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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).

C02_Disposal_Cell_Erosion_Protection_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



(dAL) wu3g

M.0SXH.8  ;9°0 = anoag

mep = 0.202 cfs

. .19°0 = Inodg

i o

I 5 (dAL) Wu3a
. B MOSXHS .
e s i i ! X e J Z8'E = JN0dg
/ 3 s 2 £ = - = B A - = ] ]
¥y = 1noag _ i S . i =

noAe jjeo resodsiq | ainbi4

50d oy sealpueddy snid — L1 Jo 8 3bed (suopeinofed ubiseq 9L IMOH 49k
c0-D lBquinN uoljenoen
009¢rase ;Joslold
S800Vr




JACOBS o e e

. . Calculation Number:___C-02
(Ref. FOWI 116 Design Calculations) Page 9 of 17 — Plus Appendices 40 Pgs

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-
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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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110 — - |
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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




Caléulation C-02 Project 35DJ2600 Appendix B Page B-32 of 37

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
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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 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
EXCEL Microsoft 2002
HEC-HMS USACE 3.1.0
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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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. . 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.
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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 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




Calculation C-03 Project 35DJ2600 Appendix A Page 26 of 53

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

E-9 NUREG-1623
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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




Calculation C-03 Project 35DJ2600 Appendix A Page 42 of 53

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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item 5.

Revised first paragraph on page 20 to
describe flow in channels instead of
along north side of berms.

Revised Table 7 on page 20 to be
consistent with flow in channels.

Revised “Rock in Channels and on
North Side of Berms” on pages 21

and 22 to include the impacts of
overflow from the sediment-filled ditches
north of the access road to the ditches

C04_R3_Area_Between_Cell_and_Wedge Calcs Pgs01-27 070908.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

(Ref. FOWI 116 Design Calculations)

Project:

Calculation Sheet
35DJ2600

Calculation Number:___C-04
Page 3 of 27 — Plus Appendices 31 Pgs

Pages 22 and 23 Added
Pages 23 and 24 Revised
Page 25 Revised

south of the access road.

Added “Protection from Overflow
Across Access Road”

Revised “Rock and Scour at Spreader
Outlets.” to include calculations on the
rate of spreading of flow and the design
of a buried rock blanket for protection
against scour at the ends of the
spreaders.

Revised “Summary” to incorporate the
modifications listed above.

CO4_R3_Area_Between_Cell_and_Wedge_Calcs_Pgs01-27_0703808.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: CaICU|at;ggJ236|'(;§et

Calculation Number:___ C-04

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
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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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Figure B-1. Damage caused by gullying.
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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,
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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 ra