictable
part of the design procedure. The field data and flume data cannot be relied on totally to adequately
describe the gully profile along the length of the slope. For example, the procedure may predict that
the maximum gully depth will be 20 ft and will occur 500 ft from the embankment crest. However,
not reflected in the design procedure is the possibility that the same gully could be 19 ft deep at the
crest. The gully profile data available and staff experience suggest that gully depths approaching
the maximum gully depth could occur near the crest. Thus, until more data are available, the staff
recommends that the location of maximum gullying be assumed to occur near the crest of the slope.
In addition, because of the need for significant data extrapolation, the staff suggests that this
procedure be used to determine sacrificial slope requirements for a 200-year period.

In situations where increasing the set back distance of waste with respect to the embankment
crest is not feasible, the concept of embankment stabilization utilizing launching riprap may be
examined. Abtetal. (1997) presents a preliminary approach to the stabilization technique. Figure
B-6 presents a photograph of a laboratory simulation of embankment stabilization using launching
riprap. Based upon the findings of the pilot test series, a set of preliminary guidelines and a design
procedure is outlined by Abt et al. (1997). The procedure presented represents the pilot test series
and its application has not been tested and verified under field or near prototype conditions. It is
recommended that the procedures outlined by Abt et al. (1997) be applied with a high degree of
engineering judgement.

3 PROCEDURES

A procedure has been developed to estimate the effects of gullying over time. The following
steps outline the estimation procedure.

Step 1. Determine the embankment design life as outlined in Appendix A. Stability of the
embankment must be insured for periods ranging from 200 to 1,000 years.

Step 2. Select the embankment type (Type 1, Type 2, or Type 3) and determine values of the
appropriate design variables.

Embankment/cover variables applicable to all three types of embankments include
the embankment height (H,) (m), slope length (L) (m), slope angle (8) (degrees), and
horizontal distance from the embankment toe to the crest (X,) (m) as presented in
Figure B-4.

Step 3. Determine the embankment/cover soil composition, expressed as a percentage of the
sands, silts, and clays. Discriminating thresholds for gully intrusion potential for
embankments are segmented into soils with clay content less than 15 percent, clay
content between 15 and 50 percent, and clay content greater than 50 percent.

Step 4. Determine the average annual precipitation (P), expressed in meters, for the

embankment site. Estimates of precipitation can be obtained from U.S. Weather
Bureau isohyetal maps, local climatological data, or other appropriate means.

NUREG-1623 B-8
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Figure B-6. Photograph of launching riprap flume test.
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Step 5.

Type 1

Type 2

Type 3

NUREG-1623

Determine the drainage area tributary to the embankment to estimate the
volume of runoff to which an embankment will be exposed in its design life.
For embankments without external drainage basins, the tributary drainage
area that forms on the face of the embankment will determine the total
volume of runoff (Abt, Thomton, and Johnson, 1995b). The tributary
drainage area that forms on the embankment face is a unique function of the
type of embankment being evaluated.

Embankment

The tributary drainage area for a Type 1 embankment may be estimated by

A = 0.276 +[L_*Cos(8)]"5% B-1)

where: A = tributary drainage area (m?)
L, =original embankment length (m)
© =slope angle in degrees computed as Tan™(S,)

Embankment

The tributary drainage area for a Type 2 embankment is computed by summing the
embankment face length (L) and the embankment top length (L,). The resulting
length (L)) is then entered in Equation B-1 as:

A = 0.276 +[L, +Cos(0)]"6%¢ B-2)

where: A = tributary drainage area (m?)
L, =total length of embankment
0 =slope angle in degrees computed as Tan™(S,)

Embankment

The tributary drainage area for a Type 3 embankment can be estimated using
Equation B-1; however, an effective embankment length (L) must be determined.
Flume and field observations indicate that a gully forming on a Type 3 embankment
can extend past the crest and into the adverse slope. When this condition occurs, the
effective length of the embankment is increased. To provide an estimate of the
tributary drainage area at any point in time, the value of the effective embankment
length is determined by estimating the final gully bottom slope. Abt et al. (1995b)
reported that the gully bottom slope may be estimated as

S, = [1.008 =S _]-0.063 (B-3)

B-10
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Step 6.

Step 7.

Step 8.

where: S, = gully bottom slope (rise/run) .
S, = original embankment slope (nse/run)

The effective embankment length can then be computed as: -

L, = 1.175«L (B4)

where L, and L, are expressed in meters. The tributary drainage area can then be
computed using Equation B-1 where L, is substituted for L.

In situations where the embankment toe is exposed to runoff that develops on
a tributary drainage area external to the embankment, the supplemental area (A,) is
added to the drainage area value computed using Equation B-1.

The total depth of precipitation to which the site may be exposed to over the design
life needs to be determined. In Step 1, the design life of the embankment was
estimated. The average annual precipitation for the project site was then estimated
based on Step 4. The expected depth of precipitation, in meters, is then calculated
as: : - ]

D, = Average Precipitation Depth (m) * Design Life (years) (B-5)

The runoff to rainfall ratio, R, is needed to convert the potential depth of
precipitation for the embankment design life to potential runoff tributary to the
developing gully. The U.S. Geological Survey (USGS) developed a runoff map
method (Gebert et al., 1989) to determine the average annual runoff expected from
any location in the United States. The USGS map provides the user the annual depth
of runoff from a site specific location. The ratio of the runoff to rainfall is computed
by dividing the runoff depth derived from Gebert et al. by the average annual
precipitation for the appropriate locale. The average runoff-ratio using the USGS
Average Annual Runoff Method is 0.127. The runoff-rainfall ratio of 0.127 provides
areasonable estimate for the arid and semi-arid regions of the western United States.

The cumulative volume of runoff (V) tributary to the embankment toe, in cubic
meters, is calculated as:

Vr = Dt * Rr* A (B'6)
where A is the tributary drainage area, expressed in square meters, as determined in
Step 5. It is acknowledged that a single storm event will significantly impact the

development of the gully. Abtetal. (1995a) indicates that the total volume of runoff
canserve as a predictor of the ultimate dimensions (i.e., maximum depth, width, etc.)

B-11 NUREG-1623
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of the gully. The volume of runoff tributary to the gully for the embankment design
life is the primary element reflecting the analysis period.

The maximum depth of gully incision (D_,,) can be estimated as a function of the
cumulative volume of runoff, V,, the embankment height, H , the embankment slope
length, L,, L,, or L,, the embankment slope, and the clay content of the soil
composition. A gully factor, G;, was developed from the analysis described by Abt
et al. (1994) for varying clay content of the proposed construction material. The
gully factor is defined as:

G, = mmax _
S B-7)

1 (]

where L; is Ly, L,, or L, as applicable and the embankment slope S, is HyX,. The
gully factor is computed as:

Clay content < 15%:

f
L *S V '0.55 _
o 225 + | 0.789%—L (B-8)
Hy
Clay content > 15%, < 50%:
_ Drax _ 1
. = =
L %S v )-070 )
° 2.80 + | 0.197—= (B-9)
H;
Clay content > 50%:
G. = Dinax = 1
f
I xS -0.85
° 3.55 + [0.76*L] (B-10)
3
HO

NUREG-1623 B-12
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Step 10.

Step 11.

Step 12.

Step 13.

Step 14.

The maximum dei)th of gully incision expected on the embankment slope may then
be estimated as:

Doy = Gp * Ly xS f ®-11)

where D, is in meters.

After the value of D,_., is determined, the top width of the gully at the deepest
incision can be calculated as:

p
W o= | == (B-12)
0.61
where: W top width of gully (m)

D_,, = depth of deepest gully incision (m)

In some applications, it is important to estimate the location of the maximum gully
incision to evaluate the stability of the embankment or the potential to penetrate into
the waste storage area. The location of the maximum depth of incision, measured
down slope from the crest, may be determined as:

. ®-13)

1

* S)) -0415
D, = 0.713 * (L_)]

where: D, = location of D,
V, = cumulative volume of runoff (m®)
S, = original embankment slope (rise/run)
L, = original embankment length (m)

To provide a conservative estimate of the possible damage caused to an earthen
embankment by a migrating gully, it is assumed that the maximum depth of gully
intrusion occurs at the crest of the embankment. The embankment material is then
assumed to erode, at the angle of repose of the embankment material, up slope of
D,..- The set back distance of the waste material is determined for each of the three
types of embankments by assuming the embankment erodes at the angle of repose.

If altering the set back distance is not feasible; protection may be examined utilizing
launching riprap. A detailed-explanation of the launching riprap application is

B-13 NUREG-1623
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presented by Abt et al. (1997). The following preliminary guidelines should be
followed in a launching riprap application:

* The minimum riprap size should be determined using accepted riprap sizing
criteria for overtopping flow. A minimum median stone size (Ds,) of 9 cm
was found to work well in flume studies.

] The protective riprap layer should have adequate volume to provide slope
coverage under maximum expected gully conditions. A layer thickness of
approximately 3 Dy, is recommended, depending on the volume requirements
and the length of the riprap layer.

4 RECOMMENDATIONS

The stable slope should be determined using the procedures presented in Appendix A.
Appropriately conservative values of input parameters should be used in the computation.
Additional refinements can be made after the analysis of the sacrificial slope requirements.

In analyzing Type 2 Embankments, the top slope of the cover should be much flatter (less
than or equal to 5%) than the slope of the embankment face. The gully would likely occur far
upstream from the crest if the top slope were steep. The following example is presented to outline
the stability assessment procedure, not to promote or compare any embankment types.

5 EXAMPLE OF PROCEDURE APPLICATION

The following example is used to outline the procedure of stability analysis of a Type 2
Embankment. Type 2 Embankments, presented in Figure B-4, are identified by an embankment
slope that transitions into a flatter top slope. Embankments constructed with Type 2 geometry are
evaluated by superimposing the total length of the embankment, L,, on the slope of the embankment
face.
Step 1. Design Life

An embankment design life of 200 years will be evaluated.

Step 2. Embankment Geometry

Once the embankment type is determined, the initial design variables are required.
It will be assumed that the embankment has the following physical dimensions:

H, = embankment height =9 meters

L, = embankment slope length =55 meters
S, = embankment slope =0.15 rise/run
L, = top embankment length = 100 meters
S, = top embankment slope = 0.05 rise/run

NUREG-1623 B-14
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Step 3.

Step 4.

Step 5.

Step 6.

Soil Composition

It is assumed that a soil analysis has been conducted and that the embankment
material is composed of 13 percent clay by volume, and has an angle of repose of
34 degrees.

Precipitation

Local climatological data indicate an average annual precipitation of 0.20 meters for
the site.

Potential Tributary Drainage Area

The total potential tributary drainage area for a Type 2 Embankment is determined
by computing the total embankment length as shown below

L =L, + L, (B-14)

where: L, = total embankment length (m)
L, =length of embankment face (m)
L, = length of embankment top slope (m)

The value determined for the total embankment length is then combined with the
slope of the embankment face and entered into Equation B-2 as shown below

A = 0.276 = {155 meters xc0s(8.53)}1636

(B-15)
A = 1038 meters?

Therefore, the total potential tributary drainage area for the Type 2 Embankment is
1038 square meters. It is assumed that there is no additional drainage area external
to the embankment.

Potential Depth of Precipitation
The first step in computing the total runoff'volumé for the site is to determine the
potential depth of precipitation, D,, that the site will be exposed to during the design

life. As described in Step 6, the total depth of precipitation is the product of the
average annual precipitation and the design life. Therefore,
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Step 7.

Step 8.

Step 9.

Step 10.

NUREG-1623

D, = 0.20 meters/year * 200 years

(B-16)
D, = 40.0 meters of precipitation

and a potential depth of precipitation of 40.0 meters is computed.
Runoff to Rainfall Ratio

A value of 0.13 is assumed as the average runoff to rainfall ratio, R, for the
embankment area.

The cumulative volume of runoff, V,, is defined as the product of the potential depth
of precipitation, D,, the runoff to rainfall ratio, R , and the potential tributary area, A.
Substituting the values of D,, R, and A, obtained above into Equation B-6 yields

V_ = 40.0 meters * 0.13 * 1038 meters?

(B-17)
V, = 5,400 meters?

Therefore, the embankment slope will drain approximately 5,400 cubic meters of
runoff during the 200 year design life.

Determination of Gully Factor

The gully factor, Gy, for the embankment should be determined as outlined in Step 9.
A clay content of 13 percent in the embankment material requires that Equation B-8
be used to calculate the gully factor. Substituting values for H, and V, into Equation
B-8 gives

£ - 1 -0.55
3
2.25 +10.789 * 5,399.97 meters 18)
(9.0meters)? B-
G; = 0.380

Maximum Depth of Gully Incision

A gully factor of 0.380 is entered into Equation B-8 to determine the maximum depth
of gully incision as follows

B-16
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Step 11.

Step 12.

Dmax = 0.380 * 55.0meters = 0.15

B-19)
D = 3.14 meters

max

Thus, after a 200 year period, a gully incision 3.14 meters deep would be expected
on the face of the embankment.

Gully Top Width
Equation B-12 presents an empirical relationship that can be used to predict gully top

width, W, as a function of maximum gully incision, D_,,. Substituting the value of
3.14 meters computed for D, into Equation B-12 gives

1.149
W = ( 3.14 mcters)
0.61 (B-20)
W = 6.57 meters

therefore, 6.33 meters would be the estimated gully width at the point of deepest
gully incision.

Location of Maximum Depth

Equation B-13 presents an empirical relation predicting the location of D_,, as a
function of the total volume of runoff, embankment length, and embankment slope.
Substituting the values determined above into Equation B-13 gives

(5,399.97 meters 3 x0.15) }-0.415

D, = 0713 * meters _x(
(55 meters)®

(B-21)
D, = 6.50

which represents the number of D__,’s down slope from the crest the deepest incision
is expected to occur. To determine the location in meters, multiply the value
determined for D, by that determined for D, ,,. For this example the deepest incision
point will occur approximately 20.4 meters down slope from the embankment crest.

Summarizing the results obtained above yields
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Step 13.

Step 14.

D

max

W

3.14 meters,

6.57 meters

Dl = 20.4 meters

However, for long-term stability applications, the location of D, should be assumed
to be at the crest of the slope.

Set Back Distance

For conservatism, the maximum depth of incision is assumed to occur at the crest of
the embankment and the material is assumed to erode at the angle of repose (34° for
this example) upstream of the crest. For the conditions of this example, the set back
distance would be 4.66 meters up slope from the crest of the embankment.
Therefore, tailings should be located a minimum horizontal distance of 4.66 meters
up slope and a vertical distance of 4.71 meters down from the embankment crest.

Rock Launching Application

If providing adequate setback distance is not feasible, embankment stabilization with
launching rock may be considered. For details and a preliminary application
procedure, see Abt et al. (1997). The findings discussed by Abt et al. (1997) should
be adapted to each specific site with engineering judgement. In general, a volume
of rock should be provided to cover the collapsed slope with a rock layer of 1.5 times
the D, size, considering the depth of gully intrusion and the length. It is
recommended that the required Dy, size be specifically determined for a collapsed
slope of 1V to 2H. Figure B-7 presents a schematic of the rock launching application
concept.

The results of the example outlined above can then be checked with the original design of the soil
cover, as described in Appendix A. Engineering judgment then determines if the design is adequate
to provide the level of protection necessary throughout the design life.

6 COMPUTER APPLICATION

To aid in the analysis of the stability assessment, a computer program has been developed.
The Windows™ application provides an automated method of evaluating the stability procedure
described above (Thornton, 1996). The program is available from the U.S. Nuclear Regulatory

NUREG-1623
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in column 6 is given from the sediment rating curve, or Equation 6. For each interval, the water
yield in column 5 is calculated from multiplying columns 2 and 6. Likewise, the annual sediment
yield in column 7 is calculated from Equation E-5 given Ap, Q and C, from columns 2, 4 and 6. The
interannual total sediment yield is finally obtained from the sum of column 7.

2.5 Trap Efficiency

When sediment-laden water enters reservoirs, lakes, impoundments, and settling basins, the
settling of sediment will cause aggradation of the bed. The trap efficiency is used to determine how
much sediment is expected to settle in backwater areas. The trap efficiency is defined as the
percentage of incoming sediment for a given size fraction (i) that will settle within a given reach.
The trap efficiency can be calculated as follows:

-Xw,
T, =1-¢W ET)

where X is the reach length; w; is the settling velocity for sediment fraction i from Table E-4; h is
the mean flow depth; and V is the mean flow velocity. The exponent is dimensionless and any
consistent system of units can be used in this equation.

The sediment load that settles within the reach is given by the product of the incoming
sediment load and the trap efficiency. The outgoing sediment load is calculated by subtracting the
settling load from the incoming load. The trap efficiency varies with sediment size through the
settling velocity. Typically, the trap efficiency is approximately one for coarse sediment,
e.g., gravels, and approaches zero for fine sediment, e.g., clays.

2.6 Sediment Transport Capacity of a Channel

Simons, Li, and Fullerton (1981) developed an efficient method of evaluating sediment
discharge. The method is based on easy-to-apply power relationships that estimate sediment
transport based on the flow depth h and velocity V. These power relationships were developed from
a computer solution of the Meyer-Peter and Miiller bedload transport equation and Einstein’s
integration of the suspended bed sediment discharge:

g, = c;h®Vee (E-8)

The results of the total bed sediment discharge are presented in Table E-2. The large values
of c; (3.3 < ¢; < 3.9) show the high level of dependence of sediment transport rates on velocity.
Depth has comparatively less influence (-0.34 < c, < 0.7).
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L4
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Table E-2. Power equations for total bed sediment discharge in sand- and fine-gravel-bed streams,

a nm::rn%< “a
Dy, (mm)
0.1 0.25 0.5 1.0 2.0 3.0 4.0 5.0
Gr=1.0
Csy 3.30x10° | 1.42x10° 7.6x10° 5.62x10° | 5.64x10° | 6.32x10¢ | 7.10x10% | 7.78x10°
Csy 0.715 0.495 0.28 0.06 -0.14 -0.24 -0.30 -0.34
Cg3 3.30 3.61 3.82 3.93 3.95 3.92 3.89 3/87
Gr=2.0 | ,
Csy 1.59x10° | 9.8x10° 6.94x10° 6.32x10° 6.62x10°6 6.94x10°
Csy 0.51 " 033 0.12 -0.09 -0.196 -0.27
Cs 3.55 3.73 3.86 3.91 3.91 3.90
Gr=3.0
Cy1 1.21x10% | 9.14x10° | 7.44x10°
Cs; 0.36 0.18 -0.02
Css 3.66 3.76 3.86
Gr=4.0
Cs 1.05x10°%
Cs, 0.21
Cgy 3.71
Definitions:  q,, unit sediment transport rate in ft*/s (unbulked); V, velocity in ft/s; h, depth in ft; G, = 0.5 [(Dg,/Dsy) + (Ds/D,)]

gradation coefficient,
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For flow conditions within the range outlined in Table E-3, the regression equations should
be accurate within 10%. The equations were obtained for steep sand- and gravel-bed channels under
supercritical flow. They do not apply to cohesive material.

The equations assume that all sediment sizes are transported by the flow without armoring.
The sediment concentration ¢, is calculated from

Cpgr = 265 X 106%5- (E-9)

where g is calculated from Equation E-8 and q = V,, is the unit discharge in ft’/s.
3 DESIGN AND ANALYSIS PROCEDURES

The following pfocedures may be used to determine: 1) sheet and rill erosion; 2) gully
erosion; 3) calculated sediment yield; 4) measured sediment yield; 5) trap efficiency, and 6) sediment
transport capacity of channels.

3.1 Sheet and Rill Erosion Procedure

The following sheet and rill erosion procedure based on the USLE may be used to determine
soil erosion losses from upland erosion. If data are available, this approach should be supplemented
with field measurements to properly calibrate and ascertain the accuracy of other procedures and/or
computer models.

Step A-1. Gather topographic, soil type and land use information. Subdivide the domain into
sub-watersheds. For each sub-watershed, determine: drainage area, runoff length,
average slope, soil type, percentage of canopy cover and ground cover and any
particular method of soil conservation practice.

Step A-2. Determine the mean annual rainfall erodibility factor R for the specific site location.

Step A-3. Determine, for each sub-watershed, the soil erodibility factor K from soil samples.

Step A4. Determine the slope length-steepness factor LS from the runoff length and average
slope.

Step A-5. Determine the cropping-management factor C from the ground and canopy cover data.
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Table E-3. Range of parameters for the Simons-Li-Fullerton method. -

Parameter | VYalue range
Froude number . 1-4
Velocity v 6.5 - 26 ft/s
Manning coefficient n 0.015 - 0.025
Bed slope 7 0.005 - 0.040
Unit discharge 10 - 200 ft/s
Particle size o Ds, + 0.062 mm
Dgy< 15 mm
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Appendix B
Soil Properties from

Web Soil Survey
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Report — RUSLEZ2 Related Attributes (2]

Grand County, Utah - Central Part €]

Map symbol and Pct.  Hydrologic Kf T factor Representative value
soil name of group
map % Sand % Silt % Clay
unit

11—Chipeta

complex

Chipeta 40 ] .37 2 20.0 49,0 31.0

Chipeta 20 ] 37 2 20.0 49,0 31.0
18—Hanksville

family-

Badland

complex

Hankswille 40 C 43 3 26.5 £3.5 20.0

family

Badland 35 = = = = = =
F1—Mesa-

Chipeta-

Thedalund

family

complex

Chipeta 25 D a7 2 20.0 49.0 31.0
Mesa 25 B 28 3 oa.5 20.0 13.5
Thedalund 20 C .37 3 42,1 37.9 20.0

family
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Thedalund 20 C 37 3 42.1 37.9 20.0
family

S2—Rizno-Rock
outcrop
complex

Rizno 50 O 28 1 63.1 26.4 10.5
Rock outcrop 25 = — — = — —

7E—Toddler-
Ravola-
Glenton
families
association

Rawvola family 25 B 43 5 11.6 65.9 19.5
Toddler family 25 B 43 5 24.8 £2.7 22.5
Glenton family 20 B 28 5 62.5 26.0 11.5

Description — RUSLEZ2 Related Attributes

RUSLEZ Related Attributes

This report summarizes those soil attributes used by the Revised Universal Soil Loss
Equation Yersion 2 (RUSLEZ) for the map units in the selected area. The report
includes the map unit symbol, the component name, and the percent of the
component in the map unit. Soil property data for each map unit component include
the hydrologic soil group, erosion factors Kf for the surface horizon, erosion factor T,
and the representative percentage of sand, =ilt, and clay in the surface horizan,
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Ratings — 1 to 40 inches

Summary by Map Unit — Grand County, Utah - Central Part 6]
Map unit Map unit name Rating {percent) Acresin A0I Percent of
symbaol AOI
11 Chipeta complax 31.0 0.9 0.8%
18 Hanksville family- 41.1 224.6 19.1%
Badland comple:

31 Mesa-Chipeta- 40,9 24.3 2.1%
Thedalund family
corples

52 Rizno-Rock outcrop 11.4 12.0 1.0%

cormples

75 Toddler-Ravola-Glenton 25.2 o024 76.9%

farilies association

Totals for Area of Interest (AOI) 1,173.3 100.0%

Description — Percent Clay (7]

Clay as a soil separate consists of mineral soil particles that are less than 0.002
millimeter in diameter. The estimated clay content of each sail layer is given as a
percentage, by weight, of the soil material that is less than 2 millimeters in diameter.
The amount and kind of clay affect the fertility and physical condition of the soil and
the ability of the =oil to adsorb cations and to retain moisture. They influence
shrink-swell potential, saturated hydraulic conductivity (Ksat), plasticity, the ease of
soil dispersion, and other soil properties. The amount and kind of clay in a soil also
affect tillage and earth-moving operations.,

Most of the material is in one of three groups of clay minerals or a mizture of these
clay minerals. The groups are kaolinite, smectite, and hydrous mica, the best known
member of which is illite.

For each =saoil layer, this attribute is actually recorded as three separate values in the
database. A low value and a high value indicate the range of this attribute for the soil
component. & "representative" value indicates the expected value of this attribute for
the component. For this sail property, only the representative value is used,
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Summary by Map Unit — Grand County, Utah - Central Part 6]
Map unit Map unit name Rating {percent) Acres in A0I Percent of
symbaol AOI
11 Chipeta complex 20.0 0.9 0.8%
18 Hanksville family- 2.5 224.6 19.1%
Badland comples

31 Mesa-Chipeta- 48,3 24,3 2.1
Thedalund family
corples

52 Rizno-Rock outcrop 62.6 12.0 1.0%:

corples

75 Toddler-Ravola-Glenton  47.6 o0z .4 76.,9%

farnilies association

Totals for Area of Interest { ADI) 1,173.3 100.0%

Description — Percent Sand

Sand as a soil separate consists of mineral soil particles that are 0,05 millimeter to 2
rillimeters in diameter, In the database, the estimated sand content of each soil
layer is given as a percentage, by weight, of the =oil material that is less than 2
rillimeters in diameter, The content of sand, silt, and clay affects the physical
behavior of a scil. Particle size is important for engineering and agronomic
interpretations, for determination of soil hydrologic qualities, and for soil classification,

For each soil layer, this attribute is actually recorded as three separate values in the
database. A low value and a high value indicate the range of this attribute for the soil
component. & "representative" value indicates the expected walue of this attribute for
the component. For this sail property, only the representative value is used,
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Summary by Map Unit — Grand County, Utah - Central Part 6]
Map unit Map unit name Rating {percent) Acres in A0I Percent of
symbaol AOI
11 Chipeta complex 20.0 0.9 0.8%
18 Hanksville family- 2.5 224.6 19.1%
Badland comples

31 Mesa-Chipeta- 48,3 24,3 2.1
Thedalund family
corples

52 Rizno-Rock outcrop 62.6 12.0 1.0%:

corples

75 Toddler-Ravola-Glenton  47.6 o0z .4 76.,9%

farnilies association

Totals for Area of Interest { ADI) 1,173.3 100.0%

Description — Percent Sand

Sand as a soil separate consists of mineral soil particles that are 0,05 millimeter to 2
rillimeters in diameter, In the database, the estimated sand content of each soil
layer is given as a percentage, by weight, of the =oil material that is less than 2
rillimeters in diameter, The content of sand, silt, and clay affects the physical
behavior of a scil. Particle size is important for engineering and agronomic
interpretations, for determination of soil hydrologic qualities, and for soil classification,

For each soil layer, this attribute is actually recorded as three separate values in the
database. A low value and a high value indicate the range of this attribute for the soil
component. & "representative" value indicates the expected walue of this attribute for
the component. For this sail property, only the representative value is used,
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Summary by Map Unit — Grand County, Utah - Central Part =]
Map unit Map unit name Rating {percent) Acres in AOI Percent of
symbol AOI
11 Chipeta complex 15.0 9.9 0.8%
18 Hanksville family- 16.8 224.6 19.1%
Badland cormples
a1 Mesa-Chipeta- 158.5 24.3 2.1%
Thedalund family
corples
52 Rizno-Rock outcrop 5.0 12.0 1.0%
comple:
75 Toddler-Ravola-Glenton 11,3 o024 76.9%

farilies association

Totals for Area of Interest (ADI) 1,173.3 100.0%

Description — Plasticity Index

Plasticity index {PI} is one of the standard Atterberg limits used to indicate the
plasticity characteristics of a =soil. It is defined as the numerical difference between
the liguid limit and plastic limit of the soil, It is the range of water content in which a
soil exhibits the characteristics of a plastic solid.

The plastic limit is the water content that corresponds to an arbitrary limit between
the plastic and semisalid states of a =soil. The liquid limit is the water content, on a
percent by weight basis, of the soil {passing #40 sieve) at which the =oil changes
from a plastic to a liguid state,

Soils that have a high plasticity index have a wide range of moisture content in which
the =oil performs as a plastic material. Highly and moderately plastic clays have large
PI walues. Plasticity index is used in classifying soils in the Unified and AASHTO
classification systems,

For each =soil layer, this attribute is actually recorded as three separate values in the
database. A low value and a high value indicate the range of this attribute for the =ail
component. & "representative" value indicates the expected value of this attribute for
the component. For this soil property, only the representative value is used,
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Summary by Map Unit — Grand County, Utah - Central Part (#
Map unit Map unit name Rating {percent) Acresin A0I Percent of
symbaol AOI
11 Chipeta complax 49.0 0.9 0.8%
18 Hanksville family- 50.4 224.6 19.1%
Badland comple:x

31 Mesa-Chipeta- 4.2 24.3 2.1%
Thedalund family
corples

52 Rizno-Rock outcrop 26.0 12.0 1.0%

corples

75 Toddler-Ravola-Glenton 64.0 o0z .4 76.9%

farnilies association

Totals for Area of Interest {AOI) 1,173.3 100.0%

Description — Percent Silt

Silt as a soil separate consists of mineral soil particles that are 0,002 to 0,05
millimeter in diameter. In the database, the estimated silt content of each soil layer is
given as a percentage, by weight, of the sail material that is less than 2 millimeters in
diameter.

The content of sand, silt, and clay affects the physical behawviar of a =ail. Particle
size is important for engineering and agronomic interpretations, for determination of
soil hydrologic qualities, and for soil classification

For each soil layer, this attribute is actually recorded as three separate values in the
database. A low value and a high value indicate the range of this attribute for the soil
component. & "representative" value indicates the expected wvalue of this attribute for
the component. For this soil property, only the representative value is used,
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Summary by Map Unit — Grand County, Utah - Central Part 6]
Map unit Map unit name Rating (percent) Acres in AOI Percent of
symbaol AOI
11 Chipeta comples 0.3z 0.9 0.8%
18 Hanksville family- 0.25 224.6 19,1%
Badland comples

21 Mesa-Chipeta- 0.2z 24.32 2.1%
Thedalund fammily
comples

52 Fizno-Rock outcrop 0.75 12.0 1.0%

comples

75 Toddler-Ravola-Glenton  1.20 Q02.4 76,9%

families association

Totals for Area of Interest (AOI) 1,173.3 100.0%

Description — Organic Matter

Crganic matter is the plant and animal residue in the soil at various stages of
decomposition. The estimated content of organic matter is expressed as a
percentage, by weight, of the soil material that is less than 2 millimeters in diameter,

The content of organic matter in a soil can be maintained by returning crop residue to
the soil. Organic matter has a positive effect on available water capacity, water
infiltration, soil organism activity, and tilth. It is 3 source of nitrogen and other
nutrients for crops and soil organisms. An irregular distribution of arganic carbon with
depth may indicate different episodes of soil deposition or soil formation. Soils that
are very high in arganic matter have poor engineering properties and subside upon

drying.

For each sail layer, this attribute is actually recorded as three separate values in the
database. & low value and a high value indicate the range of this attribute for the sail
component, A "representative” value indicates the expected value of this attribute for
the component, Faor this soil property, only the representative value is used,
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Tables — Hydrologic Soil Group — Summary By Map Unit

Summary by Map Unit — Grand County, Utah - Central Part
Map unit Map unit name Rating Acres in
symbol ADI
11 Chipeta comples ] 5.5
18 Hanksville family-Badland < 142.0
comples
a1 Mesa-Chipeta-Thedalund B 26.3
farnily comple:
75 Toddler-Ravola-Glenton B B203.6
families association
Totals for Area of Interest (AOI) 977.4

®

Percent of AOI

0.6%
14.5%

2.7%

82.2%

100.0%

Grand County, Utah - Central Part

75—Toddler-Ravola-Glenton families association
Map Unit Setting

Elevation: 4,000 to 5,000 feet
Mean annual precipitation: 5 to 8 inches

Mean annual air temperature: 52 to 55 degrees F
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Frost-free period: 150 to 180 days
Map Unit Composition
Ravola family and similar soils: 25 percent
Toddler family and similar soils: 25 percent
Glenton family and similar soils: 20 percent
Description of Toddler Family
Setting
Landform: Flood plains, drainageways
Landform position (three-dimensional): Talf
Down-slope shape: Linear
Across-slope shape: Concave
Parent material: Alluvium derived from sandstone and shale
Properties and qualities
Slope: 0 to 3 percent
Depth to restrictive feature: More than 80 inches
Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Moderately high (0.20 to
0.60 in/hr)

Depth to water table: More than 80 inches

Frequency of flooding: Rare

Frequency of ponding: None

Calcium carbonate, maximum content: 15 percent

Gypsum, maximum content: 3 percent

Maximum salinity: Nonsaline to slightly saline (2.0 to 8.0 mmhos/cm)
Sodium adsorption ratio, maximum: 10.0

Available water capacity: Moderate (about 8.5 inches)

Grand County, Utah - Central Part

75—Toddler-Ravola-Glenton families association
Map Unit Setting
Elevation: 4,000 to 5,000 feet
Mean annual precipitation: 5 to 8 inches
Mean annual air temperature: 52 to 55 degrees F
Frost-free period: 150 to 180 days
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Map Unit Composition
Ravola family and similar soils: 25 percent
Toddler family and similar soils: 25 percent
Glenton family and similar soils: 20 percent
Description of Toddler Family
Setting
Landform: Flood plains, drainageways
Landform position (three-dimensional): Talf
Down-slope shape: Linear
Across-slope shape: Concave
Parent material: Alluvium derived from sandstone and shale
Properties and qualities
Slope: 0 to 3 percent
Depth to restrictive feature: More than 80 inches
Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Moderately high (0.20 to
0.60 in/hr)

Depth to water table: More than 80 inches

Frequency of flooding: Rare

Frequency of ponding: None

Calcium carbonate, maximum content: 15 percent

Gypsum, maximum content: 3 percent

Maximum salinity: Nonsaline to slightly saline (2.0 to 8.0 mmhos/cm)

Sodium adsorption ratio, maximum: 10.0

Available water capacity: Moderate (about 8.5 inches)
Interpretive groups

Land capability (nonirrigated): 6e

Ecological site: Alkali Fan (Castlevalley Saltbush) (R034XY003UT)
Typical profile

0 to 7 inches: Silt loam

7 to 12 inches: Silt loam

12 to 36 inches: Sandy clay loam

36 to 60 inches: Fine sandy loam
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Description of Ravola Family
Setting
Landform: Flood plains
Landform position (three-dimensional): Talf
Down-slope shape: Linear
Across-slope shape: Concave
Parent material: Alluvium derived from sandstone and shale
Properties and qualities
Slope: 0 to 3 percent
Depth to restrictive feature: More than 80 inches
Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Moderately high (0.20 to
0.60 in/hr)

Depth to water table: More than 80 inches
Frequency of flooding: Occasional
Frequency of ponding: None
Calcium carbonate, maximum content: 40 percent
Gypsum, maximum content: 4 percent
Maximum salinity: Very slightly saline to moderately saline (4.0 to 16.0 mmhos/cm)
Sodium adsorption ratio, maximum: 10.0
Available water capacity: Moderate (about 8.5 inches)
Interpretive groups
Land capability (nonirrigated): 7s
Ecological site: Alkali Flat (Black Greasewood) (R034XYO006UT)
Other vegetative classification: Alkali Flat (Black Greasewood) (034XYO006UT_1)
Typical profile
0 to 3 inches: Silt loam
3 to 7 inches: Silt loam
7 to 10 inches: Fine sandy loam
10 to 29 inches: Silt loam
29 to 60 inches: Silt loam
Description of Glenton Family
Setting
Landform: Drainageways, flood plains

Landform position (three-dimensional): Talf
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Down-slope shape: Linear

Across-slope shape: Concave

Parent material: Alluvium derived from sandstone and shale
Interpretive groups

Land capability (nonirrigated): 6e

Ecological site: Alkali Fan (Castlevalley Saltbush) (R034XY003UT)
Typical profile

0 to 7 inches: Silt loam

7 to 12 inches: Silt loam

12 to 36 inches: Sandy clay loam

36 to 60 inches: Fine sandy loam
Description of Ravola Family
Setting

Landform: Flood plains

Landform position (three-dimensional): Talf

Down-slope shape: Linear

Across-slope shape: Concave

Parent material: Alluvium derived from sandstone and shale
Properties and qualities

Slope: 0 to 3 percent

Depth to restrictive feature: More than 80 inches

Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Moderately high (0.20 to
0.60 in/hr)

Depth to water table: More than 80 inches
Frequency of flooding: Occasional
Frequency of ponding: None
Calcium carbonate, maximum content: 40 percent
Gypsum, maximum content: 4 percent
Maximum salinity: Very slightly saline to moderately saline (4.0 to 16.0 mmhos/cm)
Sodium adsorption ratio, maximum: 10.0
Available water capacity: Moderate (about 8.5 inches)
Interpretive groups
Land capability (nonirrigated): 7s
Ecological site: Alkali Flat (Black Greasewood) (R034XYO006UT)
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Other vegetative classification: Alkali Flat (Black Greasewood) (034XYO006UT_1)
Typical profile

0 to 3 inches: Silt loam

3 to 7 inches: Silt loam

7 to 10 inches: Fine sandy loam

10 to 29 inches: Silt loam

29 to 60 inches: Silt loam
Description of Glenton Family
Setting

Landform: Drainageways, flood plains

Landform position (three-dimensional): Talf

Down-slope shape: Linear

Across-slope shape: Concave

Parent material: Alluvium derived from sandstone and shale
Properties and qualities

Slope: 0 to 3 percent

Depth to restrictive feature: More than 80 inches

Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Moderately high (0.20 to
0.60 in/hr)

Depth to water table: More than 80 inches

Frequency of flooding: Rare

Frequency of ponding: None

Calcium carbonate, maximum content: 40 percent

Gypsum, maximum content: 3 percent

Maximum salinity: Nonsaline to slightly saline (0.0 to 8.0 mmhos/cm)
Sodium adsorption ratio, maximum: 10.0

Available water capacity: Moderate (about 7.2 inches)

18—Hanksville family-Badland complex

Map Unit Setting

e Elevation: 4,200 to 6,100 feet
e  Mean annual precipitation: 6 to 8 inches
e  Mean annual air temperature: 46 to 54 degrees F
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Frost-free period: 120 to 170 days

Map Unit Composition

Hanksville family and similar soils: 40 percent
Badland: 35 percent

Description of Hanksville Family

Setting

Landform: Cuestas, mesas

Down-slope shape: Linear

Across-slope shape: Convex

Parent material: Colluvium derived from shale and/or residuum weathered from shale

Properties and qualities

Slope: 30 to 50 percent

Surface area covered with stones and boulders: 7.0 percent
Depth to restrictive feature: 20 to 40 inches to paralithic bedrock
Drainage class: Well drained

Capacity of the most limiting layer to transmit water (Ksat): Very low to moderately low (0.00 to
0.06 in/hr)

Depth to water table: More than 80 inches

Frequency of flooding: None

Frequency of ponding: None

Calcium carbonate, maximum content: 15 percent

Gypsum, maximum content: 10 percent

Maximum salinity: Nonsaline (0.0 to 2.0 mmhos/cm)

Sodium adsorption ratio, maximum: 4.0

Available water capacity: Low (about 5.8 inches)

Interpretive groups

Land capability (nonirrigated): 7s
Ecological site: Desert Clay (Castlevalley Saltbush) (R034XY103UT)
Other vegetative classification: Desert Clay (Castlevalley Saltbush) (034XY103UT_1)

Typical profile

0 to 3 inches: Extremely bouldery silt loam
3 to 14 inches: Silty clay loam

14 to 23 inches: Silty clay

23 to 35 inches: Silty clay

35 to 39 inches: Weathered bedrock

Description of Badland

Setting
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e Landform: Cuestas, mesas
e  Down-slope shape: Linear
e  Across-slope shape: Convex
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Appendix C

RUSLE?2 Results
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EMworksheet: Crescent Junction Constant Slope

Book Cliffs RAUSLE2 simulation of constant slope in the area between the wedge
Eoh and the Book cliffs.
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1.

Purpose:

Analyze the area between the wedge and the waste cell to determine.

Does the ditch between the south side of the wedge and the access road require erosion
protection to prevent runoff from the south side slope of the wedge eroding the berm on which
the access road is constructed?

The discharge rate of runoff from the north side of the cell and the area between the cell and the
access road to determine the need for flow control at the northwest and northeast corners of the
cell aprons. The size of rock required for erosion protection north of the berm that diverts this
runoff to the spreaders.

The size of rock lining required to protect the ditches north of the access road (beyond the end
of the road) carrying water to the outlet spreaders on the east and west.

The scour depth at the spreader outlets.
The size of rock armouring required for the spreaders.

The effect of erosion on the south side slope of the wedge on the integrity of the wedge including
both sheet and rill erosion and gully formation.
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Description of Calculation:

e Determine the runoff from the areas encompassing the south slope of the wedge for design storms with
return intervals from 1 year to the PMP.

e Calculate the potential sediment transport in a hypothetical channel that routes the runoff along the
south side of the wedge toward the east and toward the west using methods from Johnson, 2002.

e Calculate the sediment loss from the south slope of the wedge using the Modified Universal Soil Loss
equation (MUSLE) (Nelson, et. al., 1986)

o Compare the potential sediment loss from the south slope of the wedge with the potential sediment
transport in the ditches between the wedge and the access road to determine whether net erosion or
sedimentation is expected to occur.

e Calculate the potential depth of gullies formed on the top and side slopes of the wedge using the
methodology of Johnson, 2002 to determine whether the wedge may be breached by gullying.

¢ Calculate the size of rock protection required in the ditch south of the wedge beyond the east and west

ends of the access road using the safety factor method.

e Calculate the expected depth of scour at the spreader outlets for the PMP storm using the methods of

the Federal Highway Administration.

¢ Compute the rock size required for erosion protection from the flow in the spreaders.

e Compute the peak runoff from the PMP for the watersheds comprising the areas between the access

road berm and the drainage divide on top the cell using SCS methods.

e Compute the rock size required for erosion protection for flow along the north side of the berms from the

northwest and northeast corners of the cell using the safety factor method.
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Assumptions:

e The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters”

calculation, Draft RAP Attachment 1, Appendix E).

e The rainfall frequency-depth-duration data were developed in the Draft RAP. The 1 year rainfall depth
was taken from the NOAA Atlas 14 ( http:/hdsc.nws.noaa.gov/hdsc/pfds/sa/ut pfds.html ).

e Over a period of 1000 years 12.7% of the total rainfall will become runoff (Johnson, 2002).

¢ The unit weight of compacted soil in the wedge and the road berm is 103.5 pcf.
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Design Inputs:

See following pages.

Software:

Title Developer Versions Revision Level
EXCEL Microsoft 2002
HEC-HMS USACE 3.1.0
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Calculation Section:

See following pages.
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Conclusions/Recommendations:

See following pages.

Reference:

See following pages.
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DESCRIPTION OF CALCULATION:

Analyze the area between the wedge and the waste cell to determine.

1. Does the ditch between the south side of the wedge and the access road require erosion protection to
prevent runoff from the south side slope of the wedge eroding the berm on which the access road is
constructed?

2. The discharge rate of runoff from the north side of the cell and the area between the cell and the
access road to determine the need for flow control at the northwest and northeast corners of the cell
aprons. The size of rock required for erosion protection north of the berm that diverts this runoff to the
spreaders.

3. The size of rock lining required to protect the ditches north of the access road (beyond the end of the
road) carrying water to the outlet spreaders on the east and west.

4. The scour depth at the spreader outlets.

5. The effect of erosion on the south side slope of the wedge on the integrity of the wedge including both
sheet and rill erosion and guily formation.

METHOD OF SOLUTION:

Determine the runoff from the areas encompassing the south slope of the wedge for design storms with
return intervals from 1 year to the PMP.

Calculate the potential sediment transport in a hypothetical channel that routes the runoff along the south
side of the wedge toward the east and toward the west using methods from Johnson, 2002.

Calculate the sediment loss from the south slope of the wedge using the Modified Universal Soil Loss
equation (MUSLE) (Nelson, et. al., 1986)

Compare the potential sediment loss from the south slope of the wedge with the potential sediment
transport in the ditches between the wedge and the access road to determine whether net erosion or
sedimentation is expected to occur.

Calculate the potential depth of gullies formed on the top and side slopes of the wedge using the
methodology of Johnson, 2002 to determine whether the wedge may be breached by gullying.

Calculate the size of rock protection required in the ditch south of the wedge beyond the east and west
ends of the access road using the safety factor method.
Calculate the size of rock protection required for flow in the spreaders.

Calculate the expected depth of scour at the spreader outlets for the PMP storm using the methods of the
Federal Highway Administration.

Compute the peak runoff from the PMP for the watersheds comprising the areas between the access road
berm and the drainage divide on top of the cell using SCS methods.

Compute the rock size required for erosion protection for flow along the north side of the berms from the
northwest and northeast corners of the cell using the safety factor method.
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ASSUMPTIONS:

e The 1-hour PMP event is estimated to be 8.2 inches, (“Site Drainage—Hydrology Parameters” calculation,
Draft RAP Attachment 1, Appendix E).

» The rainfall frequency-depth-duration data were developed in the Draft RAP. The 1 year rainfall depth
was taken from the NOAA Atlas 14 ( http://hdsc.nws.noaa.gov/hdsc/pfds/sa/ut pfds.html ).

e Over a period of 1000 years 12.7% of the total rainfall will become runoff (Johnson, 2002).

¢ The unit weight of compacted soil in the wedge and the road berm is 103.5 pcf.
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JACOBS

(Ref. FOWI 116 Design Calculations)

CALCULATION SECTION:

Calculations are performed in the spreadsheets RoadBermNE _Erosion.xls RoadBermNW _Erosion.xls.
WatershedParms.xls Channel Rock and Scour.xis Spreader Rock and Scour.xls.

Sediment Transport Capacity

Drainage Area Characteristics

Two drainage areas were delineated between the wedge and the access road draining to the southeast and to
the southwest. Two more were delineated between the watershed divide on top the cell and the access road
to the northeast and the northwest. These drainage areas are shown in Figure 1. For all storms except the
PMP, an initial abstraction of 0.3 inches was estimated for compacted NRCS Type B soil
(http://websoilsurvey.nrcs.usda.gov/app/WebSailSurvey.aspx ) with a constant infiltration rate of
0.1inches/hour. For the PMP the initial abstraction was set equal to 0.0 inches. Figure 2 shows a cross
section through the south side slope of wedge to the north slope of the waste cell.

Pertinent properties of the four drainage areas are computed in WaterShedParms.xls and listed in Table 1.
The flow lengths are used to develop a unit hydrograph using the USBR methodology and the Lag time is
used in the SCS unit hydrograph method. The time of concentration was computed as the time along the
predominantly east-west flow paths plus the time along the steeper predominantly north-south flow paths.

Table 1. Drainage Area Characteristics

Max .
Area Flow Time of Lag =
Drainage Area Concentration
(acres) | Length (min) 0.6 Tc
(ft)
Southwest Wedge
Side Slope 9.3 2062 23.38 14.0
Southeast Wedge 18.3 3470 35.53 21.3
Side Slope
Rorthwest Portion of 235 1471 25.38 15.2
Sortheast Portion of 46.3 2891 41.96 25.2

C04_R3_Area_Between_Cell_and_Wedge_Calcs_Pgs01-27_070908.doc
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Figure 2 Cross Section of the Area between the Waste Cell and the Wedge.

Runoff Hydrograph Calculations

Since these drainage areas are constructed and not in a natural condition, the SCS unit hydrograph transform
was used. The USBR method was developed for natural areas in the west and is not appropriate for the
constructed wedge and cell. The runoff hydrographs were computed using the Computer Program HEC-HMS
(USACE 2007).

Rainfall Depths Applied

The series of storms for the runoff calculations was developed from the Hydrology data in the draft RAP and
NOAA Atlas 14. The number of storms of each depth was chosen conservatively as follows.

e A storm with rainfall depth equal to or greater than the 1000 year storm occurs on the average once every
1000 years. Since the rainfall depth may be any depth between the 1000 year storm and the PMP, the
PMP was used for this storm.

e A storm with rainfall depth equal to or greater than the 500 year storm occurs on the average twice every
1000 years. Since the rainfall depth may be any depth between the 500 year storm and the 1000 year
storm, the 1000 year rainfall depth was used for this storm. Since the PMP is one of these storms, one
1000 year storm was used.

e A storm with rainfall depth equal to or greater than the 200 year storm occurs on the average five times
every 1000 years. Since the rainfall depth may be any depth between the 200 year storm and the 500
year storm, the 500 year rainfall depth was used for this storm. Since two larger storms have already
been applied, three 500 year storms were used.

Following this logic through storms of all available return periods resulted in the distribution of rainfall depths
and number of storms listed in Table 2. All storms represent 24 hour precipitation depth except for the PMP
which is a 6 hour depth.

C04_R3_Area_Between_Cell_and_Wedge Calcs_Pgs01-27_070908.doc
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Table 2 Design Storms used in Sediment Transport Capacity Calculations.

Return Interval Return Precipitation Number of Storms Number of Storms of Depth
Represented Interval Depth (inches) | Equal or Greater than Employed
(years) Employed Interval Represented
(years)
1000 PMP (6 hour) | 9.0 1 1
500 1000 3.73 2 1
200 500 3.15 5 3
100 200 2.58 10 5
50 100 2.35 20 10
25 50 212 40 20
10 25 1.91 100 60
5 10 1.63 200 100
2 5 1.42 500 300
1 2 1.16 1000 500
<1 1 0.93 Unknown 1000

The runoff from each area was computed using HEC-HMS with the results from the wedge and from the book
cliffs area flowing to the west combined into one hydrograph. A five minute time step was used.

Sediment Transport Capacity

The capacity of the flow to the east and the flow to the west along the north edge of the wedge was estimated
using a procedure in NUREG 1823 (Johnson 2002). In this method the sediment transport capacity of a
channel can be computed as

where

gs = unit sediment transport rate in ft*/s (unbulked)
V = velocity in ft/s

h = flow depth in feet

NUREG 1623 gives the coefficient and exponents as a function of grain size distribution. Those that most
closely correspond to the grain size distribution of the native soil are

Ce1=3.3x10°
Ce =0.715
Css =3.30

Trapezoidal channels with a bottom width of 2 feet and a side slope of 3 horizontal to 1 vertical were assumed
(See Figure 3). The slope of the channels were 0.007 to the east and 0.005 to the west as determined from
the topography of the site and the location of the channels. A table was constructed of sediment transport in
cfs as a function of discharge in each channel. The flow in each 5 minute period of a runoff hydrograph was
then used to interpolate to find the sediment transport during each 5 minute increment of the hydrograph. The
sediment transport of each hydrograph was then computed as the sum of these 5 minute contributions.

For the channel shown below with a discharge Q, a depth h, and a top width T, the volume of sediment
transport capacity in a five minute period was calculated as follows. g was computed as above. Since this is
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the unbulked volume transport rate the unit weight was assumed to be 165 pcf. The value of g will vary
across the channel as it depends on both the velocity and depth of flow. As a conservative approach, the
value qs computed for the full depth, h, was applied throughout the channel. The total rate of sediment
transport in cubic feet/sec (unbulked) was computed as

Q,(unbulked) = q. T

gs"T and the rate in cf/5 min (bulked) as

165 pcf
103.5 pcf
where the unit weight of compacted soil in the wedge and the road berm is 103.5 pcf.

Qs(5min_bulked) = Qs(unbulked) * (300sec) *

These 5 minute contributions was summed for each of the 5 minute flow periods of a storm hydrograph to
compute the total sediment transport potential in cf of the native soil from a single storm.

: T lr
\ /
\ f
\ !

A /

\

Figure 3 Assumed Cross Section of the Channel Carrying Runoff from the South Side of the Wedge.

This calculation was repeated for all the storms listed in Table 2 and the total potential sediment transport
during 1000 years was computed. These calculations are performed in the files RoadBermNE _Erosion.xls and
RoadBermNW Erosion.xls.

Unaccounted for Runoff

The total runoff of water in the listed storms was also computed. Since the annual rainfall at Thompson during
the period (1971-2000) was 9.97 inches(reference), and NUREG 1623 states that a reasonable estimate of
the ratio of runoff to rainfall in the semi-arid regions of the western United States is 0.127, a volume of total
expected runoff during 1000 years was computed. Comparing this volume with that computed from the listed
storms indicated that 40% of the runoff had not been accounted for by the listed storms.

Assuming that the sediment concentration in this additional runoff will be equal to the average concentration in
the runoff from the one year storm, an additional volume of sediment transport was added by multiplying this
average concentration by the volume of additional runoff.
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Sediment Supply from the Book Cliffs Area

The runoff from the south side of the wedge will transport sediment toward the ditch between the wedge and
the road berm. The total sediment loss over a 1000 year period from the two watersheds on the south slope
of the wedge can be estimated with the Modified Universal Soil Loss Equation (MUSLE).

The equation is
A=RXKXLS xVM

where:
A = soil loss in tons per acre per year,
R = rainfall factor,
K = soil erodibility factor,
LS = topographic factor, and
VM = dimensionless erosion control factor relating to vegetative and mechanical factors.

The rainfall factor is 25, as given in NUREG/CR-4620 (Nelson et al. 1986) for the eastern third of Utah. The soil
erodibility factor was estimated using the nomograph given in NUREG/CR-4620 (Nelson et al. 1986).

The topographic factor is calculated by the following equation:

= 650 + 450X s + 65 s° X( L )
10,000 + s° 72.6

where:
s = slope steepness in percent,
L = slope length in ft, and
m = exponent dependent upon slope steepness.

The dimensionless erosion control factor used for the undisturbed watersheds was 0.4, from Table 5.3 of
NUREG/CR-4620 (Nelson et al. 1986), representing seedings of 0 to 60 days to mimic light vegetation in the
area. Over an extended period of time, some vegetation can be expected to develop. Table 3 summarizes
the results of the soil loss equation. Since the south side slope of the wedge varies from approximately 118 to
176 feet wide and 30 to 48 feet high, intermediate values of 160 feet wide and 40 feet high were used in this
analysis. As the results will indicate, no further refinement was warranted.
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Table 3. Results of Soil Loss Equation

Soil Cover Western End of | Eastern End of
Side Slope Side Slope

Rainfall factor, R 25 25
Silt and very fine sand (%) 60 60
Sand (%) 25 25

| Organic matter (%) 2 2
Soil structure Very fine granular { Very fine granular
Relative permeability Moderate Moderate
Erodibility factor 0.35 0.35
Topographic factor, LS 7.94 7.94
VM (low density seedings) 0.4 0.4
Soil loss (tons/acre/year) 27.8 27.8
Soil loss (feet)/1,000 years) 12.3 12.3
Area of Side Slope (acres) 6.1 11.9
Total sediment loss in 1000 3.265,142 6,417,082
years (cf)

Sediment Budget

The calculated volumes of potential sediment transport from the ditch and sediment supply from the side slope

of the wedge over a 1000 year period are summarized in Table 4.

Table 4 Sediment Budget for the Area between the Road Berm and the Wedge.

Area Sediment Transport Sediment Yield from
Capacity (cf) MUSLE (cf)
Channel along south side of wedge to the west 22,792
Channel along south side of the wedge to the east 59,191
Western portion of the south side of the wedge 3,265,142
Eastern portion of the south side of the wedge 6,417,082

Ratio of sediment supply to transport capacity

143
(west)

Ratio of sediment supply to transport capacity 108
(east)

Volume of Ditch to the West 588,000 cf (18% of potential sediment supply)

Volume of Ditch to the East

1,156,400 cf (18% of potential sediment supply)

These results indicate that the water flowing in the ditch along the southern side of the wedge to the west and
the east does not have sufficient sediment transport capacity to carry away the supply of sediment from the
south side slope of the wedge. These results indicate a sufficient volume of sediment will erode from the
south side slope of the wedge to completely fill the ditch in about 180 years. Because of the geometry of the
wedge and the ditch, the flow in the ditch will increase from the high point near the east-west center of the
wedge and carry increasingly more sediment as the flow proceeds downstream. The nearly uniform sediment
supply along the length of the ditch and the increase in sediment transport capacity in a downstream direction
will cause the bottom slope of the ditch to increase over time. This will increase the sediment transport
capacity of the ditch, but it is not expected to increase enough to carry away the total sediment supply from the
side slope of the wedge.
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Erosion from Side Slope of the Wedge

The results presented in Table 3 indicate soil to a depth of approximately 12 feet will be lost from the south
side slope of the wedge. Since the south side slope of the wedge will be 30 feet high at the east and west
ends and 48 feet high in the center, this depth of erosion, while substantial, will not threaten the integrity of the
wedge since the top of the wedge is over 230 feet wide at the west end and 150 feet at the east end.

Gully Formation on the Side Slope of the Wedge

In addition to potential erosion of the wedge by sheet and rill erosion from precipitation directly on the south
side slope of the wedge, the runoff from precipitation on the south side slope is expected to form gullies on
these steep slopes. The potential depth of these gullies can be estimated with an approach detailed in
NUREG 1623. The three types of embankment geometries analyzed in this guidance document as shown in
Figure 4. Gullies forming on the steep side slope wedge are analyzed as a Type 3 slope. The effective
tributary drainage area for a gully is computed as

A =0.276[Lcos(8)]"**

where L = total length of the flow path. A gully factor depending on the soil type, the height of the
embankment and the volume of runoff to the toe of the embankment toe is

G = o070 for aclay content between 15 and 50%.

2.80+|0.197 ;'3

(4]
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Type 1 Embankment

Type 3 Embankment

Figuire B4, Three types of embankament geomery,
NURE(-1623 B-&
Figure 4 The Three Types of Embankment Geometry Analyzed in NUREG 1623 for Gully Formation.
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The estimated maximum depth of gully incision is

D, =G.L,,S

otal

where S is the original slope of the embankment. The top width of the gully at its deepest point is

1.149
W — Dmax
0.61

and the location of the deepest incision measured in units of D, downslope from the crest of the
embankment is

—0.415

D,=0713 23
L

(4

The results of these calculations are summarized in Table 5. The calculations are performed in metric units
and the results converted to English units.

Table 5 Data and Results of Calculations of Gully Depths.

. . End of South Center of South
Variable Description Side Slope Side Slope
H, (ft) Height of Embankment 30 48
X, (ft) Horizontal Length of Embankment 118 176
L, (ft) Length of Embankment along Slope 121.8 182.4
O (radians) Embankment Siope Angle 0.249 0.266
L, (ft) Long Term Embankment Slope Length 143 214
A(sqft) Eftective Drainage Area 1,358 2,612
V, (cf) Rainfall Volume 143,310 275,637
G Gully Factor 0.27 0.22
Dimax (ft) Maximum Gully Depth 9.6 13.2
W (ft) Gully Width at Maximum Depth 20 28.5
Dy (ft) Distance of Dpax from Top of Slope 35 58

While the predicted depth of the gullies that will form on the south side slope of the wedge over a period of
1000 years are substantial, the gullies are not expected to threaten the ability of the wedge to route runoff from
the Book Cliffs around the waste cell. In each case the height of the wedge is more than three times the
calculated gully depth and the minimum north-south dimension of the wedge is 118 feet, much greater than
the expected gully depth.
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Rock in Channels and on North Side of Berms

The channels carrying runoff from the south side slope of the wedge to the east and to the west will not be
armored for most of their lengths because of the excess sediment supply from the south side of the wedge.
Beginning approximately 100 feet upstream of each end of the end of the access road, rock will be placed in
the channels to protect them against erosion from that point to the spreaders that terminate the channels. If
the channels fill with sediments, the flow will leave the channels and flow southward toward the berm shown in
Figure 2. Flow from the top of the cell and the area south of the access road and north of the cell will flow to
the east and to the west in trapezoidal ditches with 3H to 1V side slopes and a bottom width of 20 feet. The
flow in these ditches will continue along the north side of berms that extend from the cell side slopes to the
spreaders.

The peak flows resulting from the PMP in each of these areas have been calculated using the SCS unit
hydrograph technique with an initial abstraction of 0.0 inches and a constant infiltration rate of 0.1 inches/hour.
The results of these calculations are included in Table 6. The time of concentration is calculated as the sum
of the times of concentration on each of the slopes in the drainage area. For example, the time of
concentration for the flow from the cell toward the west is the sum of T (northward flow on the top slope of the
cell) + T¢(northward flow on the side slope of the cell) + T(westward flow to the point where the channel turns
south.) Except for flow on the cell as described in Cell_Rock.doc, the mean of the Kirpich and SCS time of
concentration equations was used. Except for the peak flow, these data are copied from Table 1.

Table 6 Peak Flows from the Area between the Wedge and the Waste Cell for the PMP.

South Side of South Side of Flow from Flow from

Peak flow from PMP Wedge (West) | Wedge (East) | Cell (West) | Cell (East)
Drainage Area (acres) 9.3 18.3 23.5 46.3
Time of Concentration(min) (T.) 23.4 35.5 25.4 42.0
Lag(min) = 0.8T, 14.0 21.3 16.2 25.2
Peak Flow (cfs) 172.8 252.6 410.6 558.9

The D50 of stone erosion protection was determined using the safety factor method. The results of these
calculations are presented in Table 7. Each of the channels north of the road berm is assumed to have a
bottom width of 10 feet and side slopes of 3H to 1V.

Table 7 D50 of the Stone Required for Erosion Protection

South Side of Wedge

D50 for Erosion Protection South Side of Wedge (East)

(West)
Peak Flow (cfs) 172.8 252.6
Channel Slope .0094 .0076
D50 (inches) on 3:1 Side of Channel 3.3 3.4
D50 (inches) on Bottom of Channel 2.6 2.6

Portion of Channel Draining the South Side of the Wedge after it has Turned Southerly

Channel Slope .0175 .0175
D50 (inches) on Side of Channel 5.8 7.2
D50 (inches) on Bottom of Channel 4.5 5.6

After the channels north of the access road have filled with sediment, the flow from that channel will overflow
into the channels to the east and west south of the access road. The peak flow in these channels has been
estimated as the sum of the peak flows from the south side of the wedge and from the cell presented in Table
7. The channels south of the access road have flat bottoms 15 feet wide, a 3H to 1V side slope on the north
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side and 5H to 1V on the south side (the side siope of the cell). Beyond the edges of the cell these channels
expand to a 20 foot bottom width with 3H to 1V side slopes on both sides. The D50 of required rock armoring
in these channels was computed using the Safety Factors Method. The results are presented in Table 8.
Rock armoring with D50 at least as great as presented in Table 8 will extend vertically on the cell side of the
ditches to an elevation greater than the predicted maximum water surface elevation.

Table 8 Rock Armoring for Combined Peak Flows in Channels South of the Access Road

North Side | North Side
of Cell of Cell
(West) (East)
Peak Flow (cfs) 583.4 811.5
Channel Slope .0089 .0063

Channel South of Access Road within Cell Boundaries

Maximum Depth (ft) 2.79 3.46
D50 (inches) on 5:1 Side of Channel 4.2 3.7
D50 (inches) on 3:1 Side of Channel 5.1 4.4
D50 (inches) on Bottom of Channel 3.9 3.4

Channel South of Access Road beyond Cell Boundaries

Maximum Depth (ft) 2.08 2.6
D50 (inches) on 3:1 Side of Channel 4.7 4.1
D50 (inches) on Bottom of Channel 3.6 3.2

Protection from Overflow Across Access Road

After the ditches north of the access road fill with sediment, the runoff from the south side of the wedge will
overflow into the armoured ditch. Since the depth of sediment in the ditches north of the access road can not
be accurately predicted as a function of time and location, we have assumed that the overflow will occur
uniformly along the length of the ditches within the boundaries of the cell on a slope of 0.01 from north to
south. We have also assumed that the flow will concentrate by a factor of 3 in scouring gullies on the access
road and also in cascading down the north side slope of the armoured ditches.

With these assumptions the depth of gullies caused by the overflow has been calculated with Federal Highway
Administration culvert scour equations as described in Calculation C-02 assuming flow in a V-shaped ditch
with 2H to 1V side slopes. The D50 of the required rock armouring for these gullies was computed using the
safety factors method.

The D50 of rock armouring needed to protect the armoured ditches as the overflow cascades down the 3H:1V
side slope was calculated using the method of Abt and Johnson (1991).

DSO — 5.23q0.56S 0.43

The results of these calculations are presented in Table 9.

Table 9 Rock Armor to Protect Against Overflow over Access Road

West Side East side
Total Overflow Rate (cfs) 172.8 252.6
Ditch Length (ft) 1470 2891
Overflow (cfs/ft) 0.12 0.09
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Concentration Factor 3 3
Design flow (cfs) 0.35 0.26
Gully Scour Depth (ft) 0.64 0.56
D50 to Protect the Gullies (inches) 0.6 0.5
D50 on 3:1 Side Slope of the Ditch (inches) 3.6 2.9
Designed D50 on 3:1 Side Slope (inches) 5.1 4.4

These results indicate that the ditches south of the access road will be protected against potential scour and
rock movement caused by overflow from the ditches north of the access road by the existing design. The
access road should be protected by rock armoring with a D50 of 1 inch or more to stabilize it against scour in
the event of flow concentration greater than 3.

Rock and Scour at Spreader Outlets.

Flow from the channel north of the access road and from the top of the cell will combine at the spreader for
discharge onto the natural ground. The peak flows from the PMP have been added to estimate the peak flow
from each spreader. To obtain the flow per unit width, the peak flow has been spread over a width of 100 feet.
To account for potential channelization in the rock of the spreaders, the unit flow has been multiplied by
three for calculation of the required D50 of rock for erosion protection and potential scour depth at the outlet
of each spreader. The D50 was calculated using the safety factor method assuming a channel with 3H to 1V
side slopes, a 1 ft bottom width and a channel slope of 2.3%. The scour was calculated using the Federal
Highway Administration culvert scour equations as described in Calculation C-02 assuming flow in a V-
shaped ditch with 2H to 1V side slopes. The results are summarized in Table 10.

Table 10 Calculated Depth of Scour at Spreader Outlets.

West Spreader East Spreader
Peak Flow from Channel (cfs) 172.8 252.6
Peak Flow along Berm (cfs) 410.6 558.9
Combined Peak Flow (cfs) 583.4 811.5
Concentration Factor 3 3
Design Flow (cfs/ft) 17.50 24.35
Minimum Rock D50 (in) 4.5 5.2
Estimated Scour Depth (ft) 3.82 4.46

These results assume that the discharge will spread to a width of 100 feet as it flows from the end of the
channels to the end of the spreaders. The length of spreaders required to ensure this degree of spreading
can be estimated using an equation described in USACE (1994). This equation is the result of research
performed by Rouse, et. al.(1951) on the boundary shapes for the expansion of a high-velocity jet on a

horizontal floor. Note that the equation presented in the text of USACE (1994) is

3
Z 1 x ¥ 1
_—— —_—— +_
b, 2|bF1 2

where
Z = the half width of the expanded flow (ft)
b1 = flow width before expansion (ft)
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X = downstream distance from the beginning of expansion (ft)
F1 = Froude number of the flow before expansion

while Plate B-24 in the same publication which is a reproduction of results from the original paper by
Rouse gives the equation as

3
Z 1 x * 1
—_— | ——— +_
b, 8|bFl1 2

We have used the equation from the original paper to compute the length of spreaders required to allow
complete spreading of flow to the 100 ft width. The results are:

West East
Discharge (cfs) 583.4 811.5
Initial Flow Velocity (fps) 8.19 8.4
Initial Flow Cross-Sectional Area (sq ft) 71.24 96.62
Initial Top width (ft) 35.42 39.49
Initial Hydraulic Depth (ft) 2.01 2.45
Initial Froude Number 1.02 0.95
Distance to Expand to 100 feet (ft) 135 125

Design of the Toe of the Spreaders

To protect the toe of the spreaders against head cutting by scour from the discharge of the PMP runoff a 10H
to 1V buried rock blanket will be constructed downstream of the toe to protect against erosion down to the
expected depth of scour. Figure 5 shows a typical buried rock blanket. The expected scour depths have
previously been computed and the D50 of the buried rock was computed using methods described in NUREG
1623. The results for the east and west sides are given below assuming a natural ground slope of 2.3% and a
rock blanket slope of 10%. The results of the scour and rock armouring calculations are summarized in Table
11.

Table 11 Rock Size and Scour Depth at Spreader Outlets

West East
Scour depth (ft) 3.82 4.46
Discharge (cfs) 583.4 811.5
Spreader Width (ft) 100 100
Discharge/unit width (cfs/ft) 5.83 8.12
Concentration Factor 3 3
Design Unit Discharge (cfs/ft) 17.5 23.3
D50 (inches) 9.7 11.6
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Figure 5 Typical Buried Rock Blanket

Summary

A wedge of spoil material consisting of approximately 3,000,000 cubic yards of soil excavated from the waste
cell will be placed between the Book cliffs and the waste cell to divert runoff from the Book Cliffs area around
the waste cell. These calculations have been performed to assess whether erosion protection is required for
the ditch north of the access road and south of the wedge and to assess the sediment budget in that ditch.
The erosion protection requirements of the broad channels that carry flow from the areas between the wedge
and the cell to the outlet spreaders on the east and west have also been determined. Specific
results/conclusions are summarized here.

1. Runoff from direct precipitation on the south slope of the wedge will be collected and carried to the
east and west by ditches between the wedge and the access road. The sediment transport capacity
of this runoff during the 1000 year design life has been assessed using equations from NUREG 1623.
The supply of sediment by sediment yield from the south side slope of the wedge has been estimated
by use of the Modified Universal Soil Loss Equation (MUSLE), as described in NUREG 4620 (Nelson
et al. 1986). The results of these calculations indicate that the total sediment carrying capacity of the
runoff as it flows to the east and west is approximately 5% of the volume of the access road berm
over the 1000 year design life of the cell. The sediment supply to this area estimated from the
MUSLE will be many times larger than the sediment transport capacity of the flow in these channels.
The net sediment supply to these channel indicates that the channels may fill with sediment in
somewhat less than 200 years. The sediment supply will be nearly uniform along the length of the
ditch, but the flow will be very small at the high point of the channels and increase nearly uniformly
toward the east and west. This will result in a greater sediment transport capacity in a downstream
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direction and cause the bottom slope of the ditch to increase over time. This will increase the
sediment transport capacity of the ditch, but it is not expected to increase enough to carry away the
sediment supply to the channel. This will delay the filling of the ditches with sediment but probably not
beyond the 1000 year design life of the waste cell. Some additional flow from the north side of the
waste cell may run off over the access road and add to the flow and sediment transport capacity of
these channels, but it will not be sufficient to keep them flushed of sediment.

2. Precipitation falling directly on the south side slope of the wedge will run off toward the south. This
runoff will erode the side slope of the wedge. Application of the MUSLE to estimate the volume of
sediment lost from the wedge through this mechanism indicate that the south side slope will be
reduced in average height by approximately 12 feet. With a design height ranging from approximately
30 to 48 feet and a north-south dimension ranging from 150 to 490 feet, this loss of soil will not
threaten the integrity of the wedge.

3. Runoff from the south side slope of the wedge will also concentrate and form gullies on the slope.
The depth, width, and location of the deepest portions of these gullies has been estimated with
techniques described in NUREG 1623 (Johnson 2002). The results are summarized in Table 5.
While the predicted depth of the gullies that will form on the south side slope of the wedge over a
period of 1000 years are substantial, the gullies are not expected to threaten the ability of the wedge
to route runoff from the Book Cliffs around the waste cell. In each case the height of the wedge is
more than three times the calculated gully depth and the minimum north-south dimension of the
wedge is 118 feet, much greater than the expected gully depth or length. It should be noted that
because of the time period over which gullies developed that were used in developing the equations,
the NRC staff recommends that this method be used for a design cell life of 200 years. Since the
gully depth increases with time, the calculation has been extrapolated to 1000 years as the best
available estimate of the extent of potential gully formation over a 1000 design period.

4. Flow from the south side slope of the wedge and from the north portion of the cell top and side slopes
will flow to the east and west. The flow from the cell will be carried in a channel south of the access
road with the cell apron being the bottom of the channel, one side slope is the cell side slope of 5H to
1V, and the opposite side has a 3H to 1V side slope with rock armoring with a D50 of 4 inches. As
this water reaches the east and west edges of the cell apron, the bottom of the channel will widen to
20 feet with side slopes of 3H to 1V. The side slopes will be protected by stone armoring with a D50
of 4 inches. The channels carrying the flow from the side slope of the wedge will not be armored until
100 feet before the end of the access road berm. From that point the channels will be armored with
rock with a D50 of 2.0 inches until they turn south. From that point to the spreader the rock D50 will
be 4.5 inches on the bottom and 5.8 inches on the side for the channel to the west and 5.6 and 7.2
inches for the channel to east. After the channel north of the access road fills with sediment, the D50
of rock armoring will equal or exceed the sizes presented in Table 8. To protect against scour as
water from the ditches north of the access road overflows into the ditches south of the access road,
the road will be protected by rock with a D50 of 1 inch or greater.

5. The two channels carrying flow in each direction (east and west) will both discharge into the spreaders
and spread to a channel 100 feet wide. The length of the spreaders in the direction of flow has been
determined to ensure complete spreading of the flow across th 100 foot width of the spreader. The
calculated scour depth for the PMP is 3.82 feet for the spreader on the west and 4.46 feet for the
spreader on the east. A concentration factor of three has been assumed for determining the design
unit flow. The spreaders will each have rock armoring with a minimum D50 of 4.5 inches on the west
and 5.2 inches on the east. A 10H to 1V buried rock blanket will be constructed downstream of the

toe to protect against erosion down to the expected depth of scour.
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in column 6 is given from the sediment rating curve, or Equation 6. For each interval, the water
yield in column 5 is calculated from multiplying columns 2 and 6. Likewise, the annual sediment
yield in column 7 is calculated from Equation E-5 given Ap, Q and C, from columns 2,4 and 6. The
interannual total sediment yield is finally obtained from the sum of column 7.

2.5 Trap Efficiency

‘When sediment-laden water enters reservoirs, lakes, impoundments, and settling basins, the
settling of sediment will cause aggradation of the bed. The trap efficiency is used to determine how
much sediment is expected to settle in backwater areas. The trap efficiency is defined as the
percentage of incoming sediment for a given size fraction (i) that will settle within a given reach.
The trap efficiency can be calculated as follows:

-Xw,

To=1-¢™ &)

where X is the reach length; w;, is the settling velocity for sediment fraction i from Table E-4; h is
the mean flow depth; and V is the mean flow velocity. The exponent is dimensionless and any
consistent system of units can be used in this equation.

The sediment load that settles within the reach is given by the product of the incoming
sediment load and the trap efficiency. The outgoing sediment load is calculated by subtracting the
settling load from the incoming load. The trap efficiency varies with sediment size through the
settling velocity. Typically, the trap efficiency is approximately one for coarse sediment,
e.g., gravels, and approaches zero for fine sediment, e.g., clays.

2.6  Sediment Transport Capacity of a Channel

Simons, Li, and Fullerton (1981) developed an efficient method of evaluating sediment
discharge. The method is based on easy-to-apply power relationships that estimate sediment
transport based on the flow depth h and velocity V. These power relationships were developed from
a computer solution of the Meyer-Peter and Miiller bedload transport equation and Einstein’s
integration of the suspended bed sediment discharge:

q, = ¢,h =V (E-8)

The results of the total bed sediment discharge are presented in Table E-2. The large values
of c; (3.3 < ¢,; < 3.9) show the high level of dependence of sediment transport rates on velocity.
Depth has comparatively less influence (-0.34 <c, <0.7).

NUREG-1623 E-6
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For flow conditions within the range outlined in Table E-3, the regression equations should
be accurate within 10%. The equations were obtained for steep sand- and gravel-bed channels under
supercritical flow. They do not apply to cohesive material.

The equations assume that all sediment sizes are transported by the flow without armoring.
The sediment concentration ¢, , is calculated from

Cogn = 2.65 X 10‘5%1i (E9)

where q, is calculated from Equation E-8 and q = V,, is the unit discharge in ft*/s.
3 DESIGN AND ANALYSIS PROCEDURES
The following pi'ocedurcs may be used to determine: 1) sheet and 1ill erosion; 2) gully
erosion; 3) calculated sediment yield; 4) measured sediment yield; 5) trap efficiency, and 6) sediment
transport capacity of channels.

3.1  Sheet and Rill Erosion Procedure

The following sheet and rill erosion procedure based on the USLE may be used to determine
soil erosion losses from upland erosion. If data are available, this approach should be supplemented
with field measurements to properly calibrate and ascertain the accuracy of other procedures and/or
computer models.

Step A-1. Gather topographic, soil type and land use information. Subdivide the domain into
sub-watersheds. For each sub-watershed, determine: drainage area, runoff length,
average slope, soil type, percentage of canopy cover and ground cover and any
particular method of soil conservation practice.

Step A-2. Determine the mean annual rainfall erodibility factor R for the specific site location.

Step A-3. Determine, for each sub-watershed, the soil erodibility factor K from soil samples.

Step A-4. Determine the slope length-steepness factor LS from the runoff length and average
slope.

Step A-5. Determine the cropping-management factor C from the ground and canopy cover data.

NUREG-1623 E-8
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Table E-3. Range of parameters for the Simons-Li-Fullerton method. -

Parameter Value range
Froude number 1-4
Velocity 6.5 -26 ft/s
Manning coefficient n 0.015-0.025
Bed slope 0.005 - 0.040
Unit discharge 10 - 200 ft/s
Particle size Ds, + 0.062 mm
Dy, < 15 mm

E-9

NUREG-1623



Calculation C-04 Project 35DJ2600 Appendix A Page 6 of 31

APPENDIX B

METHOD FOR DETERMINING
SACRIFICIAL SLOPE REQUIREMENTS

1 INTRODUCTION

In many cases where tailings extend over a large area, slope lengths may be so long that
extremely gentle slopes will be needed to provide long-term stability. Such gentle slopes may
necessitate the use of very large amounts of soil, such that some of these slopes (with no tailings
directly under them) may extend greatly beyond the edge of the tailings pile.

In such cases, licensees may be able to demonstrate that it is impractical to provide stability
for 1,000 years and may choose to show that stability for less than 1,000 years, but for at least 200
years, is a more cost-effective option. Such a design may incorporate tailings embankment "out
slopes," where there are no tailings directly under the soil cover. Such slopes, designed for less than
the 1,000-year stability period, may be acceptable if properly justified by the licensee.

It should be emphasized that the staff considers that a 200-year sacrificial slope design should
be used only in a limited number of cases and only when a design life of 1,000 years cannot be
reasonably achieved. However, it should not be assumed that the design period should immediately
jump from 1,000 to 200 years. The staff concludes that the selection of a design period should
proceed in a stepwise fashion, with consideration given to intermediate design periods from 200-
1,000 years. In determining a minimum design, a 200-year sacrificial slope design, as presented
below, may be used. However, such a design has a considerable amount of uncertainty associated
with its use, due to its development by extrapolation of a relatively limited data base. Therefore, the
staff considers that the procedure should be used only after other reclamation designs have been
considered. The staff considers that the procedures for justifying a design period of less than 1,000
years, as discussed in Appendix C, should be carefully followed to document that a 200-year
sacrificial slope design is the best design that can be reasonably provided.

2 TECHNICAL BASIS

The long-term gully erosion process has the potential to destabilize an earthen embankment
or soil cover constructed to prevent waste material release to the environment. Figures B-1 and B-2
present photographs of earthen embankments damaged by gullying. It was apparent to the staff that
little criteria were available that assisted the designer in predicting the potential impacts of gullying
processes to long-term stability of the waste material. The NRC thereby supported a series of studies
to expand the knowledge base on the potential impacts of gullies on reclaimed impoundments and
provide guidance for assuring the long-term stability of the waste.

In 1985, Falk et al. conducted a pilot study in an attempt to develop a procedure to predict

the maximum depth a gully may incise into a tailing slope as a function of time. Falk characterized
16 reclaimed mine and/or overburden sites in Colorado and Wyoming that demonstrated incision

B-1 NUREG-1623
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Figure B-1. Damage caused by gullying.

NUREG-1623



C-04 Project 35DJ2600 Appendix A Page 8 of 31

Calculation

Figure B-2. Damage caused by gullying.
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on the side slope and in some cases extended into the top slope areas. Field measurements included
gully length, slope length, pile height, pile age, maximum gully depth, and width, tributary drainage
area, vegetative cover and soil composition. From these data, Falk et al. attempted to formulate a
procedure for estimating the maximum depth of incision, width of gully, and location of the
maximum incision from the crest. The estimation procedure had a limited application but indicated
that an estimation procedure could potentially be developed.

Pauley (1993) performed a series of flume studies in which near prototype soil embankments
were constructed simulating a reclaimed waste impoundment. Figure B-3 presents a photograph of
the flume used in the study. A series of rainfall and subsequent runoff events were conducted
resulting in gully incision into the embankment. The gullying processes were documented as a
function of rainfall duration and volume, soil type, embankment slope and the maximum depth of
incision. The results of the study indicated that the gully incision depth was a function of the clay
content of the soil, volume of runoff to the gully, and the embankment height (Abt et al. 1994). The
gully processes observed by Pauley and later documented by Abt et al. (1995b) in the flume study
closely paralleled those observed in the field by Falk (1985) and others.

In an attempt to expand the Falk et al. (1985) data base, Abtet al. (1995a) conducted a study
in which 11 field sites that demonstrated gullying on reclaimed impoundments were located,
characterized, measured, and sampled in the Colorado and Wyoming region and each gully was
characterized (Falk et al. 1985).

The information presented by Falk et al. (1985), Pauley (1993) and Abt et al. (1995a) was
consolidated into a composite data base as reported by Abt et al. (1995b). A comprehensive
procedure was presented to estimate the maximum depth of gully incision, top width of the gully,
and location of the maximum incision from the crest. The procedure allows the designer to
determine gully depths and to predict the location of maximum gully incision.

Areview of existing waste and tailing reclamation designs in conjunction with extensive site
experience indicates that three primary embankment/cover configurations are commonly proposed.
The three embankment configurations or types have been proposed or constructed as presented in
Figure B4. It is important to recognize that although each embankment type is similar along the
main embankment face, the top slope, and subsequent potential tributary drainage, significantly
impact the maximum depth of gully incision, D_,,, that may intrude into the main slope. Therefore,
a different procedure was developed to estimate the potential tributary drainage area and volume of
runoff for each embankment type.

An empirical gully incision estimation procedure is presented as a function of the
embankment/cover geometry, hydrologic parameters, soil composition, and the design life. It is
anticipated that the estimation procedure will provide the user the maximum depth of gully incision,
the approximate location of the maximum depth of incision along the embankment slope, and the
approximate top width of the gully at the point of maximum incision as schematically presented in
Figure B-5. The user will need to insure that the gully incision does not expose the waste/tailings
materials.

NUREG-1623 B4
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<+

Figure B-3. Flume used by Pauley (1993).
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Type 1 Embankment

Type 2 Embankment

Type 3 Embankment

Figure B-4. Three types of embankment geometry.
NUREG-1623 B-6
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Figure B-5. Schematic of typical waste impoundment.
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Staff review indicates that locating the depth of maximum gully incision is the most unpredictable
part of the design procedure. The field data and flume data cannot be relied on totally to adequately
describe the gully profile along the length of the slope. For example, the procedure may predict that
the maximum gully depth will be 20 ft and will occur 500 ft from the embankment crest. However,
not reflected in the design procedure is the possibility that the same gully could be 19 ft deep at the
crest. The gully profile data available and staff experience suggest that gully depths approaching
the maximum gully depth could occur near the crest. Thus, until more data are available, the staff
recommends that the location of maximum gullying be assumed to occur near the crest of the slope.
In addition, because of the need for significant data extrapolation, the staff suggests that this
procedure be used to determine sacrificial slope requirements for a 200-year period.

In situations where increasing the set back distance of waste with respect to the embankment
crest is not feasible, the concept of embankment stabilization utilizing launching riprap may be
examined. Abtetal. (1997) presents a preliminary approach to the stabilization technique. Figure
B-6 presents a photograph of a laboratory simulation of embankment stabilization using launching
riprap. Based upon the findings of the pilot test series, a set of preliminary guidelines and a design
procedure is outlined by Abt et al. (1997). The procedure presented represents the pilot test series
and its application has not been tested and verified under field or near prototype conditions. It is
recommended that the procedures outlined by Abt et al. (1997) be applied with a high degree of
engineering judgement.

3 PROCEDURES

A procedure has been developed to estimate the effects of gullying overtime. The following
steps outline the estimation procedure.

Step 1. Determine the embankment design life as outlined in Appendix A. Stability of the
embankment must be insured for periods ranging from 200 to 1,000 years.

Step 2. Select the embankment type (Type 1, Type 2, or Type 3) and determine values of the
appropriate design variables.

Embankment/cover variables applicable to all three types of embankments include
the embankment height (H,) (m), slope length (L) (m), slope angle (8) (degrees), and
horizontal distance from the embankment toe to the crest (X,) (m) as presented in
Figure B4.

Step 3. Determine the embankment/cover soil composition, expressed as a percentage of the
sands, silts, and clays. Discriminating thresholds for gully intrusion potential for
embankments are segmented into soils with clay content less than 15 percent, clay
content between 15 and 50 percent, and clay content greater than 50 percent.

Step 4. Determine the average annual precipitation (P), expressed in meters, for the

embankment site. Estimates of precipitation can be obtained from U.S. Weather
Bureau isohyetal maps, local climatological data, or other appropriate means.

NUREG-1623 B-8
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flume test.

g riprap

Figure B-6. Photograph of launc
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Step 5. Determine the drainage area tributary to the embankment to estimate the
volume of runoff to which an embankment will be exposed in its design life.
For embankments without external drainage basins, the tributary drainage
area that forms on the face of the embankment will determine the total
volume of runoff (Abt, Thomnton, and Johnson, 1995b). The tributary
drainage area that forms on the embankment face is a unique function of the
type of embankment being evaluated.

Type 1 Embankment

The tributary drainage area for a Type 1 embankment may be estimated by

A = 0.276 *[L_*Cos(6)]' 3¢ B-1

where: A = tributary drainage area (m?)
L, = original embankment length (m)
© =slope angle in degrees computed as Tan'(S,)

Type 2 Embankment

The tributary drainage area for a Type 2 embankment is computed by summing the
embankment face length (L) and the embankment top length (L,). The resulting
length (L,) is then entered in Equation B-1 as:

A = 0276 *[L, *Cos(0)]"6% B-2)

where: A = tributary drainage area (m?)
L. =total length of embankment
6 =slope angle in degrees computed as Tan™'(S,)

Type 3 Embankment

The tributary drainage area for a Type 3 embankment can be estimated using
Equation B-1; however, an effective embankment length (L,) must be determined.
Flume and field observations indicate that a gully forming on a Type 3 embankment
can extend past the crest and into the adverse slope. When this condition occurs, the
effective length of the embankment is increased. To provide an estimate of the
tributary drainage area at any point in time, the value of the effective embankment
length is determined by estimating the final gully bottom slope. Abt et al. (1995b)
reported that the gully bottom slope may be estimated as

S, = [1.008 =S _] -0.063 (B-3)

NUREG-1623 B-10
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Step 6.

Step 7.

Step 8.

where: S, = gully bottom slope (rise/run) ..
S, = original embankment slope (nse/run)

The effective embankment length can then be computed as: -

L, = 1.175=L B-4)

where L and L, are expressed in meters. The tributary drainage area can then be
computed using Equation B-1 where L, is substituted for L.

In situations where the embankment toe is exposed to runoff that develops on
a tributary drainage area external to the embankment, the supplemental area (A,) is
added to the drainage area value computed using Equation B-1.

The total depth of precipitation to which the site may be exposed to over the design
life needs to be determined. In Step 1, the design life of the embankment was
estimated. The average annual precipitation for the project site was then estimated
based on Step 4. The expected depth of precipitation, in meters, is then calculated
as: : -

D, = Average Precipitation Depth (m) * Design Life (years) B-5)

The runoff to rainfall ratio, R, is needed to convert the potential depth of
precipitation for the embankment design life to potential runoff tributary to the
developing gully. The U.S. Geological Survey (USGS) developed a runoff map
method (Gebert et al., 1989) to determine the average annual runoff expected from
any location in the United States. The USGS map provides the user the annual depth
of runoff from a site specific location. The ratio of the runoff to rainfall is computed
by dividing the runoff depth derived from Gebert et al. by the average annual
precipitation for the appropriate locale. The average runoff-ratio using the USGS
Average Annual Runoff Method is 0.127. The runoff-rainfall ratio of 0.127 provides
areasonable estimate for the arid and semi-arid regions of the western United States.

The cumulative volume of runoff (V,) tributary to the embankment toe, in cubic
meters, is calculated as:

V. =D *xR*A ®B-6)
where A is the tributary drainage area, expressed in square meters, as determined in
Step 5. It is acknowledged that a single storm event will significantly impact the

development of the gully. Abtetal. (1995a) indicates that the total volume of runoff
can serve as a predictor of the ultimate dimensions (i.e., maximum depth, width, etc.)

B-11 NUREG-1623
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Step 9.

of the gully. The volume of runoff tributary to the gully for the embankment design
life is the primary element reflecting the analysis period.

The maximum depth of gully incision (D,,,) can be estimated as a function of the
cumulative volume of runoff, V,, the embankment height, H , the embankment slope
length, L, L,, or L,, the embankment slope, and the clay content of the soil
composition. A gully factor, G, was developed from the analysis described by Abt
et al. (1994) for varying clay content of the proposed construction material. The
gully factor is defined as:

G, = o x
T «s B-7

where L; is Ly, L,, or L, as applicable and the embankment slope S, is HyX . The
gully factor is computed as:

Clay content < 15%:

_D 1

- L *S v -0.55 _
o 225 + {0.789*—%] (B-8)

H

0

Clay content > 15%, < 50%:

_ Poax _ 1
Gf—L*S = v \-070 ®-9)
° 2.80 + (0.197*—; -
H
" Clay content > 50%:
D
G, = Ln:; = 1 TRETC
o 355 + [0.76*—; (B-10)
o
B-12
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Step 10.

Step 11.

Step 12.

Step 13.

Step 14.

The maximum deinth of gully incision expected on the embankment slope may then
be estimated as:

D =G *L xS ' ®-11)

where D, is in meters.

After the valie of D, is determined, the top width of the gully at the deepest
incision can be calculated as:

1.149
W = [%?;_] ®-12)

where: W = top width of gully (m)
D,,, = depth of deepest gully incision (m)

In some applications, it is important to estimate the location of the maximum gully
incision to evaluate the stability of the embankment or the potential to penetrate into
the waste storage area. The location of the maximum depth of incision, measured
down slope from the crest, may be determined as:

(B-13)

* S)) ~0415
D, = 0.713 = [L—Z]

L}

where: D, = location of D,
V_ = cumulative volume of runoff (m®)
S, = original embankment slope (rise/run)
L, = original embankment length (m)

To provide a conservative estimate of the possible damage caused to an earthen
embankment by a migrating gully, it is assumed that the maximum depth of gully
intrusion occurs at the crest of the embankment. The embankment material is then
assumed to erode, at the angle of repose of the embankment material, up slope of
D_,.- The set back distance of the waste material is determined for each of the three
types of embankments by assuming the embankment erodes at the angle of repose.

If altering the set back distance is not fe_asib]e; protection may be examined utilizing
launching riprap. A detailed-explanation of the launching riprap application is

B-13 NUREG-1623
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presented by Abt et al. (1997). The following preliminary guidelines should be ,
followed in a launching riprap application: '

° The minimum riprap size should be determined using accepted riprap sizing
criteria for overtopping flow. A minimum median stone size (Ds,) of 9 cm
was found to work well in flume studies.

. The protective riprap layer should have adequate volume to provide slope |
coverage under maximum expected gully conditions. A layer thickness of } ! !
approximately 3 D, is recommended, depending on the volume requirements '
and the length of the riprap layer. :

4 RECOMMENDATIONS

The stable slope should be determined using the procedures presented in Appendix A.
Appropriately conservative values of input parameters should be used in the computation.
Additional refinements can be made after the analysis of the sacrificial slope requirements.

In analyzing Type 2 Embankments, the top slope of the cover should be much flatter (less K
than or equal to 5%) than the slope of the embankment face. The gully would likely occur far '
upstream from the crest if the top slope were steep. The following example is presented to outline :
the stability assessment procedure, not to promote or compare any embankment types.

5 EXAMPLE OF PROCEDURE APPLICATION

The following example is used to outline the procedure of stability analysis of a Type 2 f .
Embankment. Type 2 Embankments, presented in Figure B4, are identified by an embankment H
slope that transitions into a flatter top slope. Embankments constructed with Type 2 geometry are
evaluated by superimposing the total length of the embankment, L,, on the slope of the embankment

face. . !
Step 1. Design Life .

An embankment design life of 200 years will be evaluated. ! ! ‘
Step 2. Embankment Geometry % f

Once the embankment type is determined, the initial design variables are required. .
It will be assumed that the embankment has the following physical dimensions:

H, = embankment height =9 meters il
L, = embankment slope length =55 meters 1,
S, = embankment slope =0.15 rise/run .
L, =top embankment length = 100 meters '
S, = top embankment slope = 0.05 rise/run ’

NUREG-1623 B-14
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Step 3.

Step 4.

Step 5.

Step 6.

Soil Composition

It is assumed that a soil analysis has been conducted and that the embankment
material is composed of 13 percent clay by volume, and has an angle of repose of
34 degrees.

Precipitation

Local climatological data indicate an average annual precipitation of 0.20 meters for
the site.

Potential Tributary Drainage Area

The total potential tributary drainage area for a Type 2 Embankment is determined
by computing the total embankment length as shown below

L =L, +L, ®-14)

where: L, = total embankment length (m)
L, =length of embankment face (m)
L, = length of embankment top slope (m)

The value determined for the total embankment length is then combined with the
slope of the embankment face and entered into Equation B-2 as shown below

A = 0.276 * {155 meters *cos(8.53)}1636

(B-15)
A = 1038 meters?

Therefore, the total potential tributary drainage area for the Type 2 Embankment is
1038 square meters. It is assumed that there is no additional drainage area external
to the embankment.

Potential Depth of Precipitation
The first step in computing the total runoff’volumé for the site is to determine the
potential depth of precipitation, D,, that the site will be exposed to during the design

life. As described in Step 6, the total depth of precipitation is the product of the
average annual precipitation and the design life. Therefore,

B-15 NUREG-1623
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D, = 0.20 meters/year * 200 years

(B-16)
D, = 40.0 meters of precipitation

and a potential depth of precipitation of 40.0 meters is computed.

Step 7. Runoff to Rainfall Ratio
A value of 0.13 is assumed as the average runoff to rainfall ratio, R, for the
embankment area.

Step 8. The cumulative volume of runoff, V,, is defined as the product of the potential depth

of precipitation, D, the runoff to rainfall ratio, R, and the potential tributary area, A.
Substituting the values of D,, R, and A, obtained above into Equation B-6 yields

V, = 40.0 meters * 0.13 * 1038 meters?

B-17
V, = 5,400 meters?

Therefore, the embankment slope will drain approximately 5,400 cubic meters of
runoff during the 200 year design life.

Step 9. Determination of Gully Factor
The gully factor, G;, for the embankment should be determined as outlined in Step 9.

A clay content of 13 percent in the embankment material requires that Equation B-8
be used to calculate the gully factor. Substituting values for H, and V, into Equation

B-8 gives
Gy = 1 -0.55
3
2.25+/0.789 * 5,399.97 meters E-18)
(9.0meters)® -
G, = 0.380
Step 10. Maximum Depth of Gully Incision

A gully factor of 0.380 is entered into Equation B-8 to determine the maximum depth
of gully incision as follows

NUREG-1623 B-16
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Step 11.

Step 12.

D_.. = 0.380 * 55.0meters = 0.15

(B-19)

Dnm = 3.14 meters

Thus, after 2 200 year period, a gully incision 3.14 meters deep would be expected
on the face of the embankment.

Gully Top Width
Equation B-12 presents an empirical relationship that can be used to predict gully top

width, W, as a function of maximum gully incision, D,,,,. Substituting the value of
3.14 meters computed for D_,, into Equation B-12 gives

1.149
W = ( 3.14 meters)
0.61 (B-20)
W = 6,57 meters

therefore, 6.33 meters would be the estimated gully width at the point of deepest
gully incision.

Location of Maximum Depth

Equation B-13 presents an empirical relation predicting the location of D, as a
function of the total volume of runoff, embankment length, and embankment slope.
Substituting the values determined above into Equation B-13 gives

(5,399.97 meters® x0.15) }'0-415

D, = 0713 = meters _*
(55 meters)®

(B-21)
D, = 6.50

which represents the number of D;.;’s down slope from the crést the deepest incision
is expected to occur. To determine the location in meters, multiply the value
determined for D, by that determined for D, . For this example the deepest incision
point will occur approximately 20.4 meters down slope from the embankment crest.

Summarizing the results obtained above yields

B-17 : NUREG-1623
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Step 13.

Step 14.

D_,. = 3.14 meters,

W = 6.57 meters
Dl = 20.4 meters

However, for long-term stability applications, the location of D, should be assumed
to be at the crest of the slope.

Set Back Distance

For conservatism, the maximum depth of incision is assumed to occur at the crest of
the embankment and the material is assumed to erode at the angle of repose (34° for
this example) upstream of the crest. For the conditions of this example, the set back
distance would be 4.66 meters up slope from the crest of the embankment.
Therefore, tailings should be located a minimum horizontal distance of 4.66 meters
up slope and a vertical distance of 4.71 meters down from the embankment crest.

Rock Launching Application

If providing adequate setback distance is not feasible, embankment stabilization with
launching rock may be considered. For details and a preliminary application
procedure, see Abt et al. (1997). The findings discussed by Abt et al. (1997) should
be adapted to each specific site with engineering judgement. In general, a volume
of rock should be provided to cover the collapsed slope with a rock layer of 1.5 times
the D, size, considering the depth of gully intrusion and the length. It is
recommended that the required Dy, size be specifically determined for a collapsed
slope of 1V to 2H. Figure B-7 presents a schematic of the rock launching application
concept.

The results of the example outlined above can then be checked with the original design of the soil
cover, as described in Appendix A. Engineering judgment then determines if the design is adequate
to provide the level of protection necessary throughout the design life.

6 COMPUTER APPLICATION

To aid in the analysis of the stability assessment, a computer program has been developed.

The Windows™

application provides an automated method of evaluating the stability procedure

described above (Thoraton, 1996). The program is available from the U.S. Nuclear Regulatory

NUREG-1623
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Two basic approaches exist for the design of suitable erosion-
resistant covers for a tailings impoundment surface as originally described
by Nelson et al, (1983), The first approach consists of providing a cover
material that will resist material transport by flowing water using the
concept of critical shear stress. The second approach is based on the
Universal Soil Loss Equation, an empirical method originally developed
during the 1930's, The methodologies involved with both of these methods
are discussed below.

5.1.1 Critical Shear Stress Approach

The critical shear stress approach consists of providing a cover
material with a dyg grain size (i.e., 70% of the material by weight 1is
coarser than the 3 ) that will resist movement when subjected to the
sheet flow maximum permi551ble velocity resulting from the applicatfon of
the PMP over the entire impoundment surface. Minimum d,, grain sizes
should be determined using the critical shear stress approach similar to
the procedures discussed in Simons and Senturk (1977) applicable to over-
land flow. A numerical solution for selecting an appropriate djg to
provide armmoring has been developed by Shen and Lu (1983§

The design approach described above, in which the critical grain size
is selected to resist the onset of sheet erosion, should evaluate the run-
off from PMP storms of different durations, such as 0.5, 1, 2, 4, and 6
hours to select the maximum d,n required. Rainfall depths will
usually be based on 2,5 to 15 minute durations for small drainage basins as
presented in Section 2.1.2. Typically, the minimum construction layer
thickness is specified to be at least two times the maximum particle size,
If the above approach results in a cover thickness less than about 6
inches, then other considerations - such as nonuniform placement of cover
and particle breakdown due to handling, placement and weathering - would
suggest that a minimum cover thickness of 10 inches should be considered.
If a self-armoring cover can be provided, and there is no major concern for
weathering of the cover material, the design is independent of time and the
cover should remain intact indefinitely.

5.1.2 Soil Loss Equation Approach

The concept of sheet erosion was recognized by early researchers and
the Universal Soil Loss Equation (USLE) was developed in the late 1930's by
the Agricultural Research Service to evaluate sofl conservation practices
for cropland throughout the United States., After its inception, the soil
loss procedure was used and modified as field experience and data were
obtained incorporating the basic parameters of field slope and length,
precipitation, and crop management to estimate soil losses on an annual
basis. Application of the USLE to non-cropland areas and specifically for
construction sites became feasible when Wischmeier et al. (1971), using
basic soil loss characteristics, developed and implemented a soil
erodibility factor (K) in the soil loss computation. Subsequent efforts
refined the parameters used in the USLE for mining and construction
activities in the interior western United States.
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The Modified Universal Soil Loss Equation (MUSLE) was developed by the
Utah Water Research Laboratory in 1978 for the principal objective of esti-
mating sofl losses due to highway construction activities. Alterations
were made to the USLE to accomodate unique or special conditions encoun-
tered in highway construction, including steep and deep cuts and fill
slopes that could cause erosion affecting adjacent or nearby roadways,
streams, lakes, or inhabited areas. It is apparent that the modifications
made to the USLE extend to many construction and mining sites beyond the
scope of highway construction,

The Modified Universal Soil Loss Equation (MUSLE) is a mathematical
model based on field determined coefficients and provides the most rational
approach to evaluate the long-term erosion potential from an upland area
similar to that of the area covering a reclaimed tailings pond., Recent
investigations into appropriate methods of madeling major types of sheet
erosion (Abt and Ruff, 1978; Nelson et al. 1983; Nyhan and Lane, 1983; and
NRC, 1983), indicate that although more rigorous mathematical models are
available to simulate erosion as a function of time, the use of the USLE
has a strong precedent because it has a 40-year history of runoff and soil
loss data.

The MUSLE is used to evaluate average soil losses for certain types of
slopes as a function of time. The MUSLE does not consider the potential
for gully development or intrusion as discussed in Chapter 4 because the
topographic features of the tailings area are assumed to remain constant
with time. Also, the MUSLE does not incorporate the concept of the PMP but
rather a rainfall factor based on historical rainfall values. The MUSLE 1is
defined by Clyde et al. (1978) as follows:

R =R K (LS) (W) (5.1)
where,
A = the computed loss per unit area in tons per acre per year with the

units selected for K and R properly selected;

the rainfall factor which is the number for rainfall erosion index
units plus a factor for snowmelt, if applicable;

=
/]

~
]

the soil erodibility factor, which is the soil loss rate per ero-
sion index unit for a specified soil as measured on a unit plot
that is defined as a 72.6-ft length of uniform 9% slope continu-
ously maintained as clean tilled fallow;

LS

the topographic factor, which is the ratio of soil loss from the
field slope length to that from a 72.6-ft length under otherwise
identical conditions;

VM

the dimensfonless erosion control factor relating to vegetative
and mechanical factors. This factor replaces the cover management
factor (C) and the support factor (P) of the original USLE.



Calculation C-04 Project 35DJ2600 Ap@éndix A Page 26 of 31

5.1.2.1 The Rainfall and Runoff Factor (R)

As noted by previous research at Los Alamos National Laboratory {Nyhan
and Lane, 1983), the R factor as used in the MUSLE is often misinterpreted
only as a rainfall factor. In reality, it must quantify both the raindrop
impact and provide information on the amount and rate of runoff likely to
be associated with the rain. More specifically, the R factor is described
in terms of a rainfall storm energy (E) and the maximum 30-minute rainfall
intensity (I39). Generalized R factors applicable to the interior
western Uniteg States are given in Table 5.1. For R factors in specific
areas of the United States, it is recommended that erosion index distribu-
tion curves be obtained fram local SCS offices.

Table 5.1. Generalized Rainfall and Runoff (R) values.

State Eastern Third Central Third Western Third

N. Dakota 50 - 75 40 - 50 40

S. Dakota 75 - 100 50 40

Montana 30 - 40 20 20 - 50
Wyoming 30 - 50 15 - 30 15 - 25
Colorado 75 - 100 40 - 50 20 - 40
utah 20 - 30 20 - 50 15 - 40
New Mexico 75 - 100 40 - S0 20 - 40
Arizona 20 - 50 20 - 50 25 - 40

5.1.2.2 The Soil Erodibility Factor (K)

The soil erodibility factor (K) recognized the fact that the erodi-
bility potential of a given soil is dependent on its compositional make.p,
which in turn reflects the grain size distribution of the soil. To predict
soil erodibility, five soil characteristics that include the percent silt
and fine sand, percent sand greater than 0.1 mm, percent organic material,
general soil structure and general permeability are determined. The K fac-
tor is then found by using the Wischmeier nomograph presented in Figure
5.1.

The wmakeup of the various soil fractions presented in Figure 5.1 is
based on separating sand and silt at the 0.1 mm size. This differs from
the Unified Soil Classification System which uses the No. 200 sieve size
(0.075 mm) for the separation between sand and silt, The value to enter
Figure 5.1 with should be the percentage of material finer than 0.1 mm in
size, not the percentage passing the No. 200 sieve. Also, the determina-
tion of the Soil Erodibility Factor (K) as shown on Figure 5.1 does not
specifically reference the percentage of clay ~ iner than 0.002 wm) con-
tained in the material. The percentage of silt plus very fine sand to be
used for Figure 5.1, therefore, is the percentage of material contained
between 0.002 mm and 0.1 mm.
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5.1.2.3 The Topographic Factor (LS)

Although the effects of both length and steepness of slope have been
investigated separately in different research efforts, it is more con-
venient for analytical purposes to combine the two into one topographic
factor, LS. Wischmeier and Smith (1978) developed plots correlating the
topographic factor for slopes up to 500 meters in length at slope inclina-
tions from 0.5% up to 50%. Note that flat, short slopes will have less
erosion than Tong, steep slopes and it is to the benefit of the design
engineer to optimize slope length and gradients to fit the topography.

The equation to determine the LS factor is as follows:

650 + 4505 + 6352 L m

LS =
10,000 + s 72.6

(5.2)

where LS = topographic factor
L = slope length in feet
s = slope steepness in percent
m = exponent dependent upon slope steepness

The slope dependent exponent m is presented in Table 5.2.

Table 5.2 Slope Dependent Exponent

Slope (percent) m

s <1.0 0.2
1.0 < s < 3.0 0.3
3.0<s <5.0 0.4
5.0 < § <10.0 0.5
s > 10.0° 0.6

5.1.2.4 The WM Factor

The VM factor is the erosion control factor applied in place of the
cover and erosion control factors found in the USLE. The erosion control
factor accounts for measures implemented at the construction site to
include vegetation, mulching, chemical treatments and sprayed emulsions to
impede or reduce erosion due to the overland flow of water, Values of the
W factor relative to site-specific conditions are presented in Table 5.3.

The VM factor is perhaps the most sensitive factor to effect the
computed erosion loss for a given site. As shown by the values presented
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on Tabla 5.3, the development of a permanent vegetative cover can have a
significant impact in reducing the computed erosion loss. Hawever, the
effectiveness of a vegetative cover over long-term periods should be
questioned unless other protective Schemes, such as armoring of the cover
with the proper size material, are also included in the design.
5.1.2.5 Example Problem

An example problem in how to use the MUSLE is provided below.

Assumptions:

Site location: Western Colorado

Site des¢ription: Uncovered tailings pond

Pond size: 160 acres

Slope: 3%

Length: 2500 ft

Material: 42% sand greater than 0.10 mm;

58% fine sand and silt less than 0.10 mm;
5% ¢lay less than 0.002 mm;

0% organics;

{53% silt plus fine sand less than 0.1 mm);
Consistency ~ fine granular;

Permeability - slow to moderate.

The following factors have been determined for use in Equation 5.l.

R = 20 from Table 5.1

K = 0.50 rrom Figure 5.1
LS = 0.747 from Equation 5.2 and Table 5.2
VM = 1.0 (average from Table 5.3 based on an undisturbed surface)

Using Equation 5.1, the annual soil loss (A) from the tailings pond due to
sheet erosion caused by flowing water is computed to be 7.47 tons/acre/
year, or 1195 tons/year from the facility. Therefore, the cover is esti-
mated to erode at a rate of 0.003 ft per year, or 0.3 ft/century.

5.2 SUMMARY AND FUTURE STUDIES

The main application of the soil loss equation approach in the evalua-~
tion of cover integrity is to determine whether it is possible for sheet
erosion to penetrate the tailings cover, thereby exposing bare tailings and
constituting a failure of the cover. The followup study will concentrate
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Table 5.3. Typical VM Factor Values Reported ia thd Literature.?

Condition W Factor
1. Bars so1) conditfons
freshly disked to 6.8 inches 1,00
after one rain 0.89
100se to 12 inches smooth 0.90
loose to 12 {nches rough 0,80
compacted bulldozer scraped up and down 1.30
same except root raked 1.20
caapacted bulldozer scraped across slope 1.20
same @xcept root raked across 0.90
rough frregular tracked all directions 0,90
seed and fertilizer, fresh 0.64
same after six months 0.54
seed, fertilizer, and 12 months chemical 0,38
not tilled algae crusted 0.01
tilled algae crusted 0,02
compacted fill . 1.2 - 1.7
undisturdbed except scraped 0.66 -« 1.30
scarified only 0.76 - 1.1
sawdust 2 inches deep, disked in 0,61
2. Asphalt emulsion on bare soil
1250 gallons/acre 0.n2
1210 gallons/acre 0.01 - 0.019
605 gallons/acre 0.14 - 0,57
302 gallons/acre 0,28 - 0,60
151 gallons/acre 0,65 - 0.70
3. Dust binder
605 gallons/acre 1.08
1210 gallons/acre 0.29 - 0,78
4. Other chemicals
1000 b, fiber Glass Roving with 60-150 gallons asphalt saulsion/acre a.m - 0.05
Aquatain 0.68
Aerospray 70, 10 percent cover 0,94
Curasol AE 0.30 - 0.48
Petroset SB 0.40 - 0.66
PVA 0,71 - 0.90
Terra-Tack 0.56
Wocd fiber slurry, 1000 \b/acre fresad 0.05
Wood fiver slurry, 1400 1b/acre freshb 0.01 - 0.02
Wood fiber slurry, 3500 1b/acre freshb 0.10
5. Seedings
temporary, 0 to 60 days 0.40
temporary, after 60 days 0,08
permanent, 0 to 60 days 0.40
permanent, 2 to 12 manths 0.05
permanent, after 12 months 0.01
6, B8rugh
7. Excelsior blanket with plastic net 0.04 - 0.10

3note the variatian in values of VM factors reported by different researchers for the same

mpasures.

References containing details of research which produced these VM values are

included in NCHRP Project 16-3 report, "Erosion Control During Higway Canstruction,

Yol. Ilf.

Research Board, 2101 Constitution Avenue, Mashington, DC 20418,

dmis material is commonly referred to as hydramulch.

Bibliography of Water and Mind Erosion Control References,” Transportation
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on using the MUSLE for several alternate cover designs in order to evaluate
whether the proposed analytical approach can be successfully used to mea-
sure the long-term integrity of protective soil covers for uranium tailings
reclamation, Alternative designs will be compared, both from a standpoint
of overall integrity and construction difficulty, The covers will also be
evaluated using the critical shear stress approach to determine, based on a
given PMP, the minimum particle size necessary to protect the cover against
long-term degradation.
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Description of Calculation:

Site-specific data for the RRM, which includes tailings, contaminated soils, mill debris, and other
contaminated materials, and for the native cover materials were developed through thorough field
investigations and laboratory testing programs (Golder 2006a, Remedial Action Plan calculations
referenced herein). These site-specific data are presented in summary tables in Appendix B.

The Uranium Mill Tailings Remedial Action (UMTRA) checklist cover was evaluated. This consists of
an interim cover and a compacted-clay radon barrier.

The Nuclear Regulatory Commission (NRC) computer code RADON (NRC 1989a) was used to
calculate the optimum radon-barrier thickness, given the specific input parameters for two model runs
with different radium activities in the waste. The estimated radon release rate was also calculated for
the barrier thickness selected in the preferred design assuming that the radium activity would be
monitored as it is placed to ensure a radium activity of 707 pCi/g or less in the upper 7 feet of the waste.

Assumptions:

Tailings activity will be monitored as they are placed to ensure that no high activity material is placed in
the upper layers of the waste cell. The upper layer is assumed to have an activity of 707 pCi/g (the
mean of all the samples collected from the tailings pile) and the lower layer is assumed to have an
activity of 1,349 pCi/g (the mean of the samples collected from the slimes). It is anticipated that the
cover design will be re-evaluated during construction using actual as-placed source material activities
and properties to ensure the cover is optimized for as-built conditions.

The maximum tailings thickness will be 43 feet.

Bottom-boundary radon flux is equal to zero, as per the Technical Approach Document (TAD)
(DOE 1989).

Ambient air radon concentrations were assumed to equal the conservative default value of zero, no
local ambient air radon concentration data were available. Should these data become available prior to
construction, these measured values should be considered in evaluation of the final cover design.

The cell side slopes will be constructed of dikes made from clean fill to thicknesses far in excess of the
cover and with properties comparable to the cover material; therefore, radon flux through the side
slopes was not modelled.

Following UMTRA precedence, materials above the radon barrier (e.g., frost protection layers, riprap, or
rock muich erosion-protection layers) were not modelled. These overlying materials provide additional
radon attenuation. This conservative assumption enhances the reasonable assurance that the barrier
as designed will provide the requisite protection and long-term performance.

A clean-fill interim cover with a minimum thickness of 1 foot (ft) will be placed over the tailings as a best
management practice.
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The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007
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+ Physical properties of the cover materials are adequately represented by the characterization data.

e RADON model (NRC 1989a) default values for radon-emanation coefficient (0.35) are assumed
conservative and appropriate.

e Capillary breaks, drainage layers/biointrusion layers were assumed to have insignificant impact on
radon attenuation, given their large pore size and low long-term moisture content. Therefore, these
layers have conservatively been omitted from the RADON model runs.
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Design Inputs:

See following pages.

Software:

Title Developer Versions Revision Level

RADONC NRC 1.2
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Conclusions/Recommendations:

See following pages.

Reference:

See following pages.
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Problem Statement:

e Part 40 of the United States Code of Federal Regulations, section 192.02 (40 CFR 192.02) requires that
control of radioactive materials and their listed constituents shall be designed to provide reasonable
assurance that release of radon-222 from residual radioactive material (RRM) to the atmosphere will not
exceed an average of 20 picocuries per square meter per second (pCi/m?/sec), averaged over the entire
cover top slope.

» The cover of the Crescent Junction Disposal Cell must be sufficient to provide isolation of tailings and
control of radon emanation for the period of up to one thousand years, to the extent reasonably
achievable, and, in any case, for at least 200 years.

e This calculation establishes the dimensions and input parameters for design of the Crescent Junction
Disposal Cell radon barrier that will provide the requisite reasonable assurance of performance.

Method of Solution:

e Site-specific data for the RRM, which includes tailings, contaminated soils, mill debris, and other
contaminated materials, and for the native cover materials were developed through thorough field
investigations and laboratory testing programs (Golder 2006a, Remedial Action Plan calculations
referenced herein). These site-specific data are presented in summary tables in Appendix B.

e The Uranium Mill Tailings Remedial Action (UMTRA) checklist cover was evaluated. This consists of an
interim cover and a compacted-clay radon barrier.

e The Nuclear Regulatory Commission (NRC) computer code RADON (NRC 1989a) was used to calculate
the optimum radon-barrier thickness, given the specific input parameters for two model runs with different
radium activities in the waste. The estimated radon release rate was also calculated for the barrier
thickness selected in the preferred design assuming that the radium activity would be monitored as it is
placed to ensure a radium activity of 707 pCi/g or less in the upper 7 feet of the waste.

Assumptions:

e Tailings activity will be monitored as they are placed to ensure that no high activity material is placed in the
upper layers of the waste cell. The upper layer is assumed to have an activity of 707 pCi/g (the mean of
all the samples collected from the tailings pile) and the lower layer is assumed to have an activity of 1,349
pCi/g (the mean of the samples collected from the slimes). It is anticipated that the cover design will be
re-evaluated during construction using actual as-placed source material activities and properties to ensure
the cover is optimized for as-built conditions.

¢ The maximum tailings thickness will be 43 feet.

e Bottom-boundary radon flux is equal to zero, as per the Technical Approach Document (TAD)
(DOE 1989).

e Ambient air radon concentrations were assumed to equal the conservative default value of zero, no local
ambient air radon concentration data were available. Should these data become available prior to
construction, these measured values should be considered in evaluation of the final cover design.

e The cell side slopes will be constructed of dikes made from clean fil to thicknesses far in excess of the
cover and with properties comparable to the cover material; therefore, radon flux through the side slopes
was not modeled.
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¢ Following UMTRA precedence, materials above the radon barrier (e.g., frost protection layers, riprap, or
rock mulch erosion-protection layers) were not modeled. These overlying materials provide additional
radon attenuation. This conservative assumption enhances the reasonable assurance that the barrier as
designed will provide the requisite protection and long-term performance.

e A clean-fill interim cover with a minimum thickness of 1 foot (ft) will be placed over the tailings as a best
management practice.

e Pnhysical properties of the cover materials are adequately represented by the characterization data.

» RADON model (NRC 1989a) default values for radon-emanation coefficient (0.35) are assumed
conservative and appropriate.

e Capillary breaks, drainage layers/ biointrusion layers were assumed to have insignificant impact on radon
attenuation, given their large pore size and low long-term moisture content. Therefore, these layers have
conservatively been omitted from the RADON model runs.

Calculation:

¢ The mean value (xnmean) Of any parameter is calculated by the equation:

Xi
Xmean = Z——
n

where:  x = the i" value, and
n = the total number of values.

¢ The standard deviation (s) of a set of values is calculated by the equation:

\/ (xi - xmean )2
s = -_—
n—1

e Porosity (n) of a sample is calculated from the equation:

(dry _bulk _unit _weight)
(specific _ gravity) * (unit _ weight _of _ water)

where the unit weight of water is 62.4 pounds per cubic foot (pcf) (I g/cc)

 Radon (**Rn) Diffusion coefficients were calculated using equation 9 from Rogers and Nielson (1991) as
follows:

D = D,nexp(-6mn—6m"")

where: D = the calculated 2?Rn diffusion coefficient
D. = the #?Rn diffusion coefficient in air (1.10 x 10 m?%s)
1 = the porosity of the individual material
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m = moisture saturation fraction of the material

m=10'2—'0—w

np.,
where:  p =dry bulk density of the material
w = average term average moisture content of the material (dry weight %)
pw= 1 (density of water)

¢ The density of a sample in g/cc is converted to pef by multiplying the unit weight of water (62.4 pcf).

¢ The Rawls & Brakensiek equation referenced in the NRC Regulatory Guide 3.64 (NRC 1989b) can be
used to estimate the 15 bar moisture content (8) as a reasonable lower bound of long-term moisture
content. The equation is:

6 =0.026 +0.005z +0.0158y

where: z = percent clay in the soil
y = percent organic matter in the soil

For example, the calculated 15 bar moisture content of the alluvial site materials, which have a mean
clay content of 18.63 percent and a mean organic matter content of 0.28 percent is:

€ =0.026 +0.005 *18.23+ 0.0158 *0.28) = 0.075

The individual RADON model (NRC 1989a) output files, which include the input parameter values for each
model layer, are included in Appendix A. Appendix B provides additional calculations and data supporting
development of the input parameters.

Discussion;

The typical UMTRA-style cover consists of a compacted, native-clay radon barrier as shown in Figure 1. It
has been assumed as a best management practice that a 1-ft-thick interim cover of clean native materials will
be placed on the RRM to control wind transport of fine material and to provide for a relatively clean and
uniform work surface on which the radon barrier will be constructed.

The radon barrier layer has been fixed at four feet and the thickness of the top, lower activity, layer of tailings
has been determined to by the RADON model to limit the radon flux to 20 pCi/m?/sec under long-term
moisture content conditions. As with previous UMTRA Title | cover designs, the attenuation of radon by the
drainage layer or frost protection layers are not considered in these analyses, though these layers will further
reduce the radon flux rate at the Disposal Cell surface.

Clean fill enbankments made of native materials will be used around the perimeter of the new disposal cell
constructed with 5H:1V exterior side slopes and a minimum 30-ft-wide crest. Consequently, the tailings side
slope thicknesses will be far in excess of the cover requirements.
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1

0.5’ ROCK

3 O ’ FROST PROTECTION LAYER
' (ALLUVIAL AND EOLIAN SOILS, AND WEATHERED MANCOS SHALE)

0.5’ INFILTRATION AND BIOINTRUSION BARRIER (SANDY GRAVEL)

8.0

4.0’ RADON BARRIER
(WEATHERED MANCOS SHALE)

1.0° INTERIM COVER
(MIN. (RANDOM FILL)
RRM

(TAILINGS AND OTHER MATERIAL)

Figure 1. Proposed Waste Cell Cover
Model Runs

The current conceptual design of the UMTRA cover system consists of 1 ft of interim cover on the tailings
surface below the compacted-clay radon barrier consisting of clean, native materials placed as a best
management practice to control wind transport of fine material and to provide for a relatively clean, uniform
work surface upon which to construct the radon barrier. The model is used to optimize the layer thickness of
the compacted-clay radon barrier and to compute the release rate of radon through the barrier layer for a
specified design. Several model runs were performed to assess model sensitivity to certain variables as
described below.

e Model run UMTRA 1a uses the mean radium activity of all samples collected from the tailings (707 pCi/g)
for the activity of the waste and optimizes the barrier layer thickness.

e Model run UMTRA 1b uses the volume weighted mean value of the radium activity of the four material
types (565 pCi/g) for the activity of the waste and optimizes the barrier layer thickness.

e Model run UMTRA 1c uses the mean radium activity of all samples (707 pCi/g) for the radium activity of the
top 7 feet of the tailings and the mean activity of the slimes (1349.3 pCi/g) for the radium activity of the 36
feet of tailings below the upper layer. The barrier layer thickness is specified as 4 feet and the release rate
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of radon through the barrier layer is computed. This configuration assumes that the radium activity of the
waste will be monitored as it is placed and no waste with an activity more than 707 pCi/g will be placed in
the upper 7 feet.

Description of Model and Input Values

Radon emanation calculations from a multilayered cover system were made with the RADON model, a one-
dimensional model that calculates radon flux from decay of a radium-226 (Ra-226) source (such as the
tailings). The key input parameters to the model include:

e layer thickness.

e Porosity.

e Mass density.

o Ra-226 activity concentration.
* Emanation coefficient.

e  Weight percent moisture.

e Coefficient of radon diffusion.

Only those material layers including the radon barrier and below are modeled. This ensures that the radon
barrier alone can meet the long-term average radon flux requirement of 20 pCi/m?%/s, without the additional
attenuation provided by overlying layers such as freeze/thaw protection layers or rock mulch layers. The input
parameters and values used in the model are outlined below. Table 1 summarizes the individual input
parameters used for all of the models run and their bases and the results of the model runs. Appendix A
presents the RADON model output files. Appendix B presents all raw data used in developing the model input
parameters.

Layer Thickness

The layers and material sequences for the UMTRA cover are illustrated in
Figure 1. Therefore, radon flux through the side slopes was not modeled. For all model runs, a total tailings
thickness of 43 feet (1310.6 cm) is used. This is the maximum anticipated tailings thickness in the waste cell.

The UMTRA cover design evaluated for radon flux consists of an a 1-ft-thick interim cover constructed of
clean native alluvium and a compacted clay radon barrier constructed from conditioned on-site weathered
Mancos Shale. The overlying sand drainage/biointrusion layer, frost protection layer and rock mulch erosion
protection layer are not considered in the base-line modeling consistent with the historic UMTRA design
approach.
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Porosity (n)

The porosity of the layer materials have been calculated based on the dry density and the specific gravity of
the specific materials according to the equation identified in the previous section.

The porosity of the tailings was modeled as 0.44, given a mean specific gravity of 2.8 for the tailings based
on the data in the “Geotechnical Laboratory Testing Results for the Moab Processing Site” calculation (RAP
Attachment 5, Vol. I, Appendix J), and a designed placement density of 1.57 g/cc (98 pcf).

The porosity of the interim cover and the monolithic layer of the alternative cover, to be developed from the
alluvial silty sands and sheetwash deposits overlying the in-situ weathered Mancos Shale, was modeled as
0.38, given a mean specific gravity of 2.65—based on nine samples presented in the “Geotechnical
Properties of Native Materials” calculation (RAP Attachment 5, Vol. I, Appendix E) and Appendix B—and a
designed placement density of 1.66 g/cc (103 pcf). These two layers will be constructed of the same on-site
materials from the Crescent Junction Site and will be placed in the same conditions. The porosity of the
frost protection layer was modeled assuming the same conditions as the interim cover material.

The porosity of the compacted Mancos Shale was modeled as 0.33, given a mean specific gravity for the
Mancos Shale of 2.65—based on the data in the “Geotechnical Properties of Native Materials” calculation
(RAP Attachment 5, Vol. I, Appendix E) and Appendix B—and a designed placement density of 1.77 g/cc
(111 pcf).

Mass Density

The dry density of the tailings as placed has been modeled as 1.57 g/cc (98 pcf), which is 90 percent of the
mean standard Proctor maximum dry density of transition tailings materials as reported in the Draft Tech
Memo by Golder Associates (2006b).

The density of the interim cover materials and the alternative cover monalithic layer, as placed, has been
modeled as 1.66 g/cc (103 pcf), which is 85 percent of the mean modified Proctor dry density value

(121.8 pcf) for these materials as developed in the “Geotechnical Properties of Native Materials” calculation
(RAP Attachment 5, Vol. |, Appendix E). The density of the frost protection layer has been modeled as the
same as the interim cover materials. Because these materials will be installed using more energy and in a
different manner than the native in-situ alluvial materials, it is anticipated that the frost protection layer will
have long-term density more representative of the as-placed conditions than the native in-situ material
conditions.

The density of the compacted clay materials and the UMTRA-style cover, as placed, has been modeled as
1.77 g/cc (111 pef), which is 90 percent of the mean modified Proctor dry density value (123 pcf) for these
materials, as developed in the “Geotechnical Properties of Native Materials” calculation (RAP Attachment 5,
Vol. |, Appendix E).

Radium Activity Concentration

The Ra-226 activity concentration values used in the model for each specific material are outlined below.

Tailings

Radium-226 concentrations for the tailings pile materials were assessed based on 94 samples of tailings
sands, slimes, transitional tailings and other contaminated materials. Radium-226 analyses were performed
by gamma spectroscopy from these locations. The estimated volumes of tailings material are provided in the
“Volume Calculation for the Moab Tailings Pile,” calculation (RAP Attachment 1, Appendix I). The mean
value of all the Ra-226 activity data for the contaminated materials is 707 picocuries per gram (pCi/g), with
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values ranging from 2 to 2,195 pCi/g, as developed in the “Average Radium-226 Concentrations for the
Moab Tailings Pile,” calculation (RAP Attachment 1, Appendix K) (see also Appendix B of this calculation).

The current conceptual plan for tailings removal and placement would entail a significant amount of
blending of the four materials from which samples were collected. Since the volumes of the four types of
materials are not equal and the number of samples from each material is not proportional to its volume a
volume weighted mean radium activity of 565 pCi/g has been computed to represent the activity of the
blended materials.

It is highly likely that lower-activity contaminated sub-pile soils and contaminated soils from the mill site and
cleanup of peripheral and vicinity properties will be placed above the higher activity tailings, which will serve
to further reduce Ra-226 activity at the base of the cover. To test the effect of this approach a simulation
was performed using two layers for the tailings in the disposal cell. The upper layer is assumed to have an
activity of 707 pCi/g (the mean of all the samples collected from the tailings pile) and the lower layer is
assumed to have an activity of 1,349 pCi/g (the mean of the samples collected from the slimes). The
thickness of the upper layer necessary to achieve a release of 20 pCi/m?/sec or less from the top of the
radon barrier will be determined. The tailings source term activity, as well as the actual cover materials
properties site, should be reevaluated once delivered to ensure that the cover design is optimized for the
actual as-built conditions of the cell contents.

Interim Cover

The Ra-226 activity of the alluvial materials to be used for the interim cover, alternative cover, and the
clean-fill perimeter dikes is based on five samples of native materials collected from the Crescent Junction
Site as developed in the “Geotechnical Properties of Native Materials” calculation (RAP Attachment 5,

Vol. |, Appendix E) (see also Appendix B of this calculation). Samples were collected from alluvial materials
and weathered Mancos Shale with depths ranging from 4 to 22 ft below the surface. The Ra-226 activity of
the alluvial material ranged from 1.4 to 2.3 pCi/g, with a mean value of 1.9 pCi/g.

Compacted Clay Layer

The Ra-226 activity value for the compacted clay layer is based on two samples of Mancos Shale collected
from the Crescent Junction Site that will be used to construct the compacted-clay radon barrier and clean-

fill perimeter dikes (see Appendix B). Samples were collected from weathered Mancos Shale samples with
depths of approximately 20 to 22 ft below the surface. The Ra-226 activity of the weathered Mancos Shale
ranged from 1.6 to 3.0 pCi/g, with a mean value of 2.3 pCi/g.

Radon Emanation Coefficient

A radon-emanation coefficient of 0.35 was used for all of the tailings, random fill, and cover materials. This
is the conservative default value used in the RADON model.

Long-Term Weight Percent Moisture

The mean weight percent moisture of the tailings has been modeled as 15 percent, which is in the typical
range for tailings and is below that value used for the modeling of the Grand Junction UMTRA Site

(18 percent). Sensitivity analyses for the influence of long-term tailings moisture content were used to
evaluate the influence of this parameter on predicted radon barrier thicknesses. Values of 10 percent
moisture content and 20 percent moisture content were modeled. The resuits of the sensitivity analyses are
discussed in the “Conclusion and Recommendations” section.

The mean long-term gravimetric moisture content of the interim cover is modeled as 9 percent. This value
is based on the mean of 20 measured 15 bar tests as determined by ASTM Method D3152 and presented
in the “Supplemental Geotechnical Properties of Native Materials” calculation (Attachment 5, Vol. |,
Appendix K). This mean measured value was evaluated for reasonableness using the Rawls and
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Brakensiek equation as presented in the NRC Regulatory Guide 3.64 (NRC 1989b). The Rawls and
Brakensiek equation is a simplified empirical relationship based on the correlation of measured 15-bar
moisture contents to the percent clay and organic matter in a range of soils. However, this relationship is
not considered as reliable as the site-specific test data, and is considered as confirmatory information only.
The calculated value, using the mean percent clay of eight alluvial samples and the percent organic matter
of six alluvial samples, is 7.5 percent, which agrees well with the measured value of site-specific soils, or

9 percent. These data and calculations are summarized in Appendix B.

The mean long-term moisture content of the compacted clay derived from the on-site weathered Mancos
Shale is modeled as 12 percent. This value is based on the mean of 12 measured 15 bar moisture content
(12.1 percent) as determined by ASTM Method D3152 and presented in “Supplemental Geotechnical
Properties of Native Materials” calculation (Attachment 5, Vol. |, Appendix K). This mean measured value
was also evaluated for reasonableness using the Rawls and Brakensiek equation as presented in the NRC
Regulatory Guide 3.64 (NRC 1989b). The calculated value is 12.4 percent, which agrees well with the
measured value of site-specific soils, or 9 percent. These data and calculations are summarized in
Appendix B.

In-situ moisture content for weathered Mancos was not included in the calculation of the mean, as in-situ
moisture contents are not representative of remolded weathered Mancos. Long-term moisture content of
the remolded weathered Mancos are better represented by the calculated and measured 15 bar moisture
content test values due to the significantly different fabric the material will have as placed in the cell cover.

Radon-Diffusion Coefficient

The radon-diffusion coefficient used in the RADON model can either be calculated within the model (based
on an empirical relationship with degree of saturation and porosity) or input directly into the model using
values measured from laboratory testing. However, the radon diffusion equations in the 1989 version of
RADON are not consistent with the later equations based on a much larger set of data correlating radon
diffusion with soil cover materials. Therefore, the model was modified to compute coefficients based on
equation 9 from Rogers and Nielson (1991. The diffusion coefficients are presented in Table 1.

Radon in Ambient Air

The ambient air radon concentrations above the radon-barrier layer are assumed to be zero (0) in absence
of site-specific data.

Conclusions

e Based on the model runs developed in this evaluation, the UMTRA checklist cover is capable of
meeting the reqwsne reasonable assurance of providing long-term control of radon flux to the specific
average of 20 pCi/m?/sec.

e Asshown in Table 1, the compacted-clay radon barrier of the UMTRA checklist- tyzpe cover under the
modeled conditions may be a minimum of 3.9 ft for a radium activity of 707 pCi/m“/sec and 3.6 ft for a
radium activity of 565 pCi/m?/sec.

e The predlcted Radon flux through a 4 ft thick Radon barrier with a two layer waste configuration is
19.9 pCi/m /sec This simulation assumes a lower tailings layer 36 feet thick with a rad|um activity of
1349.3 pCi/m%sec and an upper layer 7 feet thick with a radium activity of 707 pCi/m?%/sec. This result
implies that waste of higher radium activity may be placed in the lower portion of the waste cell
providing that the waste is monitored as it is placed to ensure that the top seven feet of waste has a
radium activity of 707 pCi/g or less. This is a very conservative approach as, with a total maximum
thickness of waste of 43 feet and an upper layer thickness of 7 feet, the average radium activity
modeled is 1245 pCi/g. N
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Computer Source:

See NRC 19893, below.
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RADON Model Output Files
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P:\UMTRA_1A.out
_____ *%kkkk | RADON | *****

Version 1.2 - Feb. 2, 1989 - G.F. Birchard tel.# (301)492-7000
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS

ARE CALCULATED FOR MULTIPLE LAYERS

Mean Radium Activity: 707

CONSTANTS

RADON DECAY CONSTANT
RADON WATER/AIR PARTITION COEFFICIENT
SPECIFIC GRAVITY OF COVER & TAILINGS

GENERAL INPUT PARAMETERS

LAYERS OF COVER AND TAILINGS
DESIRED RADON FLUX LIMIT

NO. OF THE LAYER TO BE OPTIMIZED
DEFAULT SURFACE RADON CONCENTRATION
RADON FLUX INTO LAYER 1

SURFACE FLUX PRECISION

LAYER INPUT PARAMETERS

LAYER 1

THICKNESS

POROSITY

MEASURED MASS DENSITY

MEASURED RADIUM ACTIVITY

MEASURED EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE

MOISTURE SATURATION FRACTION
MEASURED DIFFUSION COEFFICIENT

LAYER 2

THICKNESS

POROSITY

MEASURED MASS DENSITY

MEASURED RADIUM ACTIVITY

MEASURED EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE

MOISTURE SATURATION FRACTION
MEASURED DIFFUSION COEFFICIENT
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Calculation Number:__ C-05

(Ref. FOWI 116 Design Calculations) Page 20 of 35
LAYER 3
THICKNESS 10 cm
POROSITY .33
MEASURED MASS DENSITY 1.77 g cm™-3
MEASURED RADIUM ACTIVITY 2.3 pCi/g~-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 9.067D-06 pCi cm”~-3 s~-1
WEIGHT % MOISTURE 12 %
MOISTURE SATURATION FRACTION .644
MEASURED DIFFUSION COEFFICIENT .004636 cm”2 s~-1

DATA SENT TO THE FILE “RNDATA'

N FO1 CN1 ICOST

3 0.000D+00 0.000D+00 3
LAYER DX D P

1 1.311D+03 1.037D-02 4.400D-01

2 3.048D+01 1.636D-02 3.800D-01

3 1.000D+01 4.636D-03 3.300D-01

BARE SOURCE FLUX FROM LAYER 1:

5.733D+02 pCi m™-2

CRITJ ACC
2.000D+01 1.000D-03
0 XMS RHO
1.854D-03 5.352D-01 1.570
6.100D-06 3.932D-01 1.660
9.067D-06 6.436D-01 1.770
s™-1

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cm) (pCi m*-2 s”-1) (pCi 17-1)

1 1.311D+03 2.492D+02 4.990D+05

2 3.048D+01 1.196D+02 4.963D+05

3 1.197D+02 1.999D+01 0.000D+00
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P:\UMTRA_1B.out
_____ kkkkk] RADON | ***%k_____

Version 1.2 - Feb. 2, 1989 - G.F. Birchard tel.# (301)492-7000
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS

ARE CALCULATED FOR MULTIPLE LAYERS

Weighted mean activity: 565

CONSTANTS
RADON DECAY CONSTANT .0000021 s*-1
RADON WATER/AIR PARTITION COEFFICIENT .26
SPECIFIC GRAVITY OF COVER & TAILINGS 2.65
GENERAL INPUT PARAMETERS
LAYERS OF COVER AND TAILINGS 3
DESIRED RADON FLUX LIMIT 20 pCi m™-2 s”-1
NO. OF THE LAYER TO BE OPTIMIZED 3
DEFAULT SURFACE RADON CONCENTRATION 0 pCi 1~-1
RADON FLUX INTO LAYER 1 0 pCi m*-2 s~-1
SURFACE FLUX PRECISION .001 pCi m*-2 g~-1
LAYER INPUT PARAMETERS
LAYER 1
THICKNESS 1310.6 cm
POROSITY .44
MEASURED MASS DENSITY 1.57 g cm™-3
MEASURED RADIUM ACTIVITY 565 pCi/gn-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 1.482D-03 pCi em™~-3 s”-1
WEIGHT % MOISTURE 15 %
MOISTURE SATURATION FRACTION .535
MEASURED DIFFUSION COEFFICIENT .01037 cm™2 s™-1
LAYER 2
THICKNESS 30.48 cm
POROSITY .38
MEASURED MASS DENSITY 1.66 g cm™-3
MEASURED RADIUM ACTIVITY 1.9 pCi/g~-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 6.100D-06 pCi cm™-3 s”-1
WEIGHT % MOISTURE 9 %
MOISTURE SATURATION FRACTION .393
MEASURED DIFFUSION COEFFICIENT .016358 cm™2 s™-1
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LAYER 3
THICKNESS 10 cm
POROSITY .33
MEASURED MASS DENSITY 1.77 g cm~-3
MEASURED RADIUM ACTIVITY 2.3 pCi/gn-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 9.067D-06 pCi cm”~-3 s*-1
WEIGHT % MOISTURE 12 %
MOISTURE SATURATION FRACTION . 644
MEASURED DIFFUSION COEFFICIENT .004636 cm~2 s”-1

DATA SENT TO THE FILE “RNDATA'

N FO1 CN1 ICOST CRITJ ACC
3 0.000D+00 0.000D+00 3 2.000D+01 1.000D-03

LAYER DX D P o] XMS RHO
1 1.311D+03 1.037D-02 4.400D-01 1.482D-03 5.352D-01 1.570
2 3.048D+01 1.636D-02 3.800D-01 6.100D-06 3.932D-01 1.660
3 1.000D+01 4.636D-03 3.300D-01 9.067D-06 6.436D-01 1.770

BARE SOURCE FLUX FROM LAYER 1: 4.582D+02 pCi m™-2 s"-1

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cm) (pCi m™~-2 s~-1) (pCi 1~-1)

1 1.311D+03 1.993D+02 3.985D+05

2 3.048D+01 9.598D+01 3.962D+05

3 1.092D+02 1.998D+01 0.000D+00
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P:\UMTRA_1C.out
_____ *%kkk*] RADON ! *****—____

Version 1.2 - Feb. 2, 1989 - G.F. Birchard tel.# (301)492-7000
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS

ARE CALCULATED FOR MULTIPLE LAYERS

Two layer tailings with activities of 1349.3 and 707

CONSTANTS
RADON DECAY CONSTANT .0000021 s™-1
RADON WATER/AIR PARTITION COEFFICIENT .26
SPECIFIC GRAVITY OF COVER & TAILINGS 2.65
GENERAL INPUT PARAMETERS
LAYERS OF COVER AND TAILINGS 4
NO LIMIT ON RADON FLUX
LAYER THICKNESS NOT OPTIMIZED
DEFAULT SURFACE RADON CONCENTRATION 0 pCi 1~-1
RADON FLUX INTO LAYER 1 0 pCi m™-2 s~-1
SURFACE FLUX PRECISION .001 pCi m*-2 s~-1
LAYER INPUT PARAMETERS
LAYER 1
THICKNESS 1097.3 cm
POROSITY .44
MEASURED MASS DENSITY 1.57 g cm"-3
MEASURED RADIUM ACTIVITY 1349.3 pCi/gn-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 3.539D-03 pCi cm™-3 s~-1
WEIGHT % MOISTURE 15 %
MOISTURE SATURATION FRACTION .535
MEASURED DIFFUSION COEFFICIENT .01037 cm™2 s™-1
LAYER 2
THICKNESS 213.4 cm
POROSITY .44
MEASURED MASS DENSITY 1.57 g cm”™-3
MEASURED RADIUM ACTIVITY 707 pCi/g~-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 1.854D-03 pCi cm™-3 s™-1
WEIGHT % MOISTURE 15 %
MOISTURE SATURATION FRACTION .535
MEASURED DIFFUSION COEFFICIENT .01037 cm™2 s™-1
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LAYER 3
THICKNESS 30.48 cm
POROSITY .38
MEASURED MASS DENSITY 1.66 g cm"-3
MEASURED RADIUM ACTIVITY 1.9 pCi/gn-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 6.100D-06 pCi cm™-3 s~-1
WEIGHT % MOISTURE 9 %
MOISTURE SATURATION FRACTION .393
MEASURED DIFFUSION COEFFICIENT .016358 cm”2 s~-1
LAYER 4
THICKNESS 121.9 cm
POROSITY .33
MEASURED MASS DENSITY 1.77 g cm™-3
MEASURED RADIUM ACTIVITY 2.3 pCi/g~-1
MEASURED EMANATION COEFFICIENT .35
CALCULATED SOURCE TERM CONCENTRATION 9.067D-06 pCi em~-3 s~-1
WEIGHT % MOISTURE 12 %
MOISTURE SATURATION FRACTION .644
MEASURED DIFFUSION COEFFICIENT .004636 cm™2 s™-1
DATA SENT TO THE FILE “RNDATA'
N FO1 CN1 ICOST CRITJ ACC
4 0.000D+00 0.000D+00 0 0.000D+00 1.000D-03
LAYER DX D P o] XMS RHO
1 1.097D+03 1.037D-02 4.400D-01 3.539D-03 5.352D-01 1.570
2 2.134D+02 1.037D-02 4.400D-01 1.854D-03 5.352D-01 1.570
3 3.048D+01 1.636D-02 3.800D-01 6.100D-06 3.932D-01 1.660
4 1.219D+02 4.636D-03 3.300D-01 9.067D-06 6.436D-01 1.770

BARE SOURCE FLUX FROM LAYER 1: 1.094D+03 pCi m"-2 s~-1

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cm) (pCi m™~-2 s~-1) (pCi 1~-1)

1 1.097D+03 2.723D+02 1.266D+06

2 2.134D+02 2.601D+02 5.208D+05

3 3.048D+01 1.248D+02 5.181D+05

4 1.219D+02 1.993D+01 0.000D+00
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Table B—1. Moab Project, Crescent Junction Native Materials Index Test Results Summary

Geotechnical Testing Data from the “Geotechnical Properties of Native Materials” Calculation (RAP Attachment 5, Vol. I, Appendix E)

Test Natural D Liquid . .| Passin - Cmax Cmax Wopt Sieve Hydrometer % Double
Sample | No. Field Description Depth | Moisture Denrs‘.,ity L?mit IPn' ::::((:% No. 203 %’::?"Iftt (yrz:':::;’ (:’nr%gltfcl::;’ (rr%:ltf:;j o % % 9% % | Organic | Hydro- ?paé?;‘;?
(ft) (%) (pcf) (%) (%) Gravel | Sand | Fines silt clay Matter meter
(pcf) (g/cc) (%)
BH 031 | Clay, sandy, silty L/SC) 12 8.2 96.0 24 4 50
BH 007 | Clay, silty sandy (CL) 7 4.9 23 8 94
BH 007 | Clay, silty sandy (CL) 10.5 4.5 100.0 21 9 62
BH 045 | Clay, silty sandy (CL) 1.5 4.6 84.0 19 7 57
BH 005 | Clay, silty sandy (CL) 2 4.2 91.0 21 4 69
BH 011 | Clay, silty sandy (CL) 2 6.1 83.0 22 9 78
BH 064 | Clay, silty, sandy (CL) 2 12.4 95.0 34 5 74
BH 068 | Clay, silty, sandy (CL) 2 4.2 94.0 21 6 36
BH 092 | Clay, silty, sandy (CL) 2 5.7 87.0 22 9 63
BH 013 | Clay, silty sandy (CL) 2.5 5.8 89.0 24 9 70
BH 080 | Clay, silty, sandy (CL) 3 2.8 95.0 19 5 53
BH 023 | Clay, silty sandy (CL) 3.5 6.0 25 8 72
BH 043 | Clay, silty, sandy (CL) 3.5 6.1 90.0 25 8 53
BH 051 | Clay, silty, sandy (CL) 3.5 3.8 85.0 20 6 57
BH 066 | Clay, silty, sandy (CL) 3.5 4.7 90.0 21 5 53
BH 100 { Clay, silty sandy (CL) 4 8.0 25 5 69
BH 009 | Clay, silty sandy (CL) 4 6.6 83.0 24 9 74
BH 062 | Clay, silty, sandy (CL) 4 7.6 103.0 29 10 69
BH 094 | Clay, silty, sandy (CL) 4 12.2 89.0 31 10 61
BH 031 | Clay, silty, sandy (CL) 5.5 7.0 87.0 25 9 85
BH 025 | Clay, silty, sandy (CL) 6 4.9 89.0 24 9 59
BH 007 | Clay, silty sandy (CL) 6.5 6.5 23 5
BH 045 | Clay, silty, sandy (CL) 6.5 8.6 98.0 32 9 78
BH 049 | Clay, silty, sandy (CL) 6.5 6.0 83.0 20 6 62
BH 029 | Clay, silty, sandy (CL) 7 13.4 77.0 23 6 77
BH 078 | Clay, silty, sandy (CL) 7 57 85.0 23 7 70
BH 080 | Clay, silty, sandy (CL) 7 6.0 89.0 24 7 65
BH 095 | Clay, silty, sandy (CL) 7 6.5 85.0 23 7 46
BH 049 | Clay, silty, sandy (CL) 12 5.4 102.0 19 5 80
BH 082 | Clay, silty, sandy (CL) 12 4.7 91.0 21 8 79
BH 025 | Clay, silty sandy (CL) 16.5 7.3 106.0 21 6 66
BH 027 | Clay, silty, sandy (CL) 16.5 8.4 108.0 24 11 87
BH 094 | Clay, silty, sandy (CL) 17 7.1 102.0 20 5 37
TP 153 | Clay, silty, sandy (CL) 3.5 5.7 23 5 72 2.68 120.5 1.93 12.5 0 27 73 60 13
TP 154 | Clay, silty, sandy (CL) 4 7.6 22 4 83 123.0 1.97 12.0 0 16 84 62 22 0.5 79 2.3
TP 151 | Clay, silty, sandy (CL) 4.5 5.6 24 5 66 118.5 1.90 13.0 4 30 66
TP 152 | Clay, silty, sandy (CL) 7.5 4.3 26 9 74 2.64 121.0 1.94 13.5 0 25 75 59 16 1.9
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Test Natural D Liquid - Passin ces D"‘;"E D’"_“’f Wopt Sieve Hydrometer % Double
Sample | No. Field Description Depth | Moisture Denr:ity L?m it IPnI ::;"z% No. 203 %przf"lft';: (I';nrziltfc:‘:;’ (Iﬁnr‘::cj:ltfcl:;’ (yrziltfcl)er;’ % o % o % | Organic | Hydro- ?;:6?,29(;
(ft) (%) (pcf) (%) (%) Gravel | Sand | Fines silt clay Matter meter
(pcf) (glce) (%)
TP 154 | Clay, silty, sandy (CL) 12 2.7 20 3 63 2.65 122.5 1.96 12.0 0 33 67 40 27 0.2 62 1.6
TP 156 | Clay, silty, sandy (CL) 12 2.7 19 2 64 2.64 124.5 1.99 11.0 0 35 65 39 26 0.1 83 2.1
TP 152 | Clay, silty, sandy (CL) 15 2.9 21 3 84 2.63 128.0 2.05 10.5 49 22 29 15 14 0.2 1.4
TP 156 | Clay, silty, sandy (CL) 4-5 7.2 7 69 2.82 120.0 1.92 11.5 1 29 70 54 16 61
TP liner 156 | Eolian 12.25 7.9 88.0 0 0 50
TP liner 154 | Eolian 13 5.7 82.0 20 2 69
TP 156 | Fluvial/eolian 15 0.2
BH 027 | Sand, clayey, silty (SC) 4 5.9 24 3 44
BH 099 | Sand, clayey, silty (C/SM) 2.5 4.8 87.0 18 3 47
BH 011 | Sand, silty gravelly 11.5 2.6 21 4 19
BH 013 | Sandy silt 7 8.3 113.4 0 0 43
TP 155 | Sheetwash 4 0.4
TP liner 156 [ Sheetwash 3.5 9.5 89.0 0 0 79
TP liner 154 | Sheetwash 4 9.5 81.0 22 5 81
TP liner 156 | Sheetwash 7.25 6.0 91.0 63 . 0.3
TP 153 | Silt, sandy, clayey (ML) 8.5 4.4 0 0 67 2.65 118.0 1.89 11.0 1 32 67 52 15
BH 064 | Weathered shale 3.5 10.0 109.0 31 19 86
BH 043 [ Weathered shale 6 5.0 93.0 24 16 47
BH 009 | Weathered shale 6.5 6.6 107.2 28 9 84
BH 066 | Weathered shale 7 12.3 112.0 31 10 30
BH 079 | Weathered shale 10.5 4.4 25 10 78
BH 033 | Weathered shale 10.75 6.7 117.0 34 18 82
BH 005 | Weathered shale 11 6.0 118.0 25 10 79
BH 090 | Weathered shale 12 8.2 99.0 22 5 55
BH 092 | Weathered shale 12 77 71.0 26 6 71
BH 026 | Weathered shale 155 57 24 10 71
BH 011 | Weathered shale 16 7.9 119.4 37 20 96
BH 082 | Weathered shale 17 71 118.0 34 14 93
BH 094 | Weathered shale 215 6.8 112.0 21 4 33
BH 029 | weathered shale 27 6.4 81.0 29 10 81
P 154 | weathered shale 20 5.5 38 20 95 2.73 120.5 1.93 13.0 0 5 95 55 40 62 1.6
P 156 | Weathered shale 22 25 7 84 2.56 127.5 2.04 11.0 2 14 84 53 31 0.4 86 3.0
P 152 | Weathered shale 23 5.5 33 12 97 121.0 1.94 12.0 0 3 97 55 42
Weathered Mancos
Shale Max 12.3 119.4 38.0 20.0 97.0 2.73 127.5 2.04 13.0 2.0 14.0 97.0 55.0 42.0 0.4 86.0 3.0
Min 44 71.0 21.0 4.0 33.0 2.56 120.5 1.93 11.0 0.0 3.0 84.0 53.0 31.0 0.4 62.0 1.6
Mean 7.0 104.7 28.6 11.8 77.8 2.65 123.0 1.97 12.0 0.7 7.3 92.0 54.3 37.7 0.4 74.0 2.3
Median 6.7 110.5 28.0 10.0 82.0 2.65 121.0 1.94 12.0 0.0 5.0 95.0 55.0 40.0 0.4 74.0 2.3
count 16 12 17 17 17 2 3 3 3 3 3 3 3 3 1 2 2
Alluvium Max 13.4 113.4 34.0 11.0 94.0 2.82 128.0 2.05 13.5 49.0 | 35.0 840 | 620]| 27.0 0.5 83.0 2.3
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F— : ] O w Sieve Hydrometer o
Test Natural Dry Liquid - Passing - max max opt % Double ;
Sample | No. | Field Description Depth | Moisture | Density | Limit IPnl ::;“(:g‘; No. 200 SG'::“:,'ift'c (g"°d'tf'ed (gﬂOdltfled (:‘Ilodltfled % o % % % | Organic | Hydro- I(’:,acflzg()i
() (%) (pcf) (%) ) (%) v roctor) | Proctor) | Proctor) | o 0| sand | Fines | sit | clay | Matter | meter
(pef) (g/cc) (%)
(All Data w/out
Weath. Mancos Shale) Min 2.6 77.0 0.0 0.0 19.0 2.63 118.0 1.89 10.5 00] 160]| 29.0| 150 13.0 0.1 61.0 1.4
Mean 6.3 91.3 21.1 5.8 64.8 2.67 121.8 1.95 11.9 6.1 | 277 66.2 | 47.6 18.6 0.3 71.3 1.9
Median 6.0 89.0 22.0 6.0 66.5 2.65 121.0 1.94 12.0 0.0 29.0 67.0 | 53.0 16.0 0.2 70.5 1.9
Count 51 36 49 50 50 7 9 9 9 9 9 9 8 8 7 4 5
liner = Brass Liner samples collected in pit side walls
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Table B-2. Radon Barrier Design, RAECOM Model Runs, Summary of Key Parameters

Materials

Calculated Diffusion Coefficient

Cover Layer (cm?/s)
Tailings (both cover designs) 0.010370
Interim Cover (both cover
designs) 0.016358
UMTRA Cover Radon Barrier 0.004636

Note:
NA = Not applicable

. No. of Mean Specific No. of Mean Dry Density .
Porosity f (G,) Samples Gravity (Gs) Samples (g/cc) Porosity

Alluvium 7 2.67 9 1.66 0.38
Alluvium (in-situ) 7 2.67 36 1.46 0.45
Weathered
Mancos 2 2.65 3 1.77 0.33
Tailings 5 2.8 5 1.57 0.44

Long-term Gravimetric No. of In Rawls & No. of ASTM D3151 Used

Moisture Content (%) Samples [ Situ Brakensiek® Samples 15 bar tests

Avg Avg

Alluvium 51 6.3 7.5 20 9.0 91
Weathered Mancos 16 7.0 12.4 12 121 12
Tailings NA NA Not Available | Not Available | Not Available 15

Ra-226 Activity (pCi/g) No. of Samples Volume Weighted Mean
Alluvium 5 1.9
Weathered Mancos 2 2.3
Tailings & Contaminated 94 565 (UCL = 655.5)

Mean Dry density as placed for alluvium = 856% of Maximum Dry Density from Modified Proctor Density Tests
Mean Dry density as placed for weathered Mancos = 90% of Maximum Dry Density from Modified Proctor Density Tests

Mean Dry density as placed for tailings = 90% of Maximum Dry Density from Standard Proctor Density Tests

Porosity (n) is calculated form Gs and Dry density by n = 1 - Dry density/(Gs x Unit weight of water)

Mean values developed from raw data presented in Table 1

Unit weight of water is = 1 g/cc

' Long-term moisture content of Alluvium based on 20 ASTM D5131 15 Bar moisture tests, calculated vaiue using Rawls & Brakensiek Equation
gn NRC 1989b) is approximately 1 standard deviation from the mean test value ands is considered confirmatory of the mean value.

In-situ moisture content for weathered Mancos is not included in the calculation of the mean long-term moisture as in-situ moisture
contents are not representative of remolded weathered Mancos. Remolded weathered Mancos long-term moisture contents are better
represented by the calculated and 15 bar test values due to the significantly different fabric of the material as placed in the cell cover.

Rawls & Brakensiek equation (in NRC 1989b) based on mean values for each material type
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Table B-3. Moab Project, Crescent Junction Disposal Cell Tailings and Other Contaminated Materials Ra-226

No. of Ra-226 | \\oierial No. of Ra-226 | \poserial
Samples Sample | Depth Actlylty Type Samples Sample | Depth Actlylty Type
(pCi/g) (pCi/g)
Transitional Tailings Slimes
1 BH-701 0-20 400.9 trans 1 PB-2 34-36 782 slime
2 BH-701 20-40 480.8 trans 2 PB-2 54-56 2070 slime
3 BH-703 0-20 457.6 trans 3 437 40.75-41 2194.9 slime
4 BH-703 20-40 610.1 trans 4 438 72.75-73 1891.7 slime
5 BH-705 20-40 616.9 trans 5 439 82-82.25 21575 slime
6 BH-709 20-40 546.6 trans 6 AR-10 75-86 588.8 slime
7 BH-713 | 20-36.5 631.1 trans 7 BH-700 30-60 466.5 slime
8 BH-715 20-40 278.9 trans 8 BH-701 40-60 758.9 slime
9 BH-718 0-20 717.8 trans 9 BH-701 60-80 1215.8 slime
10 BH-718 20-40 917.3 trans 10 BH-703 40-60 1396.3 slime
11 BH-719 0-20 3574 trans 11 BH-703 65-73 1333 slime
12 PB-1 39-41 335 trans 12 BH-705 40-60 1232.8 slime
13 PB-1 44-46 464 trans 13 BH-709 40-60 1195.3 slime
14 PB-1 49-51 566 trans 14 BH-709 60-65 1205.8 slime
15 PB-1 64-66 418 trans 15 BH-715 0-20 1000.5 slime
16 PB-1 74-76 605 trans 16 BH-715 40-60 1225.9 slime
17 PB-1 76-81 220 trans 17 BH-715 60+ 1518.6 slime
18 PB-1 81-83 201 trans 18 BH-718 40-43 1601.7 slime
19 PB-2 9-11 803 trans 19 BH-719 20-40 1117.7 slime
20 PB-2 29-31 192 trans 20 BH-719 40-51.5 1669.7 slime
21 PB-2 39-41 325 trans 21 PB-1 59-61 236 slime
22 PB-2 49-51 816 trans 22 PB-1 69-71 748 slime
23 PB-2 59-61 781 trans 23 PB-1 83-85 1600 slime
24 PB-2 61-66 711 trans 24 PB-1 85-87 2040 slime
25 PB-2 69-71 614 trans 25 PB-1 87-89 1640 slime
26 AR-4S 20-21 530.6 unconsol 26 PB-1 89-91 1690 slime
27 AR-8 21-22 594.8 unconsol 27 PB-2 44-46 1740 slime
28 AR-8 25-35 639.9 unconsol 28 PB-2 71-73 1390 slime
29 PB-2 73-75 1280 slime
Sands 30 PB-2 75-77 1130 slime
1 'mpg“"d imp 12.7 imp 31 PB-2 77-79 1240 slime
2 'mpg”"d imp 87.4 imp 32 PB-2 79-81 1550 slime
3 AR-10 3-4 311.8 sand 33 PB-2 84-86 1620 slime
4 AR-10 20-25 98 sand
5 AR-6 35-40 100.4 sand Alluvium
6 AR-9 10-11 320.2 sand 1 437 44-44.25 135.5 alluvium
7 AR-9 30-32 87.2 sand 2 438 74-74.25 134.3 alluvium
8 BH-705 0-20 186.2 sand 3 438 75-75.25 92.8 alluvium
9 BH-709 0-20 289.9 sand 4 438 76-76.25 31.3 alluvium
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Ra-226 . Ra-226 .
s:;'p‘l’;s Sample | Depth | Activity M;‘;‘:)’;a' S:r(:p?;s Sample | Depth | Activity M:;;:a'

(pCi/g) (pCi/g)
10 PB-1 9-11 215 sand 5 438 78-78.25 118.4 alluvium
11 PB-1 14-16 99.7 sand 6 439 87-87.25 23.9 alluvium
12 PB-1 19-21 202 sand 7 AR-5 0-1 84.3 alluvium
13 PB-1 24-26 148 sand 8 AR-6 0-1 17.3 alluvium
14 PB-1 29-31 153 sand 9 PB-1 94-96 208 alluvium
15 PB-1 34-36 447 sand 10 PB-2 89-91 1.83 alluvium

Table B-3 (continued). Moab Project, Crescent Junction Disposal Cell Tailings and Other Contaminated

Materials Ra-226
No. of Ra-226 Activity .
Samples Sample Depth (pCilg) Material Type

16 PB-1 54-56 849 sand

17 PB-2 14-16 269 sand

18 PB-2 19-21 150 sand

19 PB-2 24-26 100 sand

20 AR-2 5.5-10 786.5 silt

21 AR-7 20-25 562.2 silt

22 AR-9 50-55 543.6 silt

23 AR-9 60-62 239.1 silt

Transitional . Off Pile & Sub Pile & Interim
AllData | Sands Tailings Slimes Cover Materials (Alluvium)

Max: 2,195 849 917 2,195 208
Min: 2 13 192 236 2
Mean: 707 272 530 1,349 85
Median: 564 202 556 1,333 89
Std Dev.: 589 224 195 479 66
Count: 94 23 28 33 10
Material 14,546,05
Volume (cy) 4 3,743,474 4,864,651 3,258,910 2,679,019
Volume %: 100% 26% 33% 22% 18%
Weighted
Mean Activity
(pCi/g) 565 70 177 302 16
95 % UCL of
Mean 371 592.4 1491 123.1
Weighted 95%
UCL of Means 655.5 100.6 198.1 334.0 22.7
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Table B—4. Moab Project, Crescent Junction Disposal Cell 15 Bar Moisture Content

Dessacr:;::ieon Soil Type % Moisture (15 Bar)
TP-153, 8.5, A Fluvial/Eolian 6.74 All Data
TP-153, 8.5, A-R Fluvial/Eolian 6.75 Maximum 14.0
TP-153,8.5 B Fluvial/Eolian 6.56 Minimum 6.4
TP-153, 8.5 B-R Fluvial/Eolian 6.43 Mean 10.1
TP-152, 15, A Fluvial/Eolian 8.53 Median 10.1
TP-152, 15, A-R Fluvial/Eolian 8.52 St. Deviation 2.1
TP-152,15,B Fluvial/Eolian 8.61 Count 32
TP-152, 15, B-R Fluvial/Eolian 8.62
TP-153, 3.5, A Sheetwash 10.86
TP-153, 3.5, A-R Sheetwash 10.6
TP-153, 3.5 B Sheetwash 10.49 Sheetwash/Fluvial/Eolian
TP-153, 3.5 B-R Sheetwash 10.52 Maximum 10.9
TP-152,7.5 A Sheetwash 10.08 Minimum 6.4
TP-152, 7.5 A-R Sheetwash 10.19 Mean 9.0
TP-152,7.5,B Sheetwash 9.99 Median 9.0
TP-152, 7.5, B-R Sheetwash 10.03 St. Deviation 1.4
TP-155, 5, A Sheetwash 9.56 Count 20
TP-155, 5, A-R Sheetwash 9.28
TP-155,5, B Sheetwash 8.75
TP-155, 5, B-R Sheetwash 8.72
TP-154, 20, A Weathered Shale 12.1 Weathered Shale
TP-154, 20, A-R Weathered Shale 12.33 Maximum 14.0
TP-154, 20, B Weathered Shale 12.19 Minimum 9.3
TP-154, 20, B-R Weathered Shale 12.22 Mean 12.1
TP-152, 23, A Weathered Shale 13.99 Median 12.2
TP-152, 23, A-R Weathered Shale 13.73 St. Deviation 1.6
TP-152, 23, B Weathered Shale 13.47 Count 12
TP-152, 23, B-R Weathered Shale 13.56
TP-156, 22, A Weathered Shale 11.16
TP-156, 22, A-R Weathered Shale 11.16
TP-156, 22, B Weathered Shale 9.28
TP-156, 22, B-R Weathered Shale 9.52

Note: values are gravimetric moisture content on a dry unit weight basis
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Table B-5. Moab Project, Crescent Junction Disposal Cell Calculation of Radon Diffusion Coefficients Using
Updated Equation (Rogers and Nielson, 1991)

Long-
Mass Dry Term Specific Calculated C:Ja_lf«f:u:(t;d
Cover Layer Density | Density Water Gravity | Porosity' | Saturation’ c st 3
oefficient
(g9/cm3) (pcf) Content (Gs) (p) (S) (em?s)
(w)
Tailings (both
cover designs) 1.57 97.8 0.15 2.8 0.44 53.4% 1.044E-02
(moisture content =
10%) 1.57 97.8 0.10 2.8 0.44 35.6% 1.873E-02
(moisture content =
20%) 1.57 97.8 0.20 2.8 0.44 71.2% 3.541E-03
Interim Cover (both
cover designs) 1.66 103.5 0.09 2.67 0.38 39.4% 1.629E-02
Alternative Cover
Radon Barrier 1.66 103.5 0.09 2.67 0.38 39.4% 1.629E-02
UMTRA Cover
Radon Barrier 1.77 110.7 0.12 2.65 0.33 64.4% 4.636E-03

Porosity (p) = 1 - dry density/(specific gravity x unit weight of water)
2saturation (S) = Long-term water content/((unit weight of water/dry density) - (1 - specific gravity))
3D=Da*p*exp(-6Sp-6514p) Source: Rogers and Nielson, 1991, equation 9

unit weight of water

222Rn diffusion coefficient in air (Da)

62.4

1.10E-05

pcf

m%/s

Rogers and Nielson, 1991. Correlations for Predicting Air Permeabilities and 22?Rn Diffusion Coefficients of Soils, Health Physics, Vol. 61,

No. 2, pp. 225-230, August.
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Table B-6. Moab Project, Crescent Junction Disposal Cell Calculation of 15 bar Moisture Content

Using Empirical Relationship Rawls & Brakensiek (in NRC 1989b): 15 bar Vol. moisture content = 0.026 + 0.005z + 0.0158y

(where z = % of Clay in the soil and y = % of organic matter in the soil)

Alluvium
Mean Max. Dry Density as (1.66 g/cc; 85% of Max Dry Density
placed = 1034 Ibs/cu. f. from Modified Proctor Tests)
Mean % Clay = 18.6
Mean % Organic Matter = 0.3
15 bar vol. moisture content = 0.026 + 0.005(18.63) + 0.0158(0.3)

Volumetric (%)

Gravimetric (%)

15 bar Vol. Moisture

Content — 12.3 7.5 Using mean values
Weathered Mancos

Mean Max. Dry Density as (1.77 g/cc; 90% of Max. Dry Density

placed = 110.7 lbsfeu. ft. from Modified Proctor Tests)

Mean % Clay = 37.7

Mean % Organic Matter = 0.4

15 bar vol. moisture content = 0.026 + 0.005(37.67) + 0.0158(0.4)

Volumetric (%)

Gravimetric (%)

15 bar Vol. Moisture
Content =

221

12.4

Using mean values
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Table B-7. Tailings Density

Tailings Maximum Dry Density
Source: Golder Associates 4/3/06 Draft Tech Memo

Standard Proctor Maximum Dry Density of Transition Tailings
Sample Number Max Dry Density (pcf)

GABT-05 113.3

GABT-07 107.3

GABT-08 112.8

GABT-09 102

GABT-10 107.8 90% of Mean

108.6 Mean 98 | pcf
5 Count 1.57 | g/lcc
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Description of Calculation:

Compute the peak discharges and the volumes of runoff from the 10yr 24 hour design storm to size culverts
and sediment ponds for use during the construction of the waste cell at Crescent Junction. There are three
sediment ponds and 5 culverts as shown in Figure 1. Culvert Culv_5 is used only for bleeding off some of
the flow from near the active working area and is not sized as the other culverts are capable of carrying the
computed discharges.

e Divide the areas into subwatersheds and assign initial abstraction, constant long-term infiltration rate, an
SCS unit hydrograph lag time, or a USBR unit hydrograph to each subwatershed. A USBR unit
hydrograph was developed only for the larger, principally undisturbed watersheds designated, S, X, and
EMPUL.

e Apply a 10, 25, and 100 year 24 hour frequency storm to the system using HEC-HMS version 3.1.0 and
extract the peak discharges and volumes of runoff.

e Bytrial and error using HEC-HMS, determine the configuration of culverts that will carry the 10 year 24
hour flow without overtopping the roads.

e Check culvert sizes using the Federal Highway Administration’s culvert software HY8, version 7.0.

Assumptions:

e The 10, 25, and 100 year storms were developed in the Draft RAP. (“Site Drainage—Hydrology
Parameters” calculation, Draft RAP Attachment 1, Appendix E).

e For the larger, relatively undisturbed subwatersheds, S, X, and EMPUL, a USBR unit hydrograph is
appropriate. For smaller watersheds and/or more disturbed subwatersheds, the SCS unit hydrograph is
appropriate.

e Itis assumed that rainfall falling directly on the open excavation will be contained and pumped out at a
later time. This rainfall is not included in this calcuiation.

e The volume of the ponds is required to contain the runoff from the 10-yr 24-hr storm plus 67 cubic yards
of sediment/acre of drainage area.

o Each pond will be cleaned out at least once per year.

CO06_Drainage_During_1st_Const_Phase Moab010908.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007




JACOBS o, AR STeR

. . Calcuiation Number:__C-06
(Ref. FOWI 116 Design Calculations) Page 4 of 12

Design Inputs:

See following pages.

Software:
Title Developer Versions Revision Level
HEC-HMS USACE 3.1.0
EXCEL Microsoft 2002
HY-8 FHWA 7.0
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Calculation Section:

See following pages.
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Conclusions/Recommendations:

See following pages.

Reference:

See following pages.
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DESCRIPTION OF CALCULATION:

Compute the peak discharges and the volumes of runoff from the 10yr 24 hour design storm to size culverts
and sediment ponds for use during the construction of the waste cell at Crescent Junction (Stoller 2006).
There are three sediment ponds and 5 culverts as shown in Figure 1. Culvert Culv_5 is used only for bleeding
off some of the flow from near the active working area and is not sized as the other culverts are capable of
carrying the computed discharges.

METHOD OF SOLUTION:

¢ Divide the areas into subwatersheds and assign initial abstraction, constant long-term infiltration rate, an
SCS unit hydrograph lag time, or a USBR unit hydrograph to each subwatershed. A USBR unit
hydrograph was developed only for the larger, principally undisturbed watersheds designated, S, X, and
EMPUL.

e Apply a 10, 25, and 100 year 24 hour frequency storm to the system using HEC-HMS version 3.1.0 and
extract the peak discharges and volumes of runoff.

e By trial and error using HEC-HMS, determine the configuration of culverts that will carry the 10 year 24
hour flow without overtopping the roads.

e Check culvert sizes using the Federal Highway Administration’s culvert software HY8, version 7.0.

ASSUMPTIONS:

e The 10, 25, and 100 year storms were developed in the Draft RAP. (“Site Drainage—Hydrology
Parameters” calculation, Draft RAP Attachment 1, Appendix E).

e For the larger, relatively undisturbed subwatersheds, S, X, and EMPUL, a USBR unit hydrograph is
appropriate. For smaller watersheds and/or more disturbed subwatersheds, the SCS unit hydrograph is
appropriate.

e |tis assumed that rainfall falling directly on the open excavation will be contained and pumped out at a
later time. This rainfall is not included in this calculation.
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CALCULATION SECTION

Drainage Area Characteristics WatershedParms.xls
The drainage areas used in this analysis are shown in Figure 1.

For the undisturbed watersheds S and X composite curve numbers were developed. The western drainage is
approximately 70% Toddler-Ravola-Glenton families association with an HSG of B and a constant infiltration
rate of 0.2 — 0.6 inches/hr. The remainder is Hanksville family-Badland complex with an HSG of C and an
infiltration rate of 0.0 — 0.06 inches/hr (WEB Soil Survey,
http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx, and Appendix B). For drainage X the Toddler-
Ravola-Glenton families association comprises approximately 63% of the area with the remainder being
Hanksville family-Badland complex. Assigning a runoff curve number of 75 to the type B soils for semiarid
rangelands with herbaceous cover in fair to poor condition and 87 to the type C soils for the same use in poor
condition (TR-55, ), resulted in composite curve numbers of 78.6 for the S drainage and 79.4 for the X
drainage. Computing initial abstraction using the NRCS curve number approach yields 0.54 inches for S and
0.52 for X. The NRCS initial abstraction is

I, = o.z[@ -10}
CN

For largely natural areas consisting of the Toddler-Ravola-Glenton families association with an HSG of B and
an infiltration rate of 0.2 — 0.6 inches/hr an NRCS curve number of 75 was used with an initial abstraction of
0.67 inches and a constant infiltration rate of 0.3 inches/hr. In areas that will be incidentally compacted by
construction activities, the initial abstraction was assigned as 0.5 inches and the constant infiltration rate was
0.2 inches/hr.

Pertinent properties of the four drainage areas are computed in WatershedParms.xls and listed in Table 1.
The flow lengths are used to develop a unit hydrograph using the USBR methodology and the Lag time is
used in the SCS unit hydrograph method. The mean of the Kirpich and SCS time of concentration formulas is
used for the time of concentration.

0.77

The Kirpich equation is 7. = 0.0078 ——= where
< S0.385

T, = time of concentration (minutes)
L = slope length (feet [ft])
S = slope (ft/ft).

30385
and the SCS equation is T, = (HgL J where

T. = time of concentration (hours)
L = slope length (miles)
H = slope height (ft).
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Table 1. Drainage Area Characteristics

Unit A Max Fi o | Etevation
Drainage Area Hydrograph rea ax riow eng Difference | Lag (min)
Approach (acres) | Length (ft) from. (ft)
Centroid
A SCS 26.7 2132 32 8.63
B SCS 35.7 2173 34 8.61
C SCS 15.4 2293 38 8.78
C1 SCS 12.8 3841 44 15.06
EMPUL USBR 161 4934 3038 68
FG SCS 5.1 632 8 3.61
Hi SCS 22.3 1834 14 9.96
J SCS 4.6 721 4 5.49
K SCS 7.5 783 7 4.87
N SCS 33.4 1598 24 6.91
O SCS 23.9 1268 14 6.51
Q SCS 19.3 2174 16 11.52
R SCS 9.5 715 14 3.36
S USBR 112.3 5580 3383 680
X USBR 136.8 4270 2424 756
Z SCS 37.4 2392 30 10.10
P1 (Pond) SCS 7.5 500 2 47
P2 (Pond) SCS 3.1 500 2 4.7

The data for ponds is included simply to add the volume of precipitation on the surface.

Runoff Hydrograph Calculations ConstructionRunoff.hms

For drainage areas that are large and in a largely natural condition, the USBR (Design of small dams, 1978)
unit hydrograph transform was used. The USBR method was developed for natural areas in the west and is
not appropriate for the constructed wedge and cell. For drainage areas that are constructed, disturbed, or
small, the SCS unit hydrograph transform was used. The runoff hydrographs were computed using the
Computer Program HEC-HMS (USACE 2007). The rainfall distribution was the built-in frequency storm
distribution.

Design Storms

The sediment ponds, drainage ditches, and culverts are designed for the 10 year 24 hour storm as specified in
Table 2. Runoff from the 25 year and 100 years storms was also computed.
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Table 2 Rainfall Depths for Design Storms.

Precipitation Depth (inches)
Precipitation

Duration 10 Year 25 Year 100 Year

5 Minutes 0.25 0.34 0.53

15 Minutes 0.48 0.64 0.99

1 Hour 0.80 1.07 1.65

2 Hours 0.91 1.21 1.82

3 Hours 0.97 1.26 1.84

6 Hours 1.13 1.42 1.95

12 Hours 1.36 1.65 2.16

24 Hours 1.63 1.91 2.35

Hydrograph Routing

The runoff from sub-basin C1 is conveyed to pond P2 through culvert Culv_1. This was simulated in the HEC-
HMS model by a reservoir with minimal storage; less than 5 cubic feet maximum for the 10 year storm. The
flow from sub-basins N, O and EMPUL is routed through culverts Culv_2, Culv_3, and Culv_4 using the
reservoir option with culvert outlets and through ditches Ditch_1 and Ditch_2 using the kinematic wave option
in trapezoidal ditches with a 10 foot bottom width and 3/1 side slopes. The flow in the ditches is less than 2
feet deep for the peak flow of the 10 year storm. Culverts Culv_2, Culv_3, and Culv_4 are also modeled as
reservoirs with culvert outlets. In each case the maximum reservoir storage is less than 7 cubic feet for the 10
year storm. Culvert Culv_5 is not simulated in the HEC-HMS model. lt is included in the plans to allow some
of the drainage from near the open excavation to bypass the culverts and ditches draining to Pond P1.

The pertinent parameters of the culverts and ditches are presented in Table 3.

Table 3 Culvert Data and Predicted Maximum Water Surface Elevation

Culvert | Configuration Inlet Outlet Length Road Crest | Peak Flow Maximum WS
Invert Invert Elevation (cfs) Elevation in

10 Year
Storm

Culv_1 | Single 30" RCP | 4950.48 | 4949.33 | 65 4955.43 15.8 4952.47

Culv_2 | Double 36" RCP | 4931.95 | 4930.68 | 148 4936.91 105.0 4935.76

Culv_3 | Double 36 RCP | 4922.70 | 4921.16 | 232 4931.04 105.0 4926.51

Culv_4 | Double 36" RCP | 4916.20 [ 4915.26 | 193 4926.19 106.3 4920.06

Culv_5 | Single 30" RCP__ | NA

Check Culverts with HY8

Culv_1 | Single 30" RCP | 4950.48 | 4949.33 | 65 4955.43 15.8 4952.39

Culv.2 | Double 36" RCP | 4931.95 | 4930.68 | 148 4936.91 105.0 4935.76

Culv_3 | Double 36" RCP | 4922.70 [ 4921.16 | 232 4931.04 105.0 4926.51

Culv_4 | Double 36" RCP_| 4916.20 | 4915.26 | 193 4926.19 106.3 4920.06

Ditch Length Bottom Side Channel | Peak Flow [ Manningn Depth at Peak
Width (ft) | Slope Slope (cfs) Flow (ft)

Ditch_1 | 1206 10 3 0.0066 | 98.7 .025 1.39

Ditch_2 | 962 10 3 0.0057 | 98.8 .025 1.45

CO6_Drainage_During_1st_Const_Phase_Moab010908.doc
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Volume of Flow to Sediment Ponds

The required volume of sediment ponds is equal to 67-cy of sediment volume per acre of drainage area plus
the runoff volume from the 10 year 24 hour storm. The three sediment ponds listed in Table 4. are sized
according to these criteria.

Table 4 Required Volumes of Sediment Ponds.

Pond Drainage Area Re\(lﬂi?;?iefor Volume of Runoff (ac-ft) Total Required
(acres) Sediment (ac-f) from 10 yr storm (HMS) Volume (ac-ft)
P1 306.9 12.7 10.8 23.5
P2 80.9 34 5.3 8.7
P3 286.5 11.9 12.6 24.5
Summary

Ditches, culverts, and sediment ponds have been sized to handle the runoff from the 10 year 24 hour storm.
Their specifications are presented in Tables 3, and 4. Pond P3 is slightly smaller than the volume specified in
Table 4 and, therefore, must be cleaned out approximately once every 10 months.

References:

HEC-HMS Users Guide, USACE, 2006
HEC-HMS Applications Guide, USACE, 2002
HEC-HMS Technical Reference Manual, 2000

Stoller, 2006 - Moab UMTRA Project, Crescent Junction Disposal Site, Storm Water Poliution Prevention Plan,
DOE-EM/GJ1238-2006, July 2006

C06_Drainage_During_1st_Const_Phase Moab010908.doc
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Project:

Page 3 of 8

Calculation Sheet
35DJ2600

Calculation Number:___ C-09

Description of Calculation:

This calculation will size the ponds at the Crescent Juction site to hold a 10-year, 24-hour run-off event plus

67 CY/acre/year of sediment accumulation.

Assumptions:

It is assumed that each sediment basin will be cleaned out at least one time per year.

Design Inputs:

Area of each contour from within the ponds were taken from the Autocad drawing.

Software: None.

Title

Developer

Versions

Revision Level

CO09 _Verification_Pond_Size 012308.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolied.
Copyright® Jacobs Engineering Group Inc., 2007
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Project: 35DJ2600
Calculation Number:___ C-09
(Ref. FOWI 116 Design Calculations) Page 4 of 8
Calculation Section:
Sediment Pond No. 1
Elevation Area Volume
4907 0
37437
4908 74874.6
317972
4910 243097
507522
4912 264425
70139
4914 280556.5
4914.5 0

Total

1478052 CF = 54743 CY

Total Storage Available

=33.9 AC-FT

Storage Required:

Sediment storage = 67 Cy/Ac disturbed (assumed)

Disturbed Area = 307 Ac

Sediment storage = 67 Cy/Ac X 307 Ac = 20569 Cy = 555363 Cf = 12.7 AC-FT

10 yr — 24 hr Storage Required = 10.8 AC-FT (from calculation C-06)

Total Storage Required = 23.5 AC-FT

Total Storage Available is larger than Total Storage Required

C09_Verification_Pond_Size_012308.doc

The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.

Copyright® Jacobs Engineering Group inc., 2007
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(Ref. FOWI 116 Design Calculations) Page 5 of 8
Sediment Pond No. 2
Elevation Area Volume
4942.3 0
29194
4944 34345.5
122391
4946 88045.5
203844
4948 115798.6
28950
4948.5 0
Total 384378 CF = 14236 CY
Total Storage Available | = 8.8 AC-FT

Storage Required:

Sediment storage = 67 Cy/Ac disturbed (assumed)

Disturbed Area = 81 Ac

Sediment storage = 67 Cy/Ac X 81 Ac = 5427 Cy = 146529 Cf = 3.4 AC-FT

10 yr — 24 hr Storage Required = 5.3 AC-FT (from calculation C-06)

Total Storage Required = 8.7 AC-FT

Total Storage Available is larger than Total Storage Required

Sediment Pond No. 3

Elevation Area Volume
4967.5 0

10089
4968 40356

85642
4970 45286

162914
4972 117628

243827
4974 126199

274069
4976 147870

147870
4978 0

C09_Verification_Pond_Size_012308.doc
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Total 924411 CF = 34237 CY
Total Storage Available | =21.2 AC-FT

Storage Required:

Sediment storage = 67 Cy/Ac

Disturbed Area = 286.5 Ac

Sediment storage = 67 Cy/Ac X 286.5 Ac = 19196 Cy = 518279 Cf = 11.9 AC-FT
10 yr — 24 hr Storage Required = 12.6 AC-FT (from calculation C-06)

Total Storage Required = 24.5AC-FT

Total Storage Available is smaller than Total Storage Required, therefore the pond must be cleaned
out more than once a year to maintain the water volume and sediment storage required.

Sediment Pond No. 4

Elevation Area Volume
4959 0
12982
4960 25964
55702
4962 29738
129150
4964 99412
209719
4966 110307
231311
4968 121004
252504
4970 131500
32875
4970.5 0
Total 924243 CF = 34231 CY
Total Storage Available | =21.2 AC-FT

Storage Required:
Sediment storage = 67 Cy/Ac
Disturbed Area = 32.7 Ac

Sediment storage = 67 Cy/Ac X 32.7 Ac = 2188.2 Cy = 59081.9 Cf = 1.4 AC-FT

CO9 Verification_Pond_Size_012308.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007
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10 yr - 24 hr Storage Required = 14.3 AC-FT (from calculation C-06)
Total Storage Required = 15.7 AC-FT

Total Storage Available is larger than Total Storage Required

CO9_Verification_Pond_Size 012308.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group inc., 2007
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Conclusions/Recommendations:

The ponds are adequately sized to hold the 10 — year, 24 — hour storm and the sediment from the
disturbed areas upstream for one year.

Reference:

C09_Verification_Pond_Size_012308.doc
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Uranium containment dike must be stable at the end of construction and for long term once the cover
material is placed above it. For this purpose, slope stability runs were made to calculate factor of safety
for various static and seismic conditions for both End of Construction and Long Term cases.
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Calculation Section

Addition / Revision
Pages 7 and 8 of 13
Drawings

Revision
Pages 10 and 11 of 13
Slope Stability Analyses

Revision
Page 12 and 13 of 13
Slope Stability Analyses

(Ref. FOWI 116 Design Calculations) Page 2 of 13
Revision History:
Pages Affected By Revision Revised/Added/Deleted Description of Revision
Rev. 2 Revision Changes to the tailings geometry obtained
Page 4 of 13 from the 90% drawings resulted in the
Design Input following changes:
Top of Dike: El. 4967’ (instead of 4964')
Cover thickness: 9 ft (instead of 10 ft)
Cover top elevation: El. 4978 — 4982’ at
analysis location (instead of El. 4972")
Addition Summary of results and analysis.
Page 6 of 13

Inserted new contour plan of tailings pile.
Inserted new detail of tailings embankment
geometry.

New FS results — End of Construction
(static).

New FS results — End of Construction
(seismic)

New resuits — Long Term (static)

New results — Long Term (seismic)
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The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled. Copyright©

Jacobs Engineering Group Inc., 2007




JACOBS Calculation Sheet
Project: Moab UMTRA Project
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(Ref. FOWI 116 Design Calculations) Page 3 of 13

Description of Calculation:

The calculations presented here are for determining and verifying stability of the disposal cell at the
Crescent Junction disposal site in order to assess long term stability of the tailings.

A disposal cell section at southwest corner of the cell was analysed for End of Construction (short term) and
Long Term cases. Stability of the cell dike was also assessed for the design seismic event for both short
term and long term cases.

The subsurface conditions were determined from borings taken near the section. Geotechnical design
parameters were developed/obtained from project reports and previous analyses.

The analyses were performed with an established commercial program SLIDE, V 5.0 by Rocscience. The
SLIDE program analyzes the slope with various methods to determine factor of safety including Bishop
Simplified, Janbu Simplified, Janbu Corrected, Spencer, Morgenstern-Price and Corps of Engineer
Methods. Bishop and Janbu methods employ limit equilibrium analysis method while Spencer and
Morgenstern-Price methods use both force equilibrium and moment equilibrium to calculate safety factors.
In this analysis, Spencer results were reviewed for the lowest factor of safety.

Assumptions:

The plan location and cross section selected for analyses are shown in Figure 1 and 2. The location is
within first phase of construction near southwest section of the disposal cell and represents critical height
and geometry.

No groundwater table was assumed. All borings were dry, and the review of historical data indicated that
water table at depth exceeding 100 feet below ground surface. It is assumed that the tailings will be
deposited by compacting it to 90 percent of the maximum density as determined by ASTM D1557 at slightly
above (2%) optimum moisture content. From the review of test results and previous analyses, it is
determined that excess pore pressure will not be a factor in the stability analysis.

Disposal cell Stability calculation sheet_4-17-08.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007
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Design Inputs:
For SLIDE computer program, the design inputs were:

Material Properties

The material properties were obtained from borings, laboratory test results and from previous analyses
performed by others.

Unit Weight Shear Strength
Total Effective
MATERIAL . . L
Moisture Friction Friction
Dry Content Moist Angle Cohesion Angle Cohesion
(pcf) (%) (pcf) (Degree) (psf) (Degree) (psf)
UMTRA Cover 111 11.7 124 26 0 26 0
Tailings 98 17.4 115 0 615 32 0
Dike Fill 111 11.7 124 19 0 26 0
In-situ
Overburden
Material - ML 92 6.7 98 26 0 26 0
Weathered
Mancos Shale 104 7.3 112 25 0 25 0

Note:

Physical properties of in-situ overburden soils and weathered Mancos Shale were determined from the
earlier design phase calculations — ‘Geotechnical Properties of Native Soils’, Attachment 5, Vol. 1, Appendix
E. Physical properties of UMTRA cover, tailings and dike fill, and strength properties of all materials were
obtained from Attachment 5, Vol. 1, Appendix C.

Slope Geometry

The slope cross section was selected from 90% plans and shown in Figure 2.

Ground surface elevation at this section varied from 4954’ to 4944’ dipping towards the south.

Top of dike was estimated at Elevation 4967’.

Cover material will be 9-foot thick with top Elevation at 4978’ — 4982’ at the analysis location.

For site characterization and to determine geotechnical design parameters for the in-situ materials, Borings
CRJ01 — 0205 and CRJ0O1 — 0212 were used.

Water surface was not used.

Dike exterior slope was configured at 5 horizontal to 1 vertical.

Analysis Conditions

End of Construction (short term) using shear strength derived from total stresses.
Long Term case was analysed using effective stresses.

Disposal cell Stability calculation sheet_4-17-08.doc
The current applicable version of this publication resides on Jacobs’ intranet. All copies are considered to be uncontrolled. Copyright®
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(Ref. FOWI 116 Design Calculations) Page 5 of 13

Earthquake Effects

Seismic conditions were analyzed using guidance provided in the Technical Approach Document (TAD),
1989. TAD requires the use of pseudo-static approach where Peak Horizontal Acceleration (PHA) vaiue of
0.22 g (previously determined) is taken as half of PHA or 0.11 g for End of Construction case, and 2/3" of
PHA or 0.15 g for Long Term case.

Required Minimum Factor of Safety

Guidelines provided in TAD for minimum acceptable safety factors are as under:

End of Construction — Static 1.3
End of Construction — Seismic 1.0
Long Term - Static 1.5
Long Term - Seismic 1.0
Software:
Title Developer Versions Revision Level
SLIDE Rocscience, Inc 5.0

Disposal cell Stability calculation sheet_4-17-08.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007
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Calculation Section:
See attached

As seen in the attached stability runs, the following factor of safety were obtained for the containment dike:

End of Construction — Static 2.15
End of Construction — Seismic 1.31

Long Term - Static 2.78
Long Term - Seismic 1.51

Disposal cell Stability calculation sheet_4-17-08.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled. Copyright©
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Conclusions/Recommendations:

Based on the stability analyses, the disposal cell with its containment dike and cover material meets the
factor of safety standards established for this structure. The stability results obtained by these analyses
verify the results obtained and presented in the Revised Remedial Action Plan.

Reference:

DOE (U.S. Department of Energy), Revised Remedial Action Plan and Site Design for Stabilization of Moab
Title | Uranium Mill Tailings at the Crescent Junction, Utah, Disposal Site, Attachment 1 and Attachment 5,
June 2007

U.S. Department of Energy, Technical Approach Document, 1989, DOE/UMTRA

SLIDE Computer program, prepared by Rocscience Inc. 31 Balsam Avenue, Toronto, Ontario

Disposal cell Stability calculation sheet_4-17-08.doc
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Calculation Cover Sheet

(Ref. FOWI 116 Design Calculations)

Calculation No:
C-11

Page: 1 of 14

Rev. No.: 1

Revision Date:
4/15/08

Previous Revision
Date:
1/15/08

Current Revision
Date:
4/15/08

Issuing Department:
Federal Operations Design Engineering

Supersedes:

Revision 0 (dated 1/15/08)

Client: U.S. Department of Energy Engineering Discipline:
Project Title: Moab — UMTRA Project Geotechnical

Project Number: 35DJ2600

System:

Calculation Title:  Settlement Analysis of Uranium Mine Tailings at Crescent Junction, UT

Purpose:

Determine the magnitude of settiement for the uranium mill tailings pile to be constructed at the Crescent
Junction Disposal site.

The present condition and characteristics of the uranium mill tailings at the Moab repository site are
considerably different than what is anticipated to be placed at the Crescent Junction disposal site.
Material properties of the existing mine tailings are available for the Moab site. During the course of this
project, the mine tailings at Moab will be mixed and dried out to optimum moisture content before being
transported to Crescent Junction. There, the tailings will be placed and compacted to 90% of the
maximum density per ASTM D698. The settlement analysis is based on the consolidation
characteristics of the remolded tailing materials as reported by others. Both primary and secondary
settlements are estimated due to loads imposed on each incremental tailing layer by the cover material
and the tailing material above. The settlement of the tailings was also assessed by estimating the
compression of the tailing by its own weight.
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Project:

Calculation Number:

Calculation Sheet
Moab Tailings
C-11

Design Inputs

Revision
Page 5 of 12
Calculation Section

Revision
Page 6 of 12
Conclusions/Recommendations

Addition
Pages 7 and 8 of 12
Drawings

Revisions
Pages 10 and 11 of 12
Calculations

Revisions
Page 12 of 12
Spreadsheet calculations

Page 2 of 14
Revision History:
Pages Affected By Revision Revised/Added/Deleted Description of Revision
Rev. 1 Revision / Addition Added sentence about procedure to be
Page 3 of 12 used to handle, spread and compact the
Assumptions materials for the new tailings pile.
Added sentence(s) re: assumptions
| concerning compression index, Cc.
Tailings thickness: 46.7 ft (instead of 38 ft)
Cover thickness: 9 ft (instead of 10 fi)
Revision Tailings thickness: 46.7 ft (instead of 38 ft)
Page 4 of 12

Cover thickness: 9 ft (instead of 10 ft)

Compression of tailings: 2% of 46.7-ft =
0.93’, or 11 inches (instead of 2% of 38 ft =
0,76’ or 9 inches)

Secondary settlement: 8 in. (instead of 6 in.)

Total settlement: 19 in. (instead of 17 in.)

Secondary settiement: 8 in. (instead of 6 in.)

Total tailings height + cover:
(instead of 48 ft)

55.7 ft

New plan and detail of section to be
analyzed.

Revised hand calculations to account for
difference in tailings pile geometry.

Spreadsheet settlement calcutations using
revised cover thickness and tailings height.

Settiement of tailings caiculation sheet-4-15-2008 revised.doc
The current applicable version of this publication resides on Jacobs® intranet. All copies are considered to be uncontrolied. Copyright©

Jacobs Engineering Group Inc., 2007




Calculation Sheet
Project: Moab Tailings

Calculation Number:

(Ref. FOW! 116 Design Calculations) Page 3 of 14

Description of Calculation:

This section provides calculations for primary settlement and long term (secondary) settlement of uranium
tailings placed within the Crescent Junction disposal cell. The settlement is based on resuits of the
consolidation tests performed by others on remolded tailing samples.

Tailings will be placed, spread and compacted in layers for a period of 20 years or until all tailings have been
moved. Settlement of the tailings will be due largely to settlement of its own incremental weight and
ultimately due to an additional weight of the protective cover. In general, an embankment made up of sand
and siity sand type of materials will compress an amount equai to 2 percent of its height due to its own
weight. The settlement of the tailings will also be due to consolidation of each incremental layer loaded by
the cover material, construction activity and weight of the tailings above.

It is understood that all natural overburden soils will be removed full depth and the excavation for the
disposal cell foot print will extend 2 feet deep into the underlying Mancos Shale. Settlement of the
foundation soil wili therefore be negligible.

Assumptions:

1. Existing tailings at Moab site will be mixed and dried out to optimum moisture content prior to
transport to Crescent Junction site. Once there, tailings will be placed in layers per specification
and compacted to 80% of the maximum density per ASTM D698. In general, mine tailings will be
placed at optimum moisture content plus 2 percent.

2. Consolidation properties of newly placed composite tailings (Cc- compression index, eq ~ Initial air
voids) are anticipated to be similar to the ones obtained for this analysis by averaging values for the
sand tailings, transition tailings, and slime tailings. The tailings to be deposited at the Crescent
Junction site will be thoroughly mixed and dried to optimum moisture content before transport, and
then spread and compacted to 80% of ASTM D 698 density. Therefore, it is estimated that the
compression index, Cc, of the combined tailings will be more in line with the test values obtained for
the sand and transition tailings. In our opinion, the design Cc value for the composite tailings
should range between 0.1 and 0.2.

3. Tailings thickness will be 46.7 feet maximum and cover thickness will be 9 feet, See Figures 1 and
2.

Settlement of tailings calculation sheet-4-15-2008.doc

The current applicable version of this publication resides on Jacobs' Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007



JACOBS Calculation Sheet

Project: Moab Tailings
Calculation Number:
{(Ref. FOWI 116 Design Calculations) Page 4 of 14

Design Inputs:

Cover thickness: 9 feet

Cover Unit Weight: 124 pcf moist

Tailings thickness: 46.7 feet

Tailings Unit Weight: 115 pef at 17.4 % moisture content when compacted to 90% of the maximum

density per ASTM D698.

Consolidation Properties of tailings:
Compression Index, Cc = 0.16 (see calculation sheets)
Initial Air Void, e, = 0.87 (see calculation sheets)

Primary Settlement = {C;/ 1+ ep} X H X log ( p2/ po)
H = layer thickness

pz= final stress level( po + Ap )}

Ap = stress increase

Po = Initial stress level

Secondary Settlement = Ca X H X log (t;/t;)
Ca = secondary compression index

Ca = .05 X Cc, From Holtz and Kovacs

t; = construction duration

t; = cell life
Software:
Title Developer Versions Revision Level

Settlement of tailings calculation sheet-4-15-2008.doc
The current applicable version of this publication resides on Jacobs® Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007



ACOBS Calculation Sheet

Project: Moab Tailings
Calculation Number:
Page 5 of 14

(Ref. FOWI 116 Design Calculations)

Calculation Section:

Primary settlement due to consolidation = 11 inches

Compression of the tailings = 2% of 46.7-ft = 0.93" or 11 inches

Use either primary settlement value or compression of tailings value.
Secondary settlement = 8 inches

Total settlement = 11 + 8 = 19 inches.

See attached sheets and spreadsheet.

Settlement of tailings calculation sheet-4-15-2008.doc

The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolted. Copyright©®
Jacobs Engineering Group Inc., 2007



JACOBS Calculation Sheet

Project: Moab Tailings

Calculation Number:
(Ref. FOWI 116 Design Caiculations) Page 6 of 14

Conclusions/Recommendations:

The resuits of the analyses indicate that primary settlement of the tailings will be 11 inches and secondary
settlement will be approximately 8 inches. For the total height of the tailings and cover of 55.7 feet, the
magnitude of total settlement is insignificant. Also, because of the granular composition of the tailings, most
of the primary settlement will take place rapidly.

Reference:
Technical Approach Document (December 1989) DOE/JUMTRA-050425-0002

Shaw E&l Inc., (2006), Geotechnical test results on tailings samples, March 13 and November 7. Presented
in RAP, Attachment 5, Appendix N, Supplemental Geotechnical Properties of Tailings Materials from the
Moab Processing Site.

Holtz, R.D. and Kovacs, W.D. (1981) An Introduction to Geotechnical Engineering.
NAVFAC DM — 7.1 (1982) Soil Mechanics

Settiement of tailings calculation sheet-4-15-2008.doc

The current applicable version of this publication resides on Jacobs' Intranet. All copies are considered to be uncontroiled. Copyright®
Jacobs Engineering Group Inc., 2007
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FdusacoBs

Subject: Settlement of Disposal Cell

Authored by: A. Hasan Date:

2/11/2008
CONSOLIDATION TEST DATA
Coefficient of Initial Void
Sample No Soil Type Consolidation Ratio
GABT - 04 Sand Tailings 0.15 0.880
GABT - 06 Sand Tailings 0.07 0.638
GABT -09 | TransitionTailings 0.20 0.808
GABT - 10 TransitionTailings 0.17 0.703
GABT - 11 Slime Tailings 0.38 1.157
GABT - 13 Slime Tailings 0.34 1.052

Reference: Shaw E&I Test Results Dated November 7, 2007
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Page: 1 of 22
JACOBS
: C-12
Calculation Cover Sheet Rev.No.. 2| Revision Date:
4/15/08
(Ref. FOWI 116 Design Calculations) Previous Revision| Current Revision
Date: Date:
2/13/08 4/15/08
Issuing Department: Supersedes:
Federal Operations Design Engineering Revision 1 (dated 2/13/08)
Client: U.S. Department of Energy Engineering Discipline:
Project Title: Moab — UMTRA Project Geotechnical
Project Number:  35DJ2600
System:

Calculation Title:  Liquefaction Analysis of Uranium Mine Tailings Repository at Crescent Junction, UT

Purpose:

Assess the liquefaction potential of the uranium mill tailings pile to be constructed at the Crescent
Junction Disposal site.

| The present condition and characteristics of the uranium mill tailings at the Moab repository site are
considerably different than what is anticipated to be placed at the Crescent Junction disposal site.
Material properties of the existing mine tailings are available for the Moab site. During the course of this
project, the mine tailings at Moab will be mixed and dried out to optimum moisture content before being
transported to Crescent Junction. There, the tailings will be placed and compacted to 90% reiative
compaction. Since Standard Penetration Test data are not available for the “modified” tailings deposited
at the Crescent Junction site, it is necessary to use empirical relationships to assume final conditions for
liquefaction analysis.

| The analysis will focus on the liquefaction potential of the proposed tailings pile instead of the natural
subsurface materials since all natural soils will be removed full depth and the excavation extended 2 feet

into the underlying Marcos Shale beneath the entire base footprint of the tailings pile. The underlying
1 Mancos Shale is not considered to be liquefiable.

NQA-1 QUALITY LEVEL: 2

Prepared by: ﬁ Z %‘1 4 Date: ¥~ 25 - 2008
J A =«

Checked by: [ ,Lu_-, Date: 4— v — 2008

Engineering Managers Approvkefl: UJ&:—@ . KM—Q Date:__ 2 / 5 / 200%

liquefaction calculation cover sheet_4-15-2008 revised.doc¢

The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007
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JA@BS Calculation Sheet
Project: Moab UMTRA Project
. ) Calculation Number;__C-12
(Ref. FOWI 116 Design Calculations) Page 2 of 22
Revision History:
Pages Affected By Revision Revised/Added/Deleted Description of Revision
Rev. 2 Revision, Revised tailings pile geometry from 60% to
Page 4 90% drawings resulted in the following
Section: Design Inputs changes to design input:
Tailings thickness: 46.7 ft (from 38 ft)
Cover thickness: 9 ft {from 10 ft)

Total soil thickness: 55.7 ft (from 48 ft)
Saturated soil thickness: 46.7 ft (from 38 ft)

Revision, New factor of safety calculations based on
Page 6 revised tailings pile geometry:
Conclusions/Recommendations
...“calculated factor of safety ranged from
1.37 to 2.38 in the tailings containing 17%
fines, and from 1.74 to 3.04 in the tailings
with 46% fines”.

(Changed from “1.37 to 1.84 in the tailings
containing 17% fines, and from 1.74 to 2.34
in the tailings with 46% fines.”)

Revision Revised tailings pile geometry resulted in
Pages 7 & 8 the following change to calculation input for
Calculation Page liquefaction analyses (for both tailings with

17% fines and with 46% fines):

Soil thickness: 55.7 ft

liquefaction analysis of tallings calculation sheet_4-15-2008 revised.doc

The current applicable version of this publication resides on Jacobs' intranet. Al copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group inc., 2007



Calculation Sheet
Project: Moab UMTRA Project

Calculation Number:__ C-12

(Ref. FOWI 116 Design Calculations) Page 3 of 22

Description of Calculation:

Evaluation of soil liquefaction potential using Seed-Idriss Simplified Procedure based on Standard
Penetration Test and modified for 1996 NCEER and 1998 NCEER/NSF Workshops on Evaluation of
Liquefaction Resistance of Soils.

Design input includes soil property characteristics {soil type, percent passing No. 200 sieve, and unit
weight), soil thickness, depth to groundwater, and seismic design properties (earthquake magnitude and
estimated peak acceleration at the ground surface for Crescent Valley).

Spread sheet calculates seismic cyclic stress ratio (CSR) and cyclic resistance ratio (CRR) and factor of
safety (FS). The factor of safety against liquefaction in a tailings layer can be calculated by dividing the
shear stress required to cause liquefaction in the layer by the shear stress generated in that layer by the
design earthquake.

Assumptions:

1. Existing tailings at Moab site will be dried out to optimum moisture content prior to transport to
Crescent Junction site. Once there, tailings will be placed in layers per specification and compacted
to 90% relative compaction. In general, mine tailings should not be saturated.

2. For analysis purposes only, assume tailings are saturated full depth (worst case)

3. Seismic design input as given in Technical Approach Document and RAP Attachment 1, Appendix
D for estimated peak acceleration at the ground surface for Crescent Valley.

4. Liquefaction potential will be analyzed using earthquake moment magnitude = 6.5 (see attached
paper by Wong & Olig (refers to design earthquake magnitudes at Moab site).

5. SPT blowcounts can be reasonably estimated for the placed and compacted materials based on
assumed relative density of the compacted tailings layers.

liquefaction analysis of tailings calculation sheet_4-15-2008 revised.doc
The current applicable version of this publication resides on Jacobs' Intranet. All copies are considered to be uncontrofied. Copyright©
Jacobs Engineering Group Inc., 2007



Calculation Sheet
Project: Moab UMTRA Project
. Calculation Number:__ C-12
(Ref. FOWI 116 Design Calculations) Page 4 of 22
| Design Inputs:
Tailings thickness: 46.7 feet
Cover thickness: 9 feet (per discussion with Jacobs’ Oak Ridge personnel)
Total soil thickness: 56.7 feet

Saturated soil thickness:  46.7 feet (tailings saturated)

Cover Unit Weight: 104 pcf dry
112 pcf at 7% moisture content

Tailings Unit Weight: 98 pcf dry
124.1 pcf at 27% moisture content

Tailings Fines Content: 17% minimum (SM)
46% mean (SM-ML)

Seismic Data:

Peak acceleration at ground surface: 0.22g

(Note: for stability analysis, TAD allows for surface acceleration = 0.11g at end of construction, and 0.66 x
0.22g = 0.15 g for long term conditions)

Earthquake moment magnitude: 6.5

Tailings to be compacted to 90% relative compaction. The equivalent relative density is 50% (Holtz and
Kovacs). Based on correlations of SPT blow counts, N, and relative density, an Ngg of 10 to 15 (at
overburden pressure of approximately 20 psi) will be required to achieve 50% relative density. This field N
is equivalent to Ngp = 15 where Ngg is the corrected blow counts for 60% rod energy ratio and for
overburden pressure.

Software:

Title Developer Versions Revision Level

Liquefaction Analysis | Jacobs
Spreadsheet

liquefaction analysis of tailings calculation sheet_4-15-2008 revised.doc

The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolied. Copyright®
Jacobs Engineering Group Inc., 2007



JACOBS Calculation Sheet

Project: Moab UMTRA Project
. . Calculation Number;___C-12
(Ref. FOWI 116 Design Calculations) Page 5 of 22

Calculation Section:
See attached spreadsheets.
Liquefaction analysis has been performed for two cases:

1. Tailings with 17% fines (i.e. 17% passing the No. 200 sieve); and
2. Tailings with 46 % fines (i.e. 46% passing the No. 200 sieve).

liquefaction analysis of tailings calculation sheet_4-15-2008 revised.doc

The current applicable version of this publication resides on Jacobs' Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007




Calculation Sheet

JACO

Project: Moab UMTRA Project
. Calculation Number:__ C-12
(Ref. FOWI 116 Design Calculations) Page 6 of 22

Conclusions/Recommendations:

The resuits of the analyses indicate that liquefaction of the tailings will not oceur under the assumed soil and
seismic conditions. Furthermore, it is considered likely that field SPT N-counts in 90% relative density
material may result in higher blow counts than assumed in this liquefaction analysis.

The Technical Approach Document (TAD) indicates the minimum factor of safety considered acceptable for
UMTRA sites is 1.5. The calculated factors of safety ranged from 1.37 to 2.38 in the tailings containing 17%
fines, and from 1.74 to 3.04 in the tailings with 46% fines. Due to the exireme (and unlikely) assumption
made for saturated conditions to be present full height of the tailings, it is concluded that the tailings at the
site are not liquefiable.

Reference:
Technical Approach Document (December 1983) DOE/UMTRA-050425-0002

: Wong, 1.G. and Olig, S.S., “Earthquake hazards in the Intermountain U.S.: issues relevant to uranium mill
tailings disposal”.

Lambe and Whitman (1969), Soil Mechanics.

University of Utah Seismograph Stations — NEHRP. List of Earthquakes in Utah and surrounding areas.

| USGS Earthquake Hazards Program
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&8 The Local Quake Threat

Earthquakes Researched for this Project

Click on Common Name for information about that earthquake.
Click here for an explanation of Magnitude or Intensity.

Sorted by Magnitude

Date Common Name
Mar 22, 1876 Moroni, UT

Jul 18, 1894 Ogden, UT

Apr 20, 1891 St. George, UT
Apr 15, 1908 Milford, UT

Jan 10, 1910 Elsinore, UT

Jul 15, 1915 Provo, UT

Jan 20, 1933 Parowan, UT

Aug 30, 1942 Cedar City, UT
Sep 26, 1942 Cedar City, UT
Feb 22, 1943 Magna, UT

Nov 17, 1945 Glenwood, UT
Mar 06, 1949 Salt Lake City, UT
Feb 13, 1958 Wallsburg, UT
Feb 27, 1959 Panguitch, UT
Apr 15, 1961 Ephraim, UT

Sep 05, 1962 Magna, UT

Oct 04, 1967 Marysvale, UT
Aug 14, 1988 San Rafael Swell, UT
Jan 29, 1989 So. Wasatch Plateau, UT
Aug 01, 1900 Eureka, UT

Nov 11, 1905 Shoshone, ID

May 22, 1910 Salt Lake City, UT
May 13, 1914 Ogden, UT

Feb 29, 1928 Helena, MT

Sep 23, 1945 Flathead Lake, MT
Mar 31, 1952 Big Fork, MT

Feb 15, 1929 Lombard, MT

Dec 05, 1887 Kanab, UT

Jul 21, 1959 Southwest UT
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Aug 30, 1962 Cache Valley, UT 57 Vil
Jun 12, 1930 Grover, WY 5.8 \'!
Sep 02, 1992 St. George, UT 5.8 Vi
Feb 03, 1994 Draney Peak, ID 5.9 VIl
Nov 17, 1802 Pine Valley, UT 6 +/- VIl
Oct 05, 1909 Hansel Valley, UT 6 +/- VI
Sep 29, 1921 Elsinore, UT 6 +/- Vil
Feb 13, 1945 Central Idaho 6.0 \
Mar 27, 1975 Pocatello, ID 6.0 Vil
Jul 12, 1944 Centra) lIdaho 6.1 Vil
Jun 30, 1975 Yellowstone, WY 6.1 Vil
Oct 18, 1935 Helena, MT 61/4 Vil
Nov 23, 1947 Virginia City, MT 61/4 Vi
Nov 10, 1884 Bear Lake, ID 6.3 Vil
Nov 13, 1901 Southern UT 6 1/2 +/- IX
Mar 12, 1934 Hansel Valley, UT 6.6 iX
Jun 27, 1925 Clarkston Valley, MT 6 3/4 VIl
Oct 28, 1983 Borah Peak, ID 7.3 IX
Aug 17, 1959 Hebgen Lake, MT 7.5 X

Note: Date listed in Local Time

University of Utah Seismograph Stations «» 135 South 1460 East, Room 705 WBB
Salt Lake City, Utah 84112-0111 «» Phone 801-581-8274 «» Fax 801-585-5585

E-mail UYSS!
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Earthquake hazards in the Intermountain U.S.: Issues
relevant to uranium mill tailings disposal

Ivan G. Wong and Susan S. Olig
Seismic Hazards Branch, Woodward-Clyde Federal Services, Oakland, CA USA

Bruce W. Hassinger
Smith Environmental Technologies Corporation., Englewood, CO USA

Richard E. Blubaugh
Environmental and Government Affairs, Atlas Corporation, Denver, CO USA

ABSTRACT:

In the past two decades, a tremendous amount of new information and data has emerged on seismic sources
in the Intermountain United States and their associated processes of earthquake generation. Consequentty,
the seismic safety of U.S. uranivm mil! tailings sites, which are located almost exclusively in this region,
are being reviewed by the U.S. Nuclear Regulatory Commission (NRC). Based on a deterministic and
probabilistic re-evaluation of potential seismic hazards at a Title II site in southeastern Utah, three
significant issues have been raised which will impact other sites in the Intermountain U.S. required to
revisit their setsmic design criteria by the NRC. These issues are: (1) whether the NRC's required use of a
deterministic approach for assessing seismic hazards is appropriate for Title JT uranium mill tailings sites in
a region such as the Intermountain U.S.; (2) is the alternative approach of probabilistic seismic hazard
analysis acceptable to the NRC for uranium mill tailings sites; and (3) what is the appropriate return period
that should be used. Based on our evaluation, we conclude that deterministic ground motion approaches
such as the NRC's 10 CFR 40 Appendix A can result in overly conservative seismic design criteria for
Title II sites in the Intermountain U.S, and that instead, probabilistic seismic hazard analysis should
provide the bases for such criteria. Additionally, as in all decisions of this nature, the selection of a return
period for a specific site should be based on what is deemed an acceptable level of risk;. Such levels may
vary from site to site depending on the consequences of radionuclide release into the environment. However,
the values of 200 and 1000 years cited in the Environmental Protection Agency's (EPA) 40 CFR 192.02
and NRC's Appendix A Criterion 6(1) should form the basis for the selected return period.

1 INTRODUCTION

Many portions of the Intermountain region of the western United States (Figure 1) exhibit geologic
evidence for large prehistoric earthquakes although they may lack even low levels of historical and/or
contemporary seismicity. Such areas are subject to future seismic hazards. Large events such as the 1959
magnitude (M) 7.3 Hebgen Lake, Montana and 1983 M 6.8 Borah Peak, Idaho earthquakes attest to the
earth's potential to damage both natural and man-made environments. The recurrence intervals of such
large events on a specific fault in the Intermountain U.S., however, may span from a few thousands to more
than 100,000 years. Hence, one of the most significant problems

13
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Figure 1. Seismicity of the western U.S. (1808 to 1996) and physiographic provinces and major seismic
source zones located in the Intermountain U.S. Also shown is the study area around the Moab site in
southeastern Utah. Earthquake data courtesy of the National Earthquake Information Center.

facing the community involved in earthquake hazard mitigation is how to address the hazard from large but
infrequent earthquakes. In contrast, there also exist portions of the Intermountain U.S., such as the interior
of the Colorado Plateau, where the earthquake potential is low based on both recent geologic and
seismologic data.

In 1978, Congress enacted the Uranium Mill Tailings Radiation Control Act (UMTRCA) to provide for the
disposal, long-term stabilization, and control of uranium mill tailings. The NRC, which regulates
UMTRCA uranium miil tailing sites, has initiated a program of re-evaluating the seismic design criteria of
Title II (licensed) sites based on the results of a recent study performed by Lawrence Livermore National
Laboratory (LLNL) (Bernreuter et al. 1995). In the LLNL study, "simplified" site-
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specific probabilistic seismic hazard analyses were performed for 19 Title 11 sites located in Utah,
Wyoming, South Dakota, and New Mexico based on readily available information. Bernreuter et al. (1995)
concluded that at most sites, their estimates of probabilistic peak ground acceleration at return periods of
2,000 years and more were higher than the values used in design.

In a recent re-evaluation of a Title II site in Moab, Utah, three key seismic hazard issues have emerged in
our interactions with the NRC. These issues will significantly impact most, if not all, other sites in the
Intermountain U.S. This paper describes these issues and our approach to resolving them,

2 EARTHQUAKE HAZARDS IN THE INTERMOUNTAIN U.S.

The Intermountain U.S., as defined in this paper, consists of the states of Idaho, Nevada, Arizona, Utah,
Montana, New Mexico, Colorado, and Wyoming. Physiographically, the region consists principally of the
Basin and Range province, Colorado Plateau, Rocky Mountains, and Great Plains. Four major seismic
zones are Jocated within or border the Intermountain U.S. including: (1) the Sierra Nevada-Great Basin
boundary zone; (2) the Intermountain seismic belt including the Centennial Tectonic Belt; (3) the Central
Nevada seismic zone; and (4) the Rio Grande rift (Wong et al. 1982) (Figure 1). Elsewhere, away from
these zones, the level of historical seismicity is more subdued but there still exists the potential for the
occurrence of large but infrequent earthquakes as indicated by the presence of late-Quaternary faults. For
example, the 1887 Sonoran earthquake of estimated M 7.4 occurred as a result of rupture along the
Pitaycachi fault just south of the Arizona-Mexico border (Bull and Pearthree 1988) in an area
characterized by a low level of historical and contemporary seismicity.

Of greatest relevance to the Intermountain Title II sites are the Intermountain seismic belt and Rio Grande
rift. The Intermountain seismic belt is one of the most extensive zones of seismicity within the continental
United States (Figure 1). It trends 1300 km northward from- northwestern Arizona through central Utah,
straddles the Idaho Wyoming border, and turns northwestward through Montana in the vicinity of
Yellowstone National Park (Smith and Sbar 1974; Smith and Arabasz 1991) Much of the Intermountain
seismic belt is characterized by generally north- to northwest-trending normal faults. Prominent fault zones
include the Sevier and Hurricane faults in nortbern Arizona and southern Utah, the Wasatch fault zone in
central Utah, and the Madison and Hebgen faults near Yellowstone. Since the beginning of the historical
record in the mid 1800's, about 25 earthquakes of M 6 or greater have occurred along the Intermountain
seismic belt (Smith and Arabasz 1991). The largest event in historical time was the 1959 Hebgen Lake
earthquake.

The Rio Grande rift extends for approximately 600 hen from south-central New Mexico northward to
south-central Colorado (Figure 1). Most of New Mexico's population is concentrated along the Rio Grande
rift in cities such as Albuquerque and Santa Fe. The earliest report of earthquake activity was a sequence
of 22 events felt in 1849 to 1850 near the town of Socorro (Sanford et al. 1991). The largest earthquakes
observed to date are three events that occurred on 12 and 16 July and 15 November 1906 near Socorro.
The estimated size of the latter event, the largest of the trio, is about M 6.

15



3 SEISMIC HAZARD EVALUATION OF THE MOAB SITE

In response to a request by the NRC, an up-to-date seismic hazards evaluation of the Title Il Moab site was
performed (Wong et al. 1996). This site, owned by Atlas Corporation, consists of 2 130-acre pile
consisting of 10 1/2 million tons of processed tailings derived from the past operation of the Atlas uranium
mill. The tailings were emplaced over alluvial soils and the disposal area was developed from 1956 to

1984. The site is in the process of final closure and the Remedial Action Plan (Reclamation Plan) requires
NRC approval.

According to the Standard Review Plan (SRP June 1993), "there are no NRC regulatory guidelines directly
applicable to the geologic and seismologic aspects of the UMTRA Program”. However, the basic
acceptance criteria pertinent to the geologic and seismic stability aspects are provided in the EPA's 40 CFR
Part 192, Subpart A and according to section 192.02, "control of residual radioactive materials and their
listed constituents shall be designed to be effective for up to 1000 years, to the extent reasonably
achievable, and in any case, for at least 200 years". NRC staff has interpreted this standard to mean that
certain geologic and seismic conditions must be met in order to have reasonable assurance that the long-
term performance objectives will be achieved (NRC 1994).

The SRP states that NRC staff review of seismotectonic stability must conclude whether the information
and investigations in the Remedial Action Plan provide an adequate basis for selection of the Maximum
Credible Earthquake (MCE) and determination of the resulting vibratory ground motion at the site. The
NRC defines the NICE as the "earthquake which would cause maximum vibratory ground motion based
upon an evaluation of earthquake potential considering the regional and local geology and seismology and
specific characteristics of local subsurface material" (10 CFR 40 Appendix A). The NRC's Appendix A
approach, which basically requires the determination of the 84th percentile MCE ground motions, is a
deterministic approach. It requires the use of the worst case earthquake with no consideration for its
frequency of occurrence. Although Appendix A stipulates that a tailings pile be designed for the MCE, the
Introduction to Appendix A allows for alternatives to be proposed by the licensee. These alternatives "may
take into account local or regional conditions, including geology, topography, hydrology, and meteorology.
The commission may find that the proposed alternatives meet stabilization and containment of the site
concemned, and a level of protection for public health, safety, and the environment from radiological and
non-radiological hazards associated with the sites, which is equivalent to, to the extent practicable. or more
stringent than the level which would be achieved by the requirements of this Appendix and the standards
promulgated by the EPA in 40 CFR Part 192." Furthermore, Appendix A Criterion 6(1) specifies that the

regulatory standard is "reasonable assurance” of stability of the tailings disposal for the 200 to 1,000 year
period.

Moab is located within the interior of the Colorado Plateau which has been generally considered to be
seismically inactive and devoid of large earthquakes. Seismological studies performed in the past decade,
however, indicate that seismicity is fairly widespread throughout the Plateau interior, albeit at a low to
moderate level, and that earthquakes up to M 6 have occurred in historical times (Wong and Humphrey
1989). Although detailed fault studies have not been performed to date within the Colorado Plateau. the
available geologic data suggests that only a few significant late-Quaternary
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faults may exist in the Plateau interior (Hecker 1993). Thus there appears to be at least a low level of
earthquake hazard within the Plateau.

In our seismic hazard evaluation of the Moab site, potentially seismogenic faults and seismic source zones
(areal sources) significant to the site were identified, characterized, and considered in the analysis. These
seismic sources included 11 faults, a zone of microseismicity along the Colorado River southwest of Moab,
and a seismic source zone for the Colorado Plateau which represents unknown earthquake sources having
no geologic surficial expression (Figure 2). The closest fault to the site is the Moab fault which trends
beneath the northeastern corner of the site. Available geologic and geophysical evidence, however, indicates
that the fault is not capable of producing significant earthquakes (Olig et al. 1996). In fact, 10 of the 11

faults considered in our evaluation are associated with salt structures and are probably not seismogenic
{(Wong et al. 1996).

Based on an Appendix A approach, ground motions, as characterized by peak horizontal acceleration, were
estimated for three potential earthquake scenarios: (1) a M 5.0 earthquake at a source-to-distance of 30 km,
our proposed largest event along the Colorado River seismicity trend; (2)a M 6 1/2 carthquake along this
same zone at a distance of 5 km from the site as proposed by the NRC; and (3) a "floating” earthquake of
M 6 1/4 at a distance of 15 km. In the absence of any nearby capable faults, the NRC's policy requires that
the MCE be represented by a floating (random) earthquake. For the second scenario, the NRC assumed
that half of the seismicity zone along the Colorado River could rupture in a single large earthquake. Based

on geological and seismological arguments presented in Woodward-Clyde Federal Services (1996), we
consider this scenario to be extremely unlikely.

Given a maximum magnitude and source-to-site distance, empirically-based attenuation relationships can
be used to estimate median (50th percentile) and median plus one standard deviation (84th percentile)
ground motions for a site. The NRC stipulated 84th percentile peak horizontal accelerations at the Moab
site were 0.06 g, 0.63 g, and 0.29 g, respectively for the above earthquake scenarios. Based on this
analysis, the MCE for the site would be the NRC's M 6 1/2, earthquake occurring along the Colorado
River seismicity trend at a source-to-site distance of 5 km.

As an alternative approach, we evaluated the earthquake hazard at the Moab site probabilistically similar
to, but in a more rigorous manner than was done by LLNL. Ina probabilistic seismic hazard analysis,
levels of ground motions associated with a probability or likelihood of being exceeded in a specified time
period (or inversely, return period) can be calculated. This approach also allows for the explicit inclusion
of the range of possible interpretations and uncertainties in components of the model including seismic
source characterization and ground motion estimation. The probabilistic seismic hazard model used in our
study is similar to the hazard model originally developed by Comell (1968) and refined by McGuire (1974).

All seismic sources within a distance of about 150 km from the site were characterized and nput into the
analysis (Wong et al. 1936). This included the 11 faults such as the Moab fault, the Colorado River
seismicity trend, and the Colorado Plateau source zone. Ten of the 1 1 faults were assigned low
probabilities of being seismogenic because they show no evidence for Quaternary activity except
deformation related to shallow salt dissolution and flowage (Wong et al. 1996). The attenuation of ground
motions was addressed through the use of state-of-the-art empirical relationships for peak horizontal
acceleration and stiff soil conditions.
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Figure 2. Seismicity {1953 to 1994) and selected Cenozoic faults (after Hecker
1953) in the Moab study area. Stippled areas represent areas of

distributed deformation due to salt dissolution. Ball on normal faults
is on downthrown side.

The probabilistic seismic hazard analysis resulted in peak horizontal accelerations at the Moab site of 0.05
to 0.18 g for return periods ranging from 500 to 10,000 years (Figure 3). The MCE 84th percentile peak
horizontal acceleration of 0.63 g has a return period of about 750,000 years (Figure 3) or 750 times greater
than the 1000-year design life stipulated in 40 CFR 192.02 and Appendix A Criterion 6(1). The major
contributor to peak: acceleration hazard at 10,000 years is the background earthquake in the Colorado

Plateau source zone. The Colorado River seismicity trend and the Moab fault contribute little to the hazard
at the Moab site at this return period (Wong et al. 1996).

4 SEISMIC HAZARD ISSUES IN THE INTERMOUNTAIN U.S.

In the seismic hazard evaluation of the Moab site, three significant issues were raised due to NRC
regulations governing Title II sites. The first issue stems from the NRC's current
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Figure 3. Probabilistic seismic hazard curves for the Moab site, The fractile curves give the range of
uncertainty about the mean or median (50th percentile) values. The peak horizontal acceleration of 0.18 g
at a 10.000 year return period, our recommended seismic design value, can be read from the mean hazard
curve.

position of requiring the seismic design of Title I1 sites be based on a deterministic Appendix A approach
incorporating the concept of the MCE. In such an approach, the 84th percentile ground motions generated
by the MCE provide the basis for the Design Basis Earthquake. Intertwined in this issue is also the issue of
the reasonableness of the 15 km source-to-site for the floating earthquake in areas of low seismuicity.

We believe the MCE peak horizontal acceleration for the Moab site (0.63 g) and even the value estimated
for the floating earthquake (0.29 g) are overly conservative for seismic design purposes given the low
seismic potential that exists within the interior of the Colorado Plateau. This latter observation is supported
by the available seismological and geological data. In particular, the location of the Moab site in the
Canyonlands region where many precariously batanced rocks occur throughout the area, some very
delicately, suggests that this portion of the Colorado Plateau interior has not been subjected to strong
earthquake ground shaking for at least several thousands of years (Wong et al. 1996).
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As described earlier, the NRC's policy specifies the 15 km source-to-site distance for the floating
carthquake. This distance is rather arbitrary because it is independent of the seismic potential of the region
being considered. Thus whether a site is located along the more seismically active Wasatch Front in central
Utah or the much less active Moab area, the 15-km distance is fixed. In general, deterministic approaches
such as dictated in the NRC's Appendix A can result in overly-conservative seismic design criteria in areas
of low earthquake potential. Even for sites in more seismically active areas of the Intermountain U.S.,
deterministically-based ground motions can also be too high for seismic design because the majority of late-

Quaternary faults are characterized by long recurrence intervals far exceeding the lifetimes of engineered
structures.

The second issue is whether probabilistic seismic hazard analysis is acceptable to the NRC as an
alternative to their Appendix A deterministic approach for developing seismic design criteria at Title IT
sites. The NRC has endorsed the use of probabilistic risk assessment in nuclear regulatory matters as
specified in their final policy statement in the Federal Register (16 August 1995). At this time, however, the
NRC has not officially established a policy for Title II sites. Probabilistic analysis has become increasingly
used in seismic hazard analysis for a wide range of facilities and structures. It provides the basis for the
Uniform Building Code and is now become acceptable for evaluating the potential seismic hazards to
nuclear reactors.

Given the uncertainties in seismic source characterization and ground motion estimation in the
Intermountain U.S., probabilistic seismic hazard analysis is well suited to addressing these uncertainties.
For example, given the observation that the largest known earthquake along the Colorado River is less than
M 3, there is considerable uncertainty in the assumption that the maximum earthquake for this zone is M 5
relevant to the Moab site. As previously discussed, the NRC's position that a maximum earthquake of M 6
1/2, could occur within this zone is even more uncertain. Additionally, because the acceptable risk of Title
II sites has been defined in terms of time (200 to 1000 years), it is best evaluated through probabilistic
analysis which incorporates the recurrence of earthquake sources.

If probabilistic analysis is acceptable for Title If sites, a significant issue is at what return period (or
alternatively a probability of nonexceedance) is deemed appropriate by the NRC. It was our
recommendation that the seismic design criteria for the Moab site be based on a return period of 10,000
years (corresponds to a 10% chance of exceedance in 1000 years). We selected and recommended this very
conservative return period based on the fact that the Moab site is located adjacent to the Colorado River
and that radionuclide release into the major water source, if possible, might be considered higher risk than
other Title II sites. In the probabilistic seismic hazard analysis performed by Bernreuter et al.(1995) for
Title II sites, they calculated peak horizontal accelerations assuming a return period of 10,000 years. They
adopted this value because, in their opinion, it satisfied the criteria cited in Appendix A. Furthermore, they
stated that such a probability of exceedance may be too conservative for design because of the "relatively
low risk posed by the tailings piles." For comparison, the current design life for the proposed underground
nuclear waste repository at Yucca Mountain, Nevada is 10,000 years.

Because we considered a 10,000 return period to be very conservative compared to the required 1,000
years cited in 40 CFR 192.02 and Appendix A and because both EPA and NRC considered but explicitly
rejected a 10,000 year control period for uranium mill tailings, our recommended seismic design value of
0.18 g for the Moab site provides
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"reasonable assurance" of a level of protection "equivalent to, to the extent practicable" stipulated in
Appendix A. We believe that selection of longer return periods, which correspond to lower probabilities of
exceedance, would certainly result in overly conservative seismic design criteria not consistent with the

available geologic, seismologic, and geophysical data pertinent to earthquake hazards in the vicinity of the
Moab site and the interior of the Colorado Plateau.

S CONCLUSIONS

Probabilistic seismic hazard analysis has been increasingly accepted as an approach often superior to
deterministic methods alone for evaluating seismic hazards for a wide variety of facilities and structures.
The probabilistic methodology is particularly well suited in applications for uranium mill tailings sites
because of their generally lower risk and locations in the Intermountain U.S. In this region, large damaging
earthquakes are possible but relatively infrequent There are also considerable uncertainties in
characterizing seismic sources and estimating ground motions which can be explicitly incorporated into
probabilistic seismic hazard analysis. Finally, because the level of acceptable risk for Title 11 sites has been
expressed in a time frame of 200 to 1000 years (40 CFR 190.02), probabilistic seismic hazard analysis is

better suited to providing the basis for seismic design criteria than deterministic approaches, which are time
independent.
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JACOBS Calculation Sheet

Project: Moab — UMTRA Project
N Calculation Number:__ C-13
(Ref. FOWI 116 Design Calculations) Page 3 of 32

Description of Caiculation:

The Modified Berggren Formula (MBF) will be used to determine maximum frost penetration into the final

cover of the Moab uranium mill tailings repository for known climatic and soil conditions at or near Crescent
Junction, Utah.

Climatic conditions are based on available climate records for nearby Thompson Springs, Utah
(approximately 5 miles from the Crescent Junction Disposal site).

Material properties for the in-situ soils and borrow material have been obtained from the “Geotechnical

Properties of Native Materials” calculation set (Attachment 5, Vol. 1, Appendix E) for the Crescent Junction
site.

Use the methods described in Smith and Rager (2002) to predict the maximum depth of frost penetration for
the Crescent Junction Disposal site. ‘This method includes projection of extreme-value frost depths for the
200-year recurrence interval by extrapolating beyond the available climate records using the cumulative
probability distribution of the Gumbel function. Steps included in the analyses are:

Determine freeze-index parameters (air-freeze index, duration of freeze, mean annual temperature)
Determine surface correction factor

Determine thermal properties of the soil

Determine annual frost depths

Determine exireme frost depth

ahwh=

Assumptions:

Climate: Historical climatic condition records for Crescent Junction are not available.

Historical climatic conditior: records are available from NOAA and the Western Regional Climate Center for
Moab and Thompson Springs (Thompson) Utah, respectively. Thompson Springs is located approximately
} & miles east of the proposed Crescent Junction Disposal site and the weather station elevation is within

| £150 feet (El. 5150 vs El. 5,000) of the proposed top of the cell cover elevation at the Crescent Junction
site.

Climate data for the frost penetration calculation has been obtained from National Climate Data Center
COOP Station #428705 in Thompson, Utah; latitude: 38°58”; longitude: 109°43"; elevation: 5,150 ft AMS. [t
is assumed that the climatic data presented in RAP, Attachment 1, Disposal Cell Design Spegcifications,

Appendix A “Freeze/Thaw Layer Design”, including air-freezing index, length of freezing season, and mean
annual temperature is correct.

{ Soils: Boring log and laboratory test data information of existing materials at the Crescent Junction site has
been obtained from the “Geotechnical Properties of Native Materials” calculation set, RAP Attachment 5,
Appendix E.

Soil properties: The existing soils which will be used as borrow material at the Crescent Junction site is

described as Silt, clayey, sandy (CL). The average dry unit weight is 91.6 pcf and the average moisture
content is 6.2%.
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COBS Calculation Sheet
Project: Moab - UMTRA Project

) Calculation Number:___C-13
{Ref. FOWI 116 Design Calculations) Page 4 of 32

Dasign Inputs:

Air Freezing Index (F1): varies, depending on year. Obtain from RAP Attachment 1, Appendix A and from
WRCC data,

Length of Freezing Season (d) : varies, depending on year. Obtain from RAP Attachment 1, Appendix A.

Mean Annual Temperature (T): varies, depending on year. See attached sheets from WWCC; use values
from RAP Attachment 1, Appendix A.

Soail: clay-silt type soil (CLAY, sandy, silty (CL)); dry unit weight: 91.6 pcf , moisture content: 6.2%

Thermal Conductivity (K); use chart (attached) for K¢ and K, for frozen and unfrozen silt-clay soils OR
Ky = 0.0833(0.9 log w — 0.2) (100-01*dry unit wty = 0 352 and

K = (0.0833) [0.01(100-022"dry unit wt) + g 085 (100-008*dry unit wtyw)j = 0.324; therefore
Kave = 0.5 (K, + Kf) = 0.338
Volumetric Specific Heat (C) for unfrozen and frozen soil

Cy, = dry unit wt (0.17 + (w/100)) = 21.25 BTU/ft3 - °F and
Cs = dry unit wt (0.17 + [0.5w/100]) = 18.41 BTU/ft3 - °F; therefore

Cave = (Cy + Cy2 = 19.83 BTUI3 - °F
Latent Heat (L) of a Soil; use equation

L = [(144 BTU/Ib) (w) (dry unit wt)}/100 = 818 BTU/ft3

Surface Correction N-factor for freezing conditions:
{1 N =1 for snow

N = 0.9 for sand and gravel

N = 0.7 for bare ground (soil)

N = 0.5 for turf

Use N = 1 as worst case for the analysis. An assumed value of N = 0.8 can be used for a silt-clay cover
ignoring any rock cover. An assumed value of N = 0.9 should be used for a rock cover.

Modified Berggren formula
X = A sq rt[(48"* kayer N*FI) /L]

Where
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JACOBS Calculation Sheet

Project: Moab — UMTRA Project
Calculation Number:__ C-13

Page 5 of 32

{Ref. FOWI 116 Design Calculations)

x = depth of freeze (ft)
A = dimensionless coefficient which takes into account effect of temperature changes in soil mass.

Kave = thermal conductivity of soil, average of frozen + unfrozen (BTU/hr e ft e °F)

N, Fl, and L as defined above.

Determine A, where A = f(u, @) From attached chart.

u = fusion parameter = (T¢ — Ts) (C/L) and Ts — Tg = nFl/d; therefore y = nFl/d x Caye/L

a = thermal ratio = T ~ T¢/ T¢ — Tg where T = mean annual air temperature, Ts = 32°F, and T¢— Tg = nFlid
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JACOBS Calculation Sheet

Project: Moab — UMTRA Project
Calculation Number:__ C-13
(Ref. FOWI 116 Design Caiculations) Page 6 of 32

Calculation Section:

Annual frost depths were determined for each of the subject years identified in Attachment 1, Appendix A
using the Modified Berggren Formula (MBF). Spreadsheets for sample calculations are presented in
Appendix A of this calculation, as well as a table summarizing all of the results calculated for the frost years
identified in Attachment 1, Appendix A versus the results of this calculation.

The federal regulations including 10 Code of Federal Regulations Part 40 requires an extreme frost depth
be determined for 1,000 years where reasonably achievable, but in any case no less than 200 years. Once
the annual frost depths were calculated, methods as described in Smith and Rager (2002) were used to
determine extreme frost depths for recurrence interval of 200 and 1,000 years using the following sequence:

1. Compile computed frost depths in ascending order.

2. Determine recurrence interval, Tr, where Tr = (n+1)/m, and n = number of observations and m =
ordered sequence of frost depth values.

3. Determine Gumbel cumulative probability distribution (F(x)) of each frost depth calculation which is
equal to the inverse of the recutrence interval. F(x) = 1/{1-Tr).

4. Determine standard variate, y, where y = -In[-In(1-(1/Tr))] for each frost depth calculation.

5. Plot calculated frost depths in relation to recurrence interval on arithmetic graph paper.

6. Determine best-fit line segments through the data with emphasis on the right (upper) distribution of
data which represents the higher recurrence intervals.

7.

Extrapolate the data to 200 years and 1,000 years to obtain the extreme frost penetration depth
estimate.

The graphical results of the extreme-frost depth analysis suggest a maximum frost penetration of 45 inches
for a recurrence interval of 200 years with a surface factor of 1.0. Frost depth predictions were also made
with surface factor of 0.9 and 0.8 for the three highest frost penetration records, resulting in a maximum
frost penetration of about 43 inches and 41 inches, respectively. The analysis was further extrapolated to
recurrence interval of 1,000 years to satisfy the requirements of 10 Code of Federal Regulations Part 40.
The results indicate an extreme-frost depth of 52, 50 and 48 inches for surface factor of 1.0, 0.9 and 0.8,
| respectively.

| Based on Gumbel probability functions (see chart), designing for recurrence interval of 1,000 years verses
| 200 years does not add any significant value of risk reduction. In view of this, we recommend a maximum
| frost depth of 45 inches for a recurrence interval of 200 years should be used in the design of the cover.
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JAc Bs Calculation Sheet

Project: Moab — UMTRA Project

. . Calculation Number:__C-13
(Ref. FOWI 116 Design Calculations) Page 7 of 32

Conclusions/Recommendations:

Calculated annual frost depth penetrations were typically in line with results presented in RAP Attachment 1,
Appendix A. The method of analysis used for these check calculations resulted in reasonably close results
to those originally estimated using a surface correction factor of N = 1.  The difference in results ranged
from -2 to +0.7 inches, with the overall average difference for all frost years evaluated was less than 0.1
inch greater than previous calculations.

Regional frost depth maps presented in NAVFAC 7.1 suggest a extreme frost penetration depth of
approximately 30 inches for the Crescent Junction area based upon state averages. This frost depth
magnitude represents a recurrence interval of approximately 3 years. For a 200-year design life for the
cover system, the 30 inch penetration is not acceptable.

Based on the results of the freezefthaw analysis, a maximum frost penetration of 43 inches should be
assumed for design of the Moab uranium tailings cover at the Crescent Junction Disposal Site using a rock
cover, or 41 inches assuming a vegetation cover.

frost penefration calc(Rev 04-15-2008)revised.doc

The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled. Copyright®
Jacobs Engineering Group Inc., 2007




SUMMARY OF LABORATORY TEST RESULTS
CRESCENT JUNCTION DISPOSAL SITE, UTAH

Natural Moisture (%) Dry Density (pcf) Soil Type
4.2 91 Clay, silty, sandy (CL)
4.5 100 Clay, silty, sandy (CL)
6.6 83 . Clay, silty, sandy {CL)
6.1 83’ Clay, silty, sandy (CL)
7.3 106 Clay, silty, sandy (CL)
8.4 i 108 Clay, silty, sandy (CL)
13.4 77 Clay, silty, sandy {CL)
8.2 96 Clay, sand, silty (CL/SC)
6.1 90 Clay, silty, sandy (CL)
4.6 84 Clay, silty, sandy (CL)
6 83 Clay, silty, sandy (CL)
5.4 102 Clay, silty, sandy (CL)
3.8 85 Clay, silty, sandy (CL)
12.4 95 Clay, silty, sandy (CL)
4.7 90 Clay, silty, sandy {CL)
4.2 94 Clay, silty, sandy (CL)
5.7 85 Clay, silty, sandy (CL)
2.8 895 Clay, silty, sandy (CL)
6 89 Clay, silty, sandy (CL)
4.7 91 Clay, silty, sandy (CL)
8.2 99 Clay, silty, sandy (CL)
5.7 87 Clay, silty, sandy (CL)
7.7 71 Ciay, silty, sandy (CL)
12.2 89 Clay, silty, sandy (CL)
7.1 102 Clay, silty, sandy (CL)
6.5 85 Clay, silty, sandy (CL)
4.8 87 Clay, silty, sandy (CL)
5.6 Clay, silty, sandy (CL)
4.3 Clay, silty, sandy (CL)
29 Clay, silty, sandy (CL)
5.5 Clay, silty, sandy (CL)
5.7 Clay, silty, sandy (CL)
44 Clay, silty, sandy (CL)
7.6 Clay, silty, sandy (CL)
2.7 Clay, silty, sandy (CL)
7.2 Clay, silty, sandy (CL)
2.7 Clay, silty, sandy (CL)
5.5 Clay, silty, sandy (CL)
5.8 89 Clay, silty, sandy (CL)
4.9 89 Clay, silty, sandy (CL)
7 87 Clay, silty, sandy (CL)
5 93 Clay, silty, sandy (CL)
8.6 98 Clay, siity, sandy (CL)
7.6 103 Clay, silty, sandy (CL)
10 109 Clay, silty, sandy (CL)
6.2 91.6

Source: Geotechnical Engineering Group, Inc. lab test results, December 22, 2005
Attachment 5 Vol. 1, Appendix E
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ANNUAL FROST PENETRATION CALCULATION RESULTS
AND
SAMPLE CALCULATION SHEET
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CALCULATED ANNUAL FROST PENETRATION DEPTHS
CRESCENT JUNCTION, UTAH

Depth of Frost || Depth of Frost Depth of Frost | Depth of Frost
Air Freeze Index| Length of Freeze] Mean Annual Penetration (in) - || Penetration Difference | Penetration Penetration,
Year (°-days) Season (days) | Temperature (°F) Appendix A n=1.0 (in) (in) n=0.9 (in) n=0.8 (in)
1933 1141 83 48.8 38.3 39 0.7 37 35
1934 80 42 56.7 6.0 5 -1.0
1935 124 62 53.3 8.0 6 -2.0
1937 970 83 50.1 339 34 0.1 32 31
1938 177 69 53.5 10.2 10 -0.2
1939 765 87 52.1 27.7 28 0.3
1941 765 87 52.1 27.7 28 0.3
1943 17 5 55.8 2.0 3 1.0
1944 119 33 55.2 8.8 8 -0.8
1945 32 9 54.7 4.0 4 0.0
1946 520 73 53.2 22.0 22 0.0
1950 501 67 52.5 216 22 0.4
1954 240 45 55.3 134 14 0.6
1955 829 93 514 29.7 30 0.3
1956 45 29 55.3 24.0 3
1960 338 67 53.8 16.0 16 0.0
1961 199 60 54.0 11.1 11 -0.1
1963 735 44 52.9 28.9 29 0.1
1971 289 29 54.0 16.6 17 0.4
1974 734 82 53.0 27.0 27 0.0
1975 403 44 53.3 19.8 20 0.2
1976 293 45 53.7 15.8 16 0.2
1977 264 55 54.8 13.6 14 0.4
1978 177 6 55.0 14.4 14 -0.4
1979 1132 93 51.3 36.0 36 0.0 33 32
1980 293 48 53.5 15.6 16 0.4
1982 448 56 53.4 20.4 21 0.6
1983 92 21 53.3 8.3 8 -0.3
1986 106 37 54.2 8.0 8 0.0
1987 225 51 53.7 12.8 13 0.2
1988 832 74 50.8 30.7 31 0.3
1989 714 88 53.1 25.9 26 0.1
1990 255 85 53.6 12.5 12 -0.5
1991 696 77 52.0 26.8 27 0.2
1992 718 74 52.0 274 27 -0.4
1994 284 83 52.3 14.3 14 -0.3
average 432 58 53 19 18 0
Note:

Air Freeze Index, Length of Freezing Season, Mean Annual Temperature, and Depth of Frost Penetration - Appendix A for each frost year
analyzed are obtained from RAP, Attachment 1, Appendix A.
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DEPTH OF FROST PENETRATION CALCULATION
CRESCENT JUNCTION, UTAH
FROST YEAR 1933
dry unit wt (pcf) 91 .6'

moisture content 6.2

thermal conductivity (k)
for unfrozen silt-clay soils, ku = 0.0083(0.9 log w-0.2)*(1040.01*dry unit weight)
0.0833 0.71315252 0.51315252 0.916 8.24138115
ku 0.352

for frozen silt-clay sails, kf =( 0.083)[(0.01(1040.022*dry unit wi)}+0.085(1020.008*dry unit wt)(w)]
0.0833 2.0152 103.561898 1.03561898 0.7328 5.40505354 2.84846321
kf 0.324

for frazen silt-clay soils, kave = (ku+kf)y2

kavg 0.338
volumetric specific heat
for unfrozen soil, Cu = dry unit wt (0.17+(w/100))

Cu 21.25

for frozen soil, Cf = dry unit wt (0.17+(0.5w/100))

Cf 18.41
Cavg 19.83
Latent Heat (L) of a soil
latent heat = [144 BTU/bxwxdry unit wt)/100
L 817.8048
L 818

Freezing Index, (FI) = summation(T-32) and T = 0.5(T1+T2) where T is in days (obtained from other spreadsheat)
T = mean daily temperature = 0.5(T1+T2)
T1 = max daily air temperature
T2 = min daily air temperature

Fi
N-factor (N) = surface freezing index / air freezing index.
Typical N values snow 1
pavement free of snow 09
sand and gravel 0.9
soil 0.7
turf 0.5

~
Length of Freeze {(d)

Per Utah Climate Center for Thompson, Utah, Freeze-free period= 79 days (short), 176 days (ave.), 211 days (long)
Ave = 365 - 176 = 189 days. Seems to be too long based on 1948-1994 climate data.

Based on daily average temperatures for 1948-1994, days with temp below 32 F = 134

13

Eq. 1

Eq. 2

Eq.3

Eq. 4

Eq. 5



DEPTH OF FROST PENETRATION CALCULATION
CRESCENT JUNCTION, UTAH
FROST YEAR 1933

Based on daily average temperatures when the average of the min and max temp < 32 F, d = 63 days

d

modified Berggren Formula, x = A[((48)(Kavg)(n)(FHyL)] /2

Determiine A

Determine p, fusion parameter

Determine o, thermal ratio

Determine A from figure 1

Calculate depth of freezing (ft)

x = depth of freeze (ft)

Eq. 6

A = dimensionless coefficient which takes into account effect of temp changes in soil mass

kave = thermal conductivity of soil, average of frozen and unfrozen (BTU/Mft*F)

n = conversion factor for air freezing index to surface freezing index
Fl = freezing index (F*days)
L =latent heat (BTU/cu ft)

A= f{y, o) determined from Figure 1 graph

p = (TETSHCL)

where
Tf-Ts =nFid

Ti-Ts 13.75
Cavg/L 0.024

M 0.333

o= (T-THY/Tf-Ts

where
T = mean annual temperature, F per Thompson Utah climate records
Tf=32F

Tf-Ts =nFi/d

o 1.2

) -

x= {AY'sarti((48)Kave}n)(FI))L)]
22.63 4,76

x (ft) 3.23

14

Eq.7
Eq. 8
Eq. 9



RESULTS OF EXTREME FROST DEPTH ANALYSIS
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BACK-UP CLIMATIC DATA FOR THOMPSON, UTAH
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THOMPSON, UTAH Period of Record General Climate Summary - Temperature Page 1 0of2
THOMPSON, UTAH
Period of Record General Climate Summary - Temperature
Station:(428705) THOMPSON
From Year=1948 To Year=1994
xr(:g;leys Daily Extremes Monthly Extremes '11“\;[ ;ﬁ;
Max.[Min.[[Mean|{High|| Date |[Low|| Date Hl\i/Igslaenst Year Lﬁ::;t Year 9?)=F 3;:
ddiyyyy ddAyyyy ‘ # [ 4
F F F F or F or F - F Days|[Da
|lyyyymmdd yyyymmdd 7
| Jenuary || 37.1{14.6| 259| 62| 26/1975| 23| 13/1963| 3821956 13.1]1973 0.0 o
| February || 45.5][22.3]| 33.9] 68][ 12/1962| 18] o6/1989) 43.0[[1954] 19.7[1955 0.0 2
| March |55.3]29.7| 42.5] 80l 27/1953] 8| 21/1955 s1.2J1972 36.3][1952][ 0.0][ ¢
| Aprit | 66.0][37.9] 52.0 86|l 2071989 15| 08/1973] s7.61981]] 4591975 0.0 ©
| May |/ 75.647.0 61.3] 93|| 31/1994] 26] o07/1988] 67.1[1969] s7.4[f1975] 0.4 ©
|_June | 86.9)|57.1] 72.1][ 108]] 25/1990] 34| 02/1990] 7681977 66.8]1965] 12.6] ©
| July |93.1)|63.9] 78.5] 105 06/1985][ 44| 06/1993]] s81.5[1964] 74.6]1993][24.9] ¢
| August || 90.4]61.5| 75.9] 103][ 1971986] 40| 25/1992][ 80.5|[1994]] 70.6[1968][ 18.6] ©
September]| 81.6][52.6|] 67.1] 97][ 15/1990]] 31| 25/1961]] 72.4f1979|] s8.0[1961] 4.1 ¢
| October || 69.5][41.1]| 55.3|| 88| 01/1963] 15[ 31/1991][ 60.7]1978|] 49.7|[1994] 0.0]] ¢
[November|[ 52.1][28.2) 40.2][ 77| o09/1958] 2 1071950 46.4]1965] 3331979 0.0 ¢
|December|| 40.4]|18.1]| 29.2|] 66| 06/1958][ -12 27/1962][ 39.41980] 19.7]1978][ 0.0 5
| Annual | 66.1){39.5][ 52.8] 108] 19900625|[ -23]| 19630113][ 5551981 50.6][1979] 60.6]f 18
| Winter |} 41.0[18.3]] 20.7]] 68]| 19620212][ -23]] 19630113|[ 38.7|1981][ _19.6]1979] 0.0 17
| Spring | 65.7](38.2]] 52.0] 93| 19940531] 8] 19550321 54.8]1974  48.5)[1975] 0.4 o
| Summer || 90.1]{60.8] 75.5][ 108][ 19900625][ 34| 19900602]] 78.6][1994] 72.4|[1993] 56.0[ ©
|__Fall ] 67.7[{40.6] 54.2]] 97| 1990091s|[ 2 19501110 57.91963] 48.6|f1961]] 4.1] ¢

Table updated on Jul 28, 2006

For monthly and annual means, thresholds, and sums:
Months with 5 or more missing days are not considered
Years with 1 or more missing months are not considered

Seasons are climatological not calendar seasons
Winter = Dec., Jan., and Feb. Spring = Mar., Apt., and May
Summer = Jun.,, Jul,, and Aug. Fall = Sep., Oct., and Nov.
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Monthly Average Temperature, THOMPSON, UTAH

*** Note ¥** Provisional Data *** After Year/Month 199411

THOMPSON, UTAH

Monthly Average Temperature (Degrees Fahrenheit)

(428705)

File last updated on Oct 18, 2007

a=1 day missing, b = 2 days missing, ¢ = 3 days, ..etc..,
z =26 or more days missing, A = Accumulations present
Long-term means based on columns; thus, the monthly row may not
sum (or average) to the long-term annual value.
MAXIMUM ALLOWABLE NUMBER OF MISSING DAYS : 5
Individual Months not used for annual or monthly statistics if more than 5 days are missing.
Individual Years not used for annual statistics if any month in that yearhas more than 5 days missing.

YEAR

)
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976

Page 1 of 2

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

z

z

zZ

z

z 77.352a74.90a —-z52.47n 34.42 32.02f 62.2

29.77r 25.20a43.08 54.77 60.37 68.28c 76.74 7498 67.98 50.53 43.47 27.52 53.9(

23.41b32.38g41.24d51.68 59.06 68.20h 75.11h75.08 65.29f57.33y

27.65e38.28j 42.47 51.38 56.67k72.41h 78.40b73.03 66.23 53.61

26.08 30.50 36.29 54.12 62.82 70.09n 77.98 76.32a69.95 60.38¢c
32.80h35.41145.71g49.22j 58.40k72.50h 81.02¢ 75.55

33.21 43.02 41.06
21.47 19.66 39.32
38.21 32.14 4295

34.52
24.933 29.62
2526 37.25

57.45
48.57
53.62
50.22
49.57
54.08
52.83
49.13
56.42
48.93
49.93
51.15
52.52
50.38

64.53 72.13 80.68
60.181 72.12m76.56
6529 75.77 7834
57.68 70.75 77.39
61.00v74.05b 77.60
61.95u76.22 79.55
60.10 73.73 79.66
61.16 74.50 77.82
58.28v71.87 77.16
65.34 68.93 79.44
61.24 69.75 81.52
58.50 66.78 75.92
65.94 73.74k 79.26
60.24 6723 79.44

68.58£57.92
67.88 57.32
71.27 57.68
71.80 57.08
66.00 53.58
68.75 58.58
66.03 54.05
68.42 53.37
73.37 58.03 51.35
76.61 68.00 55.391
74.22v68.78 59.95
78.36967.30c 60.16
76.755 60.81d 58.06
77.15 68.03 54.03
76.85g68.79d57.76

75.13
78.61
74.73
74.84
78.82
75.19
76.26

..... 23433j 50.1C
3627 23.00q 53.67
..... z28.75¢ 52.3
43.83 26.08 56.8§
44.47 2747 553¢
36.87 36.53 48.65

32.03p 59.21
38.16 54.5%
3245 53.51
2942 52.7%
21.15 50.7¢
3021 52.04
30.00 50.94
39.38 3134 50.74
46.37 3150 50.67
46.33x26.64j 58.8?
4475 2098 50.84

VA

32.06134.20
2997 41.32
29.15 35.80
31.58 40.24
13.11 27.95
18.92 21.89
22.85 34.39
26.76 40.47

z

z z A z 78.25q70.56
36.64c 53.36267.06 67.45a 79.89¢79.50
4035 47.62 63.71 71.22 79.48 7847
4277 52.25 60.81 72.67 81.15 78.40
51.21 5543 64.67p75.05 80.58 77.69
41.82 46.92160.37 69.77 7727 77.29
47.60a50.32 66.39 7592 78.13 75.81
4231 4592 57.35 6693 78.65 75.74
40.95 52.05 63.60 71.62 80.95 75.27
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65.25 55.46f 39.33029.89m67.91

—-z47.92k 39.32
64.87 52.37d 42.17
63.57 57.25w38.30
68.58 47.410 38.68
66.33 56.81 42.32
69.47 58.18 41.83
67.90 5444 40.13
67.82 5294 41.92

32.53
31.50
26.58
24.98
31.24
28.85
30.05
30.98

54.44
53.5¢
52.8¢
54.4C
51.3C
52.7¢
51.3%
53.7¢
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Monthly Average Temperature, THOMPSON, UTAH

1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

MEAN25.87

S.D.

26.35
27.47
16.76
3235
37.23
23.53
3224
18.87

39.80
33.27
2221
39.14
39.43
31.61
39.41

41.43b56.58 61.45

47.60
40.06
39.94
44.03
43.00
43.63

53.32 59.40
51.61¢60.03
51.08 57.71
57.60 60.29
49.68 61.00
46.60 58.06

76.80
73.17
71.83
72.13
75.42
69.93
70.03

30.021 42.98j 49.67) 67.391 69.051

78.19
7932
78.45
78.92
78.53
75.71

71.76 69.35
76.19 68.75
74.66 72.37
7448 66.98
76.52 69.07
75.66 64.82

78.161 80.301 71.70

27.60k32.64j 44.19j 58.83r 64.32n73.68b 78.85

3237 39.29
25.77 35.89
16.73 27.12
17.48227.18
27.76 34.93
21.42 33.38
17.19 34.66
2732 33.27
29.74 31.64

33.90

6.19 5.74

SKEW -0.22
MAX 3821
MIN 13.11

-0.67
43.02

NO
YRS

19.66

39 39

47.95
39.32
37.84
45.97
45.82
41.26
46.42
44.97
45.69

42.51
3.36
0.28

51.21

36.29

42

50.20 59.24

74.60

54.63 62.36b74.35

50.28 59.95
56.58 61.71
55.87 59.21
47.16262.23

56.90a67.50y

48.98
51.43

74.02
70.67
73.57
71.13

76.21
74.97
78.76
80.31
7747
79.10

7774 62.38
73.23 66.17
74.63 63.65
73.19 65.17
75.76 70.73
75.56 67.22

269.92567.43
60.97 68.07 74.65 7444
61.66 75.92 79.32a80.53

65.18
67.37

Period of Record Statistics

52.01
3.10
0.11

57.60

45.92

4]

61.34
2.57
0.59

67.06

57.35

35

72.05

2.89
-0.24
76.80
66.78

37

23

78.49

1.66
-0.34
81.52
74.65
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75.91
1.96
0.00

80.53

70.56

40

67.09

3.00
-0.77
72.37
58.03

42

57.61
60.74
58.24
54.35
52.26
49.81
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42.63 36.32
42.85 19.69
3332 27.65
42.52 3940
43.92 31.69
38.12 31.76

55.3¢
53.4¢
50.6(
54.0¢
55.5(C
51.22

55.63p 41.171 27.631 51.67
79.82176.111 67.61k49.34i1 40.63k32.03m18.87
76.71 61.57a51.97a 37.54b30.66

51.48
56.71
57.19
53.53
53.63
54.89
57.44
51.39
49.73

55.29

3.14
-0.04
60.74
49.73

38

40.68
39.57
40.25
40.50
41.37
38.35
34.15
34.57
33.32

32.23
27.21
29.16
28.73
22.79
24.76
22.56
28.21

40.17
3.51

29.22
4.52

-0.34
46.37

-0.01
39.40

33.32
40

19.69
37

58.71
53.7C
52.52
50.8(
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53.24
51.3%
42.05
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THOMPSON, UTAH Period of Record Monthly Climate Summary Page 1 of 1

THOMPSON, UTAH (428705)

Period of Record Monthly Climate Summary

Period of Record : 7/ 1/1948 to 11/30/1994

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Average Max.

Temperature (F) 37.1 45.5 553 66.0 75.6 86.9 93.1 904 81.6 69.5 52.1 404 66.1
Average Min.

Temperature (F) 14.6 22.3 297 379 470 57.1 639 615 526 41.1 282 181 395
Average Total 0.80 0.53 0.86 0.76 0.88 0.43 0.69 1.00 0.94 1.07 0.64 059 920
Precipitation (in.)

Average Total - 48 24 12 01 00 00 00 00 00 02 06 32 124
SnowFall (in.)

f?V‘)”agesm‘”Depth 2 1 0 0 0 0 0 0 0 0 0 1 0
m.

Percent of possible observations for period of record.
Max. Temp.: 92.3% Min. Temp.: 92.1% Precipitation: 95.4% Snowfall: 88.4% Snow Depth: 84.2%
Check Station Metadata or Metadata graphics for more detail about data completeness.

Western Regional Climate Center, wrec@dri.edu
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THOMPSON, UTAH 1971-2000 Monthly Climate Summary Page 1 of 1

THOMPSON, UTAH (428705)

1971-2000 Monthly Climate Summary

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Average Max. 36.5 452 56.0 657 754 872 928 904 81.4 68.0 49.7 39.5 658
Temperature (F)
Average Min. 149 228 31.5 384 472 572 63.5 614 52.5 40.7 27.6 177 39.7
Temperature (F)

Average Total 0.93 0.66 0.95 0.90 094 037 0.71 090 1.04 1.17 0.77 0.72 10.05
Precipitation (in.)

Unofficial values based on averages/sums of smoothed daily data. Information is computed from
available daily data during the 1971-2000 period. Smoothing, missing data and observation-time
changes may cause these 1971-2000 values to differ from official NCDC values. This table is presented
for use at locations that don't have official NCDC data. No adjustments are made for missing data or
time of observation. Check NCDC normals table for official data.

Western Regional Climate Center, wrec@dri.edu
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THOMPSON, UTAH NCDC 1971-2000 Monthly Normals Page 1 of 2

THOMPSON, UTAH
NCDC 1971-2000 Monthly Normals
Annual
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly
Mean Max.
Temperature (F) 377 46.2 56.7 65.7 763 87.9 938 91.6 822 689 52.0 409 667
Highest Mean Max. 5, 554 652 737 83.1 944 978 953 879 755 591 517 978
Temperature (F)
Year Highest 1981 1995 1972 1989 1984 1994 1994 1994 1979 1988 1999 1980 1994
Occurred
LowestMean Max.  ,, 1 335 504 590 68.5 81.8 91.1 87.8 760 61.6 438 305 241
Temperature (F)
gear Lowest 1973 1979 1979 1975 1995 1995 1987 1999 1986 1984 2000 1978 1973
ccurred
?F’I;’an Temperature  »¢ 0 342 435 51.6 61.9 72.4 78.7 76.8 67.6 546 40.0 293 531
Highest Mean 36.4 41.8 503 57.6 68.4 77.0 815 80.8 72.4 60.9 445 388  8LS
Temperature (F) _
Year Highest 1981 1995 1972 1992 1984 1977 1971 1994 1979 1978 1995 1980 1971
Occurred
Lowest Mean 123 21.2 38.6 454 572 669 749 73.4 622 50.1 33.0 191 123
Temperature (F)
Year Lowest 1973 1974 1988 1975 1995 1995 1993 1989 1985 1984 1979 1978 1973
Occurred
Mean Min.
Temperature (F) 143 22.1 303 374 474 569 63.6 619 529 403 28.0 176 394
Highest Mean Min.
Temperature (F) 232 282 354 42.7 53.6 63.1 679 66.6 584 473 314 259 679
Year Highest 1980 2000 1972 1981 1984 1972 1972 2000 1998 1978 1998 1980 1972
Occurred
Lowest Mean Min.
Temperaturs (F) 0.6 7.7 23.6 319 43.6 51.8 58.0 57.1 47.4 346 205 7.7 0.6
Year Lowest
Ocourred 1973 1974 1988 1975 1975 1993 1993 1988 1989 1982 1979 1978 1973
i‘f‘;‘“““lp“amn 1.00 0.56 1.03 0.83 1.00 0.35 0.77 0.88 1.02 123 068 062 997
gf)he“ Precipitation 5 15 536 249 3.50 320 0.90 227 1.87 3.68 3.93 2.09 165  3.93
Year Highest 1993 1993 1978 1994 1973 1983 1987 1977 1982 1972 1978 1972 1972
Occurred
ggges‘P’ec‘p‘tatm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00  0.00
Year Lowest
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THOMPSON, UTAH NCDC 1971-2000 Monthly Normals Page 2 of 2

Occurred 1976 1972 1994 1982 1974 1994 1994 1975 1978 1976 1976 1989 1976

Heating Degree 1209. 864. 667. 410. 151. 18. 0. 0. 54. 332. 749.1109. 5563.
Days (F)

Cooling Degree 0. 0. 0. 8. 54 241. 424 365. 131. 11. 0. 0. 1234
Days (F)

Western Regional Climate Center, wrcc@dri.edu
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THOMPSON, UTAH NCDC 1961-1990 Monthly Normals Page 1 of 2

THOMPSON, UTAH
NCDC 1961-1990 Monthly Normals

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Mean Max. 35.1 44.6 53.5 63.1 74.1 85.0 91.9 88.9 797 67.5 514 39.0 645
Temperature (F)

Highest Mean Max.

Tomparature (F) 48.9 52.8 63.4 72.1 794 90.5 967 922 86.1 744 570 500 67.4
Year Highest 1981 1970 1972 1989 1963 1990 1989 1988 1979 1988 1962 1980 1981
Occurred

Lowest Mean Max.

Tomporatug (F) 223 31.7 46.1 559 68.9 77.5 883 822 71.5 58.6 437 288 617
Year Lowest 1973 1979 1969 1983 1980 1967 1987 1968 1961 1984 1979 1978 1973
Occurred

g)eanTemPerawe 24.0 33.0 414 502 60.7 71.0 78.1 753 66.0 542 40.0 282 518
Highest Mean

Tempatatrs (F) 35.6 39.9 49.9 56.6 66.5 76.0 81.0 795 71.5 599 452 383 544
Year Highest 1981 1970 1972 1989 1984 1977 1964 1983 1979 1978 1965 1980 1981
Occurred

Lowest Mean

Tompesatrrs (F) 115 204 352 443 565 66.0 745 69.8 572 479 322 186 495
Year Lowest 1973 1974 1962 1975 1975 1965 1987 1968 1961 1969 1979 1978 1979
Occurred

Mean Min.

Tompersture (F) 12.8 213 293 372 473 57.0 643 61.6 522 408 28.6 174 392
Highest Mean Min.

Tepethue () 233 277 36.4 427 537 63.1 67.9 692 58.4 472 340 266 42.6
Year Highest 1980 1976 1972 1981 1984 1972 1972 1983 1990 1978 1965 1980 1972
Occurred

Lowest Mean Min.

Tompeatie (F) 0.3 7.8 202 319 429 519 60.5 571 428 345 206 77 352
Year Lowest 1963 1974 1962 1975 1961 1975 1982 1988 1961 1982 1979 1961 1961
Occurred

?l’if;‘n Precipitation 75 648 092 075 0.86 054 076 0.92 093 1.02 0.69 0.60 922
gf)}“’““eclpmmn 264 1.79 2.49 1.84 320 278 3.02 1.91 3.68 393 2.09 1.65 14.49
Year Highest 1978 1962 1978 1985 1973 1969 1965 1961 1982 1972 1978 1972 1965
Occurred

zg_v)"eswm"m‘mmn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.41
gz:flr&;’;ve“ 1976 1972 1972 1982 1974 1980 1971 1975 1968 1976 1976 1989 1964
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THOMPSON, UTAH NCDC 1961-1990 Monthly Normals

Page 2 of 2
'(};‘;atngegreeDays 1271. 896. 732. 449. 167. 22. 0. 0. 88. 346. 750.1141. 5862.
Cooling Degree 0. 0. 0. 0. 34 202. 406. 319. 118. 1L. 0. 0. 1090.
Days (F)

Western Regional Climate Center, wrcc(@dri.edu
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CLIMATOGRAPHY OF THE UNITED STATES NO. 84, 1871-2000
Daily Normals of Temperature, Precipitation, and Heating and Cooling Degree Days

w110 . :
gy = Station Name: THoMPsON UTAH Station Number: 428’@
) == Latitude: 38 sge* 00 ¢ ¢ | ongitude: -109 430 ¢ o0+ * [Elevation (feet): 5099
LIMiN;jA3088 Climate Division: UT 07 Southeast Page 10f 3
DECEMBER JANUARY FEBRUARY
Date MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP
2 P T 0 =) . vy TR 3 TR = e T e & o3
o ;
0k 0.
-4 e Q
= 0 5 Fadeh
6 o 0 6 0
7 o 0.02 37 14 25 40 o o0.03| 7 44 20 0
8 ¢ 0.02 37 14 25 40 o o0.03| 8 44 20 0
9 ¢ 0.02 37 14 25 40 0 o0.03| 9 44 20 o
10 6 0.02|10 37 13 25 40 0 0.03{10 45 21 Q
11 -~ 0. 0.02|1% 37 13- 25 . 400 50D 1. 45 - 21 S0
pX 0. 0.02([12 37. .13 254070 4521 .0
0 - 0.02]|13 37 013" 25 40770, ‘46 .22 Ki}
- 0 -0.02(14 37 .13 - .25, 4000 " 46 22 0,
0 0.02{15 37 13 25 4p: .00 4116~ 46 22 o
6 0.02{16 37 13 25 40 0 0.0a{1s 47 23 0
0 0.02}17 37 13 25 40 ] 0.04}17 47 23 v}
0 o0.02|18 37 14 26 39 0o 0.03|18 47 23 ]
0 ©0.02|19 37 14 26 39 0 0.03|13 48 24 0
0 o0.02f|20 37 14 26 39 o 0.03|20 48 24 o
1 ks 0 - 0.02|21 38 14 26+ 39-.-.70° 0.03[21 . 48 24 ]
227, . 39 15 .27 38 0 " o0.02)22 38 14 26 -39 0. 0.03|22 49 25 ]
23 39 1s 27 38 0 0.02{23 38 15 27 28 0°-0.03]|23 = 49 25 )
24 39 15 27. 38 0 0.02{24 38 15 27 38 0- 0.03(24 a9 25 0
25 39 15° 27 38 0 0.02{25 39 15 27 38 0 0.03}25 50 25 o
26 38 15 27 38 0 0.02|{26 39 15 27 38 0 0.03]26 51 25 0
27 38 14 26 39 1] 0.02127 39 16 28 37 o] 0.03(27 51 25 0
28 EY:] 14 26 39 0 0.02|28 39 16 28 37 0 0.03|28 51 26 0
29 38 14 26 39 0 0.03|29 40 16 28 37 0o 0.03
30 as 14 26 39 0 0.03|30 40 17 29 36 0 0.03
31 38 14 26 39 0 0.03}31 41 17 29 36 0 0.03
MTH 40.9 17.6 29.3 1108 0 0.62{MTH 37.7 0 1.00|MTH 46.2 22.1 34.2 863 0 0.56
MAY
Date MAX MIN AVG HDD CDD PRCP{Dale MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP
T 52 7 3938 0 0,03 I 32 33 718 0 .03 I 7Y Y] 57 ) 1 0.03
2 52 27 39 26 o o0.03| 2 62 34 48 17 o 0.03| 2 72 43 57 8 0 0.03
3 53 28 40 25 o o0.03| 3 62 34 48 17 0 0.03| 3 72 43 57 8 0 0.03
4 s3 28 40 25 o0 0.03] 4 62 34 48 17 0 ©0.03| 4 72 43 57 8 0 0.03
5 53 28 a0 25 0 0.03] s 63 35 43 16 0O 0.03{ 5 72 43 57 8 0 0.03
6 53 28 41 24 0 0.03] 6 63 s 49 16 0 0.03| 6 73 a4 58 8 1 o0.03
7 54 28 a1 24 0 0.03] 7 63 35 49 16 0o 0.03]| 7 73 a4 59 7 1 0.04
8 54 28 41 24 o 0.03| 8 63 35 49 16 o 06.03{ 8 74 45 59 7 1 0.04
9 55 29 42 23 0 0.03} 9 64 36 50 15 0 0.03] 9 74 as 59 7 1 0.04
10 55 29 42 23 0 0.03}10 64 36 50 15 V] €.03|10 74 45 60 6 1 0.04
11 55 29 42 23 0 o0.03|11 64 36 50 15 0 0.03[11 74 46 60 6 1 0.04
12 56 2% 43 22 0  0.03|12 64 36 50 15 0 0.02{12 74 46 60 6 1 0.04
13 56 30 43 22 ¢ 0.03|13 65 37 51 14 6 0.02[13 75 16 61 5 1 0.04
14 $6 30 43 22 ¢ 0.03|14 65 37 51 14 0 0.02{14 75 47 61 5 1 0.04
1s S6 30 43 22 o 0.04)15 €5 37 s1 14 0 0.02[15 75 47 61 5 1 0.04
16 57 30 44 21 0 0.04|16 66 37 s2 13 0 0.02|16 75 47 61 5 1 0.04
17 57 31 44 21 o 0.04|17 66 38 52 13 0 0.02(17 76 48 62 3 2  0.03
18 57 31 44 21 o 0.04(18 66 38 52 13 o 0.02|18 77 48 63 4 2 0.03
19 57 31 44 21 0 0.04}19 67 38 53 12 0 0.03|19% 77 49 63 4 2 0.03
20 58 31 45 20 0 o0.04f20 67 38 53 12 0 o0.03|20 77 39 63 4 2 0.03
21 58 32 45 20 0 0.04|21 €7 39 53 12 0 0.03|21 78 49 64 3 2 0.03
22 58 32 45 20 0 0.04|22 67 39 53 12 0 0.03|22 79 49 64 3 2 o0.03
23 59 32 46 19 0 0.04]23 68 39 54 12 1 0.03|23 79 50 65 3 3  0.03
24 59 32 46 19 0 0.04]24 68 40 54 12 1 0.03|24 79 50 65 3 3 0.03
25 60 32 46 19 0 0.03|25 69 40 55 11 1 0.03{25 80 50 65 3 3 0.03
26 60 32 46 19 0 0.03|26 69 40 S5 11 1 0.03|26 80 51 66 2 3 0.03
27 60 32 46 19 6 0.03|27 69 41 S5 11 1 0.03}27 81 51 66 2 3 0.03
28 60 33 47 18 0 0.03/28 70 41 56 10 1 o0.03{28 81 52 67 2 4  0.03
29 61 33 47 18 6 0.03]|29 70 41 56 10 1 0.03{29 81 52 67 2 4 0.02
30 61 33 47 18 0 0.03|30 70 42 56 10 1 0.03|30 82 52 67 2 4 0.02
31 61 33 47 18 0 o0.03 a1 82 52 67 2 4 0.02
MTE 56.7 30.3 43.5 667 0 1.03|MTH 65.7 37.4 51.6 409 8 0.83|MTH 76.3 47.4 61.9 152 55 1.00
Fia SPRING SEASON: 66.2 38.3 52.3 1228 63 2.86




() comed s & _ CLIMATOGRAPHY OF THE UNITED STATES NO. 84, 1871-2000
~F Daily Normals of Temperature, Precipitation, and Heating and Cooling Degree Days

Station Name: Taompson UTAH Station Number: 428705 l

Latitude: 38 s8** oo** Longitude: -109" 43 * oo * FElevation (feet):  soss

ITHANTIIASOND

Climate Division: ur 07 southeast Page 20of 3

JUNE JULY AUGUST
Date MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP

1 6 0
1 6 0
1 6 0
1 6 0
1 7 )
AT 0
1 7 o 0
120 0
1 ‘g’ (] 0
) 8 0 0
0 8 ] ]
] ] 0 0
0 ] o ]
] 9 o 0
o 9 0 0.
0" -10 0 - 14 0 :
0o 210 0 1s 0 117 0.03
0 10 0 15 0 10 0.03
o 10 0 15 L0 x0 0.03
o 11 0 1a 0 0 o0.03
o 11 o 14 ¢ 9 0.03
0o 11 0 14 0 9 0.03
0 11 0 14 0 s 0.03
o 12 0 14 0 S 0.03
31 94 64 79 0 14 ] 8 0.03
MTH 87.9 56.9 72.4 18 241 0.35|MTH 9i.e 63.6 78.7 0 424 0 5
s ; 18 .

0.88

o 76.07 187030 :° 2.00

SEPTEMéEﬁ. . OCTOBER. NOVEMBER
Date MAX MIN AVG HDD CDD PRCP|Date MAX MIN AVG HDD CDD PRCP{Date MAX MIN AVG HDD CDD PRCP
88 58 73 [ 0.03

1 8 1 5 1 0.04] 1 60 34 47 18 9 ©0.03
2 87 s8 73 0 8 0.03} 2 76 47 61 5 1 c.o4f 2 59 34 46 19 0 0.03
3 87 58 72 0 7 o0.03] 3 75 47 61 s 1 0.04] 3 59 34 46 19 0 o0.03
4 86 58 72 0 7 o0.03f 4 75 46 60 6 1 0.04f 4 58 33 45 20 0 0.03
5 86 s8 72 0 7 .0.03| 5 75 46 60 6 1 0.04[ 5 57 33 45 20 o o0.03
6 86 58 72 0 7 0.03] 6 74 45 59 7 1 0.04] 6 57 32 44 21 0 0.03
7 85 s8 71 0 6 o0.03 7 74 44 59 7 1 0.04f 7 56 32 46 21 0 0.03
8 85 56 70 1 6 0.03 8 73 43 58 8 1 0.04f 8 55 31 43 22 0 0.03
9 a5 55 70 1 6 0.03] 9 73 43 58 8 1 0.04] 9 55 31 43 22 6 0.02

10 84 sS4 69 1 S 0.03]10 72 43 58 8 1 0.04[10 54 30 42 23 6 0.02

11 84 S4 69 1 5  0.03f11 72 43 58 8 1 0.04{11 54 30 42 23 o 0.02

12 84 54 69 1 S 0.03}12 71 42 57 8 0 0.04|12 53 23 41 24 0 0.02

13 a3 54 69 1 S  0.03}13 71 41 56 9 0 0.04|23 53 29 41 24 0 0.02

14 83 s3 68 1 4 0.03}14 70 41 56 9 0 0.04|24 52 29 42 24 0 0.02

15 82 53 68 1 4 0.03|15 70 40 55 10 0 0.04|15 52 28 40 25 o 0.02

16 82 53 68 1 4 0.03|16 69 40 55 10 0 0.04|1s 51 28 40 25 0 ©0.02

17 82 52 67 2 4 o0.03|17 69 39 54 11 0 0.0417 51 27 39 26 6 0.02

18 81 52 67 2 4 o0.03]18 68 39 54 11 0 0.04{18 50 27 39 26 ¢ 0.02

19 81 51 66 2 3 0.04[19 67 39 53 12 0 0.04]|19 50 26 38 27 0 0.02

20 81 51 66 2 3 0.04{20 67 39 s3 12 0 0.04[20 50 26 38 27 0 0.02

21 80 51 66 2 3 0.04(21 66 3B 52 13 0 0.04|21 49 25 37 28 0 0.02

22 20 50 65 3 3 0.0422 66 38 52 13 0 0.0422 49 25 37 28 0 0.02

23 79 50 65 3 3 0.04(23 65 37 51 14 0 ©0.0a]23 48 25 - 37 28 0 0.02

24 79 49 64 3 2 0.04{24 65 37 51 14 0 0.03(24 48 24 36 29 0 0.02

25 79 49 64 3 2 0.04{25 64 36 S0 15 6 o0.04{25 47 24 36 29 0 0.02

26 78 49 64 3 2 0.04{26 64 36 50 15 0 0.04{26 47 23 35 30 0 0.02

27 78 48 63 4 2 0.04]|27 63 3s 49 16 6 0.04{27 47 23 35 30 ¢ 0.02

28 717 48 63 4 2 0.04{28 62 3s 49 16 0 0.04]28 45 23 35 30 ¢ 0.02

238 77 47 62 s 2 0.04[29 62 34 48 17 0 0.04{29 46 22 3¢ 31 6 0.02

ie 77 47 62 5 2 0.04}30 61 34 48 17 0 0.04{30 46 22 34 31 0 0.02

31 60 34 47 18 0 0.03
MTH 82.2 52.9 67.6 S2 131  1.02{MTH 68.9 40.3 54.6 333 11 1.23|MTH 52.0 28.0 40.0 750 o 0.68
i £ AUTUMN SEASON:| .~ 67.7 40.4 54.1 1135 142  2.93 Ji
" 'ANNUAL: 66.7 39.4 53.1 5561 1235 9.97

31



{%} cﬁ’r‘:a‘f::;:::b \ CLIMATOGRAPHY OF THE UNITED STATES NO. 84, 1971-2000
~F - Daily Normals of Temperature, Precipitation, and Heating and Cooling Degree Days
14 Station Name: TxomMpson UTAH Station Number: 4237051

_ Latitude: 38~ se** oo® e Longitude: -109" 42 oo*e Elevation (feet): 5099

et 20y BClimate Division: ur 07 southeast ' Page 30f3
, PRECIPITATION PROBABILITIES
Probabiity JAN ~ FEB  MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC ANNUAL
— 3

01
0.0S
0.12
0.20
0.29
- 0.39
0.52
0.68
0.90
1.29
1.67
2,55
2.92
Level JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
G < 00:00- '0.00. 0.00 - 0:00.; 0.007:0.00 - 0.00° 0357.70.00° 0.00 0:00 " 0,004
1 0.0¢ 0.00 ©0.00 ©0.00 0.00 0.00 ©0.00 0.35 0.00 0.00 0.00 0.00
0.13 0.31 0.23 0.05 ¢.00 0.00 ©0.73 0.97 0.15 0.30 0.03 0.13
2 0.14 -~ 0.32 0.24 ' 0.06 0.0l -0.00 0.74 0.98 0.16 ' 0.31 - 0.04. 0.14-
0.42 1.06 -0.61 0.28  0.28  .0.06 :1.58 ~ 1.84 Q.89. 0.58 0.39 0.29
3 0.43 1.07 0.62 ©0.29 0.29 0.07 1.59 1.85 0.90 0.59 0.40 0.30
1.19 1.43 1,19 0.47 0.59 0.15 2.07 2.43 1.68 1.01 0.64 0.72
4 1.20 - 1.44 1.20 0.48 0.60 0:16 2.08 2.44 1.69  1.02. 0.65 . 0.73
1.71 2.19 2.05° 0.88 '0.86 0.80 ' 3.11 3,35 2.53 1.38 1.85 1.79
s 1.72 2.20 2.06 ©.89 0.87 0.81 3.12 3.36 2.54 1.39 1.86 1.80
4.82 4.27 4.22 2.29 2.25 2.62 6.49 7.90 8.60 7.10 3.81 3.19
6 > 4.82 4.27 4.22 2.29 2,25 2.62 6.49 7.90 8.60 7.10 3.8L  3.19
Abbreviations: NOTES
MAX = Maximum Temperature (degrees Fahrenheit) HDD = Heating Degree Days (base 65) MTH = Monthly Means / Totals

MIN = Minimum Temperature (degrees Fahrenheit)
AVG = Average Temperature (degrees Fahrenheit)

CDD = Cooling Degree Days (base 65)
PRCP = Precipitation Amount (inches)

SEASON = Seasonal Means / Totals
ANNUAL = Annual Means / Totals

This publication presents daily temperature, precipitation, and heating and cooling degree day normals for stations based on the 1974-2000 record
adjusted to the present station location. Stations contained in the monthly normals (Climatography of the United States No. 81) are indluded.
Precipitation-only stations have no data in the temperature and degree day fieids on Pages 1 and 2. Latitude and longitude values are presented in DD
MM SS, where DD=Degrees, MM=Minutes, and SS=Seconds. Small differences between monthly values in this publication and the monthly normals
presented in Climatography of the United States No.81 are attributable to smoothing techniques applied to this data set, as described below.

Daily Normals Tables:

The daily values presented in these tables are not simple means of the observed daily values. They are interpolated from the much less variable monthly normals by use of the natural
spine function. The procedure involved consiructing a cumutalive series of monthly sums from the monthly normals. The cumulative series was for a 24-month period {July, August, ...,
December, January, ..., December, January, ..., June), so that the interpolating function could adequately fit the end points in the annual series. This process was applied independently
to al six elements. No normal values for February 29 are included; in common practice, the normal values for the 28* are used for the 29% in each leap year. Thus, for leap years, the
February monthly total degree days or precipitation are calculated by adding the daily value for the 28% to the monthly total. F ebruary temperature averages are likewise not adjusted for
leap years. For most stations, the monthly heating and cooling degree day nommals (base 65 degrees Fahrenheit) are derived from monthly nonmal temperature using an estimation

technique developed by HC.S. Thom. An asterisk (*) for a daily degree day value indicates a daily normal of less than one degree day, but not equal to zero. Seasonal means/ totals
coespond to the three months isted immediately above.

Precipitation Probabilities and Quintiles Tables:
The precipitation probabilifies are the monthiy precipitation totals that correspond to the indicated probability fevels. The probability levels are based on the 1971-2000 historical sequential
monthly precipitation. The historical precipitation data are the adjusted values from the monthly normals (Climatography of the United States No. 81).

When historical climate data are accumulated and examined, they generally folow a certain pattem called a statistical distribution. While temperature usually follows a Gaussian or bell-
shaped distribufion, precipilation does not because it is zero-bounded. Precipitation generally follows a Gamma distribution, where most values are near zero with rapidly diminishing
higher values. Thus, the Gamma distribution was used to estimate the precipitation values in the probability and quintile tables published above. The probability table shows the amount of
precipitation expected at fikeen probability levels {0.005, 0.01, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0,80, 0.9, 0.95, 0.99, and 0.995) for each month of the year and for the annuat
total. For example, if 1.7 inches corresponds to the 0.20 probability level, that means that on average, 2 out of 10 years will have 1.77 inches or less of precipitation in that month. It also
means thal, on average, 8 out of 10 years will have more than 1.77 inches of precipitation in that month.

The precipitation quintiles show the expecled precipilation values at the five quintile levels for each of the twetve months: 1. First Quintite (0-20%); 2. Second Quintle (20-40%); 3. Third
Quintile (40-60%); 4. Fourth Quintile (60-80%); 5. Fifth Quintile (80-100%). For example, if 2.81 and 4.07 inches are the bounds for the second quintite (tevel 2), then amonthly total
precipitation amount for that month falling in the range 2.91 to 4.07 would be classified as a second quintile precipitation amount and that month would be considered relatively dry. The
first kine (level 0 <) in the table shows the minimum precipitation value derived fom the historical record, Quintile level 0 would be used if a fture precipitation observation is less than the
197%-2000 value. Leve! 6 > would be used if the observed value is more than the 1971-2000 maximum.

Release Date: December 1, 2001 National Climatic Data Center/NESDIS/NOAA, Asheville, North Carolina
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Calculation Title: Analysis for Cover Cracking of the Crescent Junction Disposal Cell

Purpose:

The uranium mill tailings which will be placed at the Crescent Junction Disposal Site are to be stabilized
and controlled by placement in an encapsulated disposal cell. The cover of the disposal cell serves to
prevent the escape of radon from the tailings pile as well as to inhibit infiltration to the tailings. Cracking
of the disposal cell cover can adversely impact the ability to achieve those two purposes.

Calculations for potential cracking of the disposal cell cover had previously been prepared by others for
the preliminary design of the Crescent Junction disposal cell and included in the RAP Attachment 1:
Disposal Cell Design Specs, Appendix D.

The purpose of the attached calculation is to make an independent assessment of the potential for
cracking of the Crescent Junction disposal cell cover to occur, given the anticipated materials to be used,
the most recent proposed disposal cell geometry configuration, and the calculated total and differential
settlements of the cell cover.
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Hand-Written Calculation Sheet

J ACOBS Calculation Sheet
Project: Moab — UMTRA Project
. ) Calculation Number:___C-15
(Ref. FOWI 116 Design Calculations) Page 2 of 8
Revision History:
Pages Affected By Revision Revised/Added/Deleted Description of Revision
Rev. 1 Revision Due to changes in the tailings pile geometry
Page 4 of 13 from the 60% to the 90% drawings, the
Assumptions following assumptions were changed:
Tailings thickness: 46.7 ft (instead of 38 ft)
Cover thickness: 9 ft (instead of 10 ft)
2(H):1(V) slope for the lower 27 ft of tailings
(instead of lower 18 ft of tailings)
Total settlement: 19 in. (instead of 17 in.)
Revision Tailings thickness: 46.7 ft (instead of 38 ft)
Page 5 of 13
Design Input Total Settlement: 19 in. (instead of 17 in.)
Length between differential settlement:
114 ft (instead of 96 ft)
Revision Distortion (A/L) = 0.014 (instead of 0.015)
Page 6 of 13
Calculation Section
Revision Same changes to tailings pile geometry as
Page 7 of 13 listed above.
Hand-Written Calculation Sheet
Rev. 2 Revision Revised conclusion statement for
Page 7 of 13 clarification. “Maximum cover strain is less
Hand-Written Calculation Sheet | than allowable (0.014% < 0.065%)".
Rev. 3 Revision Revised conclusion statement to read:
Page 7 of 13 Maximum covered strain calculated for a

distortion of 0.014 is less than the allowable
strain.
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Calculation Number:__ C-15

(Ref. FOWI 116 Design Calculations) Page 3 of 8

Description of Calculation:

Depending on actual amounts occurring at a given site, total and differential settlement of a tailings pile can
lead to cracking of the disposal cell cover (EPA, 1991). Settlement analyses have already been performed
to determine total settlement (primary and secondary) of the cover for the current disposal cell design. The
potential for cracking is assessed by comparing the horizontal tensile strains computed for the estimated
total settlement of the cover to the strains required to cause cracking in the cover materials. Magnitude of
differential settlement will be between zero (0) and the computed value for maximum total settlement.

This calcuiation evaluates the potential for cracking to occur due to differential settlement in the low
permeability earthen layer of the disposal cell cover.

Evaluation of the allowable strain for the earthen cover material is based on the premise that there is an
empirical relationship between the plasticity of the soil layer and the allowable strain for that material (Claire
et al, and Caldwell and Reith):

ef = 0.05 + 0.003 P,

where P = plasticity index of the cover soil; and
e; = allowable cover strain at failure (in percent)

Given the plasticity characteristics of the material, a lower bound limit for tensile strain that would result in
failure can be calculated and the results compared with an established range of maximum tensile strain at
failure for that type of material.

Evaluation of the strain required to cause cracking in the cover material is based on the premise that there
is a relationship between distortion, which is defined as the differential setttement between two points
divided by the horizontal distance between the two points (A/L), and the tensile strain in the cover materials.
As the distortion increases, the tensile strain in the cover also increases.

Design input for these calculations includes the type of soil, the plasticity index of the soil, the differential
settlement along the inside slope of the embankment, and the horizontal distance between the toe and crest
of the inside slope of the embankment.

cover cracking calculation sheet_7-11-08 Rev 3.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
Copyright® Jacobs Engineering Group Inc., 2007




JACOBS Project: cfﬂﬁlélftlz‘:/lqrs: s::tiect

Calculation Number:___C-15
(Ref. FOWI 116 Design Calculations) Page 4 of 8

Assumptions:

1.

Relationship between allowable cover strain at failure and plasticity index of soil exists per
references as follows: ef = 0.05 + 0.003 PI, where Pl = plasticity index of the cover soil and ef =

allowable cover strain at failure.

Current disposal cell design includes a tailings thickness of 46.7 ft; a 9 ft thick cover; an
embankment with an inside slope of 3(H):1(V) for the upper 20 ft of tailings and slope of 2(H):1(V)
for the lower 27 ft of tailings.

The location of maximum differential settlement is along the inside slope of the embankment
(horizontal distance along inside slope from top to bottom of tailings).

Design calculations for the current disposal cell geometry indicate a total settlement of 19 inches
(1.58 feet).

For compacted clayey soils, the maximum tensile strain at failure range from 0.1 to 1 percent
(Gilbert and Murphy).

cover cracking calculation sheet 7-11-08 Rev 3.doc
The current applicable version of this publication resides on Jacobs’ Intranet. All copies are considered to be uncontrolled.
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JACOBS o Calculation Sheet
roject:

Moab — UMTRA Project
. Calculation Number:_C-15
(Ref. FOWI 116 Design Calculations) Page 5 of 8

Design Inputs:

Soil Type 1: Silty clay (alluvial)

Plasticity Index: 5

Soil Type 2: weathered Mancos Shale

Plasticity Index: 10

Tailings Thickness: 46.7 feet (tailings saturated)

Total Settlement: 19in. (= 1.58 ft)

Differential Settlement: 0to 19in., assume 19in. (= 1.58 ft) as worst case

Length between differential settlement: 114 ft (see sketch on calculation page)

Software:

Title Developer Versions Revision Level

Not Applicable

cover cracking calculation sheet_7-11-08 Rev 3.doc
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J ACOBS Calculation Sheet
Project: Moab — UMTRA Project

Calculation Number:___C-15

(Ref. FOWI 116 Design Calculations) Page 6 of 8

Calculation Section:
See attached calculations.

For comparison of allowable cover strain at failure for the cover materials, it was assumed that the alluvial
material properties (worst case) would govern.

Based on published ranges of maximum tensile strain at failure for clayey soils, taking the lower value with a
factor of safety of 2 results in an allowable tensile strain of 0.05%.

The allowable tensile strain for the proposed alluvial cover material (worst case) is 0.065%.
For the given embankment inside siope configuration, the distortion, (A/L) = 0.014.

From Figure 2-16 in EPA/625/4-91/025, the graphical relationship between distortion and tensile strain
indicates the tensile strain for a distortion of 0.014 is < 0.1%.

cover cracking caiculation sheet_7-11-08 Rev 3.doc
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JACOBS Calculation Sheet
Project: Moab — UMTRA Project

Calculation Number:__ C-15

(Ref. FOWI 116 Design Calculations) Page 8 of 8

Conclusions/Recommendations:

The results of the cover cracking analysis show that the maximum calculated tensile stresses in the cover
due to differential settlement are less than or equal to the allowable stresses for the cover earthen materials.
Calculations were made for the worst case where differential settlement is equal to the total settlement.

The results of the analyses indicate that cracking of the cover layer will not occur due to differential
settlement of the tailings.

Reference:
United States Environmental Protection Agency, Office of Research and Development, (May 1991)
EPA/625/4-91/025, “Design and Construction of RCRA/CERCLA Final Covers.” Seminar Publication.

Caldwell, J.A., Wathen, T.R., and D’Antonio, J.R., “Criteria for Remedial Work at Inactive Uranium Mill
Tailings Piles”.

U.S. Army Corps of Engineers Technical Letter No. ETL 1110-1-162, “Engineering and Design, Checklist for
Hazardous Waste Landfill Cover Design”, September, 2001.

Claire, Robert F., Kuo, Jason C., and Wanket, Daniel R. (1994), “Evaluation of the Cover Cracking Potential
Due to Ground Subsidence at UMTRA Project Disposal Cells.”

Gilbert, P.A. and W.L. Murphy (1987). “Prediction/Mitigation of Subsidence Damage to Hazardous Waste
Landfill Covers.” EPA/600/2-87/025 (PB87-175386), Cincinnati, Ohio: U.S. EPA.
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