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STANDARD REVIEW PLAN
SURFACE WATER HYDROLOGY
AND EROSION PROTECTION

I. HYDROLOGIC DESCRIPTION OF SITE

A, Areas of Review

The areas of review under this plan include

(1) identification of the relationships of the site to surface water
features in the site area, and

(2) iddentification of mechanisms such as floods and dam failures that may
require special design features to be implemented.

The review requires identification of the hydrologic characteristics of
streams, lakes (e.g., location, size, shape, drainage area, etc.) and
existing or proposed water control structures influencing flooding which
may adversely affect the site design.

B. Acceptance Criteria

Acceptance of the information presented is based on a qualitative
evaluation of the completeness and quality of information, data, and maps.

The description and elevations of structures, facilities, and erosion 3

protection designs should be sufficiently complete to allow independent = Mef
evaluation of the impact of flooding and intense rainfall. Site ij 2
topographic maps should be of good quality and of sufficient scale to Fu' o
allow independent analysis of pre- and post-construction drainage , 3 [
patterns. '

e 7
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The information presented forms the basis for subsequent hydrologic
engineering analysis. Therefore, completeness and clarity of data are
very important. Maps must be legible and adequate in coverage to
substantiate applicable data. The descriptions of the hydrologic
characteristics of surface water features should be detailed and
correspond to those of the United States Geologic Survey (USGS), National
Oceanic and Atmospheric Administration (NOAA), Soil Conservation Service
(SCS), Corps of Engineers, or appropriate state and river basin agencies.
Descriptions of all existing or proposed reservoirs and dams (both
upstream and downstream) that could influence conditions at the site
should be provided. Descriptions may be obtained from reports of the
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USGS, United States Bureau of Reclamation (USBR), Corps of Engineers, and
others. (Generally, reservoir descriptions of a quality similar to those
contained in pertinent data sheets of a standard Corps of Engineers
Hydrology Design Memorandum are adequate). Tabulations of drainage areas,
types of structures, appurtenances, ownership, seismic and spillway design
criteria, elevation-storage relationships, and short- and lTong-term -

storage allocations should be provided. e
et s GF
C. Review Procedures ..‘u&*i“’l‘

The information normally presented is not generally amenable to
independent verification, except through cross-checks with available
publications relating to hydrologic characteristics of the site region and
by site visits. The review procedure consists of evaluating the
completeness of the information and data by sequential comparison with
information available from references. Based on the description of the
hydrosphere (e.g., geographic location and regional hydrologic features),
potential site flood mechanisms are identified.

D. References

Because of the geographic diversity of sites and the large number of
hydrologic references, no specific tabulation is given here. In general,
maps and charts by the USGS, NOAA, Army Map Service (AMS), and Federal -
Aviation Administration (FAA); water-supply papers of the USGS; River
Basin Reports of the Corps of Engineers; and other publications of state,
federal, and other regulatory bodies, describing hydrologic
characteristics in the site vicinity and region, are used. Other specific
review areas, as given below, contain references that may be used in
evaluating the specific hydrologic features of the site.

FLOODING DETERMINATIONS

A. Areas of Review

The flooding potential in the site area is reviewed to determine the
extent of flood protection required to meet EPA standards. The areas of
review inciude the precipitation potential, precipitation losses, the
runoff response characteristics of the watershed, the accumulation of
flood runoff through river channels and reservoirs, the estimate of the
probable maximum flood (PMF) and other lesser floods at the site, and the
determination of critical water levels and velocity conditions at the
site. Included is a review of site drainage and a review of the probable
maximum precipitation (PMP) potential and resulting runoff for site

poert/
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drainage and for drainage areas adjacent to the site. The analyses
involve modeling of physical rainfall and runoff processes to estimate
possible flood conditions at the site.

Becauyse uranium mill tailinos and by-product materials may have potential
detrimental effects on public health and safety, these hazardous materials
must be contained in accordance with EPA quidelines (40 CFR 192). These
regulations prescribe criteria for the design of protective covers to
prevent wind and water erosion of tailings and ensure the sustained
functioning of the tailings disposal system. Because little information
exists on the long-term performance of protective covers, it is necessary
to provide engineering designs which provide overal site stability for
long time periods with no need for planned routine maintenance.

In providing such engineering designs for long-term performance, the
selection of the design flood event is very critical, since the most
disruptive natural phenomena affecting long-term stability are likely to
be wind and water erosion. The selection of the flood event for the
design of the protective cover should usually not be based on the
statistical extrapolation of limited data bases, due to the unreliability
of such estimates (Ref 3). Rather, the NRC staff concludes that, because
the probable maximum flood (PMF) and the probable maximum precipitation
(PMP) are based on site-specific physicel meterological limitations that
eliminate the uncertainties associated with extensive extrapolation of
limited data bases, it is reascnable and prudent to use these phenomena
for the long-term design of reclamation covers. It is recognized, however,
that many existing uranium mill sites are poorly sited; some are located
immediately adjacent to streams with a high potential for extensive
erosion. For these sites, the PMF forces may be so large as to preclude
economical long-term stabilization. In these cases, the NRC staff has
concluded that a flood smaller than the PMF may be considered if it is
documented that implementation of a design to protect against the PMF is
clearly impractical. In such cases,/the staff may also consider that
certain conservatisms normally present in the determination of design-basis
floods or flood velocities may be relaxed (such as factors of safety,
hydrograph peaking, etc.) and that such reductions may not significantly
affect the overall safety and stability of the site. Any alternate
yproach selected using a flood smaller than the PMF should consider
increased levels of maintenance,gepair “and environmental—damege;) The
staff will determine on a case-by-case Basis whether there is reasonable
acsurance that the site stabilization prdgram, as designed, will be
effective for a minimum of 200 years and thus meet EPA regulations.
may resulé.
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B. Acceptance Criteria

The probable maximum f'ood as defined in ANSI N 170 (Ref. 4) has been
adopted as one of the conditions to be evaluated in establishing the
applicable stream and river flooding design basis. PMF estimates are
needed for all adjacent streams, rivers, and site drainage channels. Two
conditions may exist at the site under review, as follows:

1. The elevation and velocity attained by flooding on a large adjacent
stream establishes a required protection level and the necessary
flocd protection.

2. The elevation and velocity attained by flooding onsite and in onsite
drainage channels establishes the design basis flood protection.

If it can be documented that implementation of a design to protect against
the PMF is clearly impractical, a flood smaller than the may be——— PMF
adopte The staff will estimate the flood level as described

below.” The estimate may be made independently from basic data, by
detailed review and checking of the applicant's analyses, or by comparison
with estimates macc by others which have been reviewed in detail.
Acceptance is based on general agreement of the staff and applicant
estimates of static flood level and peak discharges. The evaluation of
the adequacy of the flood estimates is generally a matter of engineering
judgement, and is based on the confidence in the flood level estimate, the
degree of conservatism in each parameter used in the estimate, and the
relative sensitivity of each parametegx as it affects the flood level or
flood velocity.

€. Review Procedures

The evaluation of flooding potential is, for review purposes, separated
into two parts; flooding on large adjacent streams, and flooding on local
drainage channels and protective features. The basis for the selection of
the PMF as the design flood event is presented in Reference 3. The review
procedure for evaluating a PMF on a large stream is outlined in Reference
4. The review procedure for evaluating a local PMP/PMF event is outlined
in Part 1V, below. PMF estimates approved by the Chief of Engineers,
Corps of Engineers, and contained in puglisged os.unpgblis d‘fe orts of
that agency, or generalized estimateSihdy”bé&" Used ¥ Yibl ¥ Gage pendent
staff-developed estimates. In the absence of such estimates, the staff
will use both large and small basin techniques of the World Meteorological
Organization in conjunction with Corps of Engineers' runoff, impoundment,
and river routing models to estimate PMF discharge and water levels at the
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site. When detailed independent estimates are necessary, the applicant
will be requested to provide ag? necessary basic data.
Q.

In th‘%e cases where it can be documented that it is clearly impractical ,}(
to design erosion protection features for an occurrence of the PMF, the

_d.baﬂﬂvquq?(E!ngg;igngonsistx.of the following:

(1)

(2)

(3)

(4)

(5)

(6)

Review of several proposed designs (of varying slopes, Jecun'ﬂ+
configurations, alignments, drainage areas, etc) to determine the
difficulties in providing a reasonable design at a given site

Review of erosion protection requirements associated with each of the
above designs

Review of costs (including transportation) associated with each
design

Review of analyses and logic which justify the reduction in flood

criteria, both oqualitative and quantitative
bases for theo ﬁwd seloc M
Review of t eﬂfleododesign sesrandadesign of protective features

with respect to the ability of the design to satisfy the EPA stabilit
requirement of 200 years

Review of the ability of readily available materials to satisfy
design requirements (as a percentage of the PMF, e.qg.,)

In general, the proposed design must provide reasonable assurance of

meeting the EPA stability requirement of 200 years. While flood events f
and precipitation events should be treated on a site-specific basis, a [‘, 2
generally acceptable minimum design (for meeting the 200-year stabilit ¢ /

requirement) would provide protection for a##¥lood or precipitation event
ku.uﬁlfjldfhahot h’s occurred\jn*t?e'site region. Enveloped historic floods (on a
have cfs/mi“) basis)ydsdefinéd in Reference 24, establish acceptable minimum out
flood desjgn‘big s..”In addition, a flood or rainfall event of
B /iber:iﬁStelyg_S-BOi}g; the PMF/PMP may be acceptable where historic flood

minimum EPA standards ar

nts™¥s independent?

e ability of the design to resist such floo
checked and evaluated by the staff to assure that

not available

P
I11. DAM FAILURES W""’wif“"f" TR

A.

Areas of Review
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Peak water levels, routing procgdures, and velocities are reviewed to
determine potential hazards dug to the failure of upstream water control
structures from either seismiqd or hydrologic causes. When data are
provided to show that seismic¥%vents will not cause failures of upstream
dams that could produce the governing flood at the site, the areas of
review will include items necessary to justify such conclusions. Where
analyses are provided in support of either a conclusion that a dam failure
flood due to a PMF is the design basis flood for a stream, or that a
postulated or arbitrarily assumed seismically-induced flood is the design
basis flood for a stream, the areas of review consist of the following:

1. Conservatism of modes of assumed dam failure (breach configuration,
duration of flow, etc)

2 Consideration of storage capacity of flood control reservoirs
3. Conservatism of downstream flow rates and levels

4, Flood wave attenuation to downstream dams, or to the site

5

. Potential for multiple upstream dam failures and resultant flood wave
effects.

B. Acceptance Criteria - hy‘[m/o,,'c

The staff will review the applicant's analyses or indepgndently estimate
the coincident river flows at the site and at the dams peing analyzed.
The acceptable "worst conditions" to be postulated for [analysis of an nolﬂﬁl/,

upstream failures in lieu of substantiation of se1§m1q,_g§1§;qggg,/// ap914¢;f &
capability are: (1) a 25-year flood, fuyl¥reservoir coincident with (" ’
the dam-site equivalent of the 72d4bis earthquake #MCEL; (2) a (YPE)

: i:andard project flood (a flooé about half the severity of PMF)Jon a—fuid-normal
opevatiny Pt iPeservoir coincident with the dam site equivalent of 1/2 of th >and—(PDE)
(3) a PMF on a reservoir which is not designed to safely store{op”pass _
such a flood.

The location of dams and potentially "likely" or severe modes of failure
should be identified. The potential for multiple dam failures (of closely
spaced dams) and the domino failure of a series of dams, should be
discussed. Analytical hydraulic failure models will require complete
model description and documentation. A determination of the peak flow
rate and water level at the site for the worst possible combination of dam
failures and a summary analysis (that substantiates the condition as the
critical permutation) should be presented, along with a description of all
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coefficients and methods used. Computations, coefficients, and methods
used to establish the water level at the site for the most critical dam
failures should be summarized. Comparison with steady or unsteady flow
models with adequate site-related coefficients, serves as a basis for
acceptance.

As stated in I1.A, above, a flood less severe than the PMF may be
acceptable in those cases where it can be documented that it is clearly
impractical to design for a PMF, Additionally, if it can be documented

that the reservoir has been gesigned for the nd the PMF, no dam
failure and floodino analyses\need to be performed. PDE
C. Review Procedures or will be )

- e
In general, the conservatism of the applicant's estimate of flood L |rdf‘
potential and water levels from dam failures is analyzed and when t:’,,nij

required, an analysis is performed using simplified, conservative
procedures (such as instantaneous failure, minimal flood wave attenuation,
and extrapolated site discharge-rating curves). Techniques for such
analyses are identified in standard hydraulic design references and te:t
books. If the simplified analysis indicates a potential flooding probiem,
the analysis may be repeated using more refined techniques, and additional
information and data are requested from the applicant, if necessary.
Detailed failure models, such as those of the Corps of Engineers, National
Weather Service, and the Tennessee Valley Authority, are utilized to
identify the outflows and various failure modes and resultant water level
at the site

If floods less than a PMF can be justified, the review procedures
outiined in II1.C, above, are emploved to determine the impracticality of
desiagning for a PMF and to determine the acceptability of the flood used.

IV. CROSION PROTECTION DESIGN

A. Areas of Roview

In this section, the following erosion protection designs are

reviewed:
a ai'\i{ i"‘c
Erosion protection to be placed to provide protection

1.
effectsr o flooding from nearby large streams.

2. Erosion protection to protect drainage channels.
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3. Erosion protection to protect the top and side slopes of the
remediated pile.

4. Durability of the erosion protection to be provided.

The staff review assesses the peak discharge rates, water levels, water
velocities, and associated riprap requirements needed to provide
protection to meet EPA long-term stability criteria.

As stated in I1.A, above, a flood less severe than the PMF may be adopted
if it can be documented that it clearly impractical to design for a PMF,

fosd Qaf
B. Acceptance Criteria O'J‘:;{,{;:OQ'?\A{IE-A albeve,

The erosion protection designs must be capable onE;eting the long-term
stability requirements of 40 CFR 192. In general,\erosion protection that
is designed to resist on occurrence of the PMP or ﬁhﬁ‘brovides an
acceptable design. Additional details and acce table methods of analysis
may be found in Regulatory Guide 4.xx. (Ref. 23?

C. Review Procedures

The staff will check applicant analyses or perform independent analyses in
accordance with the guidelines provided in Regulatory Guide 4.xx, If the
design assumptions and calculations are reasonable, accurate, and/or
compare favorable with independent staff estimates, the desiygns are found
acceptable.

If floods less than a PMF can be justified, the review procedures outlined
in 11.C, above, are employed to determine the impracticality of designing
for a PMF and to determine the acceptability of the flood selected.
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DESIGN OF ROCK ARMOR FOR URANIUM MILL TAILINGS EMBANKMENTS

by Richard Codeil, Hydrology Section, WMGT, NMSS, USNRC

A. Introduction

EPA requires that uranium mill tailings embankments be stabilized and protected
from natural phenomena for a period of 200 to 1000 years (40 CFR 192). The
staff of the Hydrclogy Section, WwMGT, interprets this rule to mean protection
from the local Probable Maximum Precipitation (PMP) on the slopes. The direct
impact of the falling ;ater, runoff from the slopes and flow in the drainage
channels at the base of the embankment must be taken into account. The present
report is a summary of methods currently used to design the rock armor for the
Tocal PMP and the preliminary development of a method which will be used by
the staff to check the design. This report considers only runoff and the
design of armor on the slopes and does not consider either the design of
drainage ditches or floods from rivers adjacent %o the site. The Shiprock NM
tailings embankment (Ref.3) will be used throughout this report as an

illustrative example of the methods and models described.

=
=
el
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Intense rain falling onto the embankments may pond on the ground surface,
although part of this water will infiltrate the soil. The remainder will run

off the slope into the drainage ditches and be carried away.

Rock armor is designed to resist the hydraulic forces of the flowing water, and
to protect the soil from erosion. This is usually accomplished by placing a
layer of relatively fine, well graded gravel directly on the soil to act 25 a
“filter" layer, onto which much larger rock is placed. Larger rock is usually
more expensive so the armor is generally designed to accommodate the smallest

rock size suitable for the slope protection.

Tailings embankments will generally have two distinct slopes as illustrated in
Fig. 1. The top slope is usually gentle, typically 2% to 5% grade, while the
side slope is usually steep, typically 20% grade. Runoff from the top will be
greatest at the bottom edge of the top area. Similarly, the flow will
generally be greatest at the base of the steep slope, except in some cases
where there could be appreciable flow over top of the rock layer on the top
slope. Peak runoff is calculated using the rainfall intensity chosen from the
local Probable Maximum Precipitation (PMP) at the site. The PMP is the
greatest rainfall which is Tikely to be encountered at a given place. The PMP
is a function of location (i.e., latitude and longitude) an the size of the

drainage basin.

The intensity of the rainfall at a particular point will be
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greater for a smail drainage basin than a large basin, and greater for a

shorter duration PMP than a longer duration PMP. Intensity of rainfall alone
however, does not determine the runoff from the slopes, since the dynamics of
water flow through and over the rock armor must be taken into account in the

calculation.

Rainfall Rate R

N

'09 IIODQ 2* grade

Iimpermeable

Figure 1 - Tailings Embankment in Profile

Once the peak runoff has been ceterminea, the rock size needed to resist the

waxinum velocity oY flowing water is determined.

IRATT
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The analysis of the embankment design for the Shiprock site performed for DOE

will now be described.
B. DOE Analvsis
The design of slope armor for the Shiprock New Mexico case as performed by for

DOE is presented below. Paruneters of the Shiprock case are described in

Table 1.

Runoff Calculations

The DOE analysis for Shiprock estimated runoff from the slopes, Q using the

Rational Formula (Ref.l):

dndrs g g ann

Q=CIA . | (1)
$r2 ne . )
LTS x—31+— a9, b
3eqv
where C is the Runoff coefficient, JLOE .
.0 .
I is the rainfall intensity, ft/sec ——

A is the surface area of the drainage basin., s &

Q w hks Aunfplpeat) w Ffsae .
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Table | - Base Parameters of Shiprock Example

Veid fraction ¢f rock, n (porosity) = (.35

Thickness of rock layer = 1.0 ft. top layer, 1.5 ft. side layer
Length of slope = 440 ft top, 26C ft. side

Width of base of embankment (2-d model only) = 1200 ft.

Grade of slope = 2% top, 20% side

Rock diameter - top slope: dso s 1.5 Side slope: 630 = 3"
‘1co = g.0" dSO = 45"

Rock diameters used in mode[i_ Jc(-v‘t
——
Top slope - d"7'§.1 ft, d84 = 0.32 ft
Side slope - d = 0.3 ft, dgq = 0.75 ft
-~
Friction factor for flow through rock, K= 2.0

Finite difference grid spacing = 20 ft

LRAT
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The runoff coefficient € was conservatively chosen to be unity, i.e., there

was total runoff of the precipitation with no Toss from infiltration to the
e —. e —" —— e eI e

e ———

Fg:gggg;_/ﬂﬂainfall intensity was cT:j:2~zrgf—:25f;€:3;?zyraa}i{,on Curve )for
the Probable Maximum PrecipitationTh “Design of Small Dams" (Ref.2) singa §

minute time of concentration calculated from a nomograph for overland flow

(Ref.3). Peak runoffs from the top and bottom slopes were ca!c&latod to be
0.28 and 0.33 CFS/¢sec ft), respectively (Ref.3).
Snpanseded oy da

A % 4
Determination of Rock Size w HMR 9

The analysis for the Shiprock site employed two methods for sizing rock. The
rock on the top slope was sized using the Safety Factor method of Simons and
Senturk (Ref.4). The analysis assumed that all flow was over the top of the

rock. The depth of water at the edge of the top area, was determined by the

Manning formula:

h=( Qua/l.49 sy")"'6 (2)

AT,

n———
e ————

Table 3.3

csM/T!'gzlz.'
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where m = Manning's coefficient,

S’ = the slope of the face.

For flowing water at steady state, the tractive force on the rock surface, 't‘.

must just balance the force of gravity:
where y = density of water (62.4 lb:/ft’)

The diameter of the stable rock, d, can be determined if the tractive force on
the rock is balanced against the natural tendency of the rock to remain in

place because of gravity:
d=211, /(5= 1)yn (4)

where n = cos a (1/SF = tan a/tan 0)4:2i (5) bl
S; = specific gravity of rock ‘{"‘ J‘“ — [“Q““ d‘f;*ﬂ
@ = angle of grade = tan % Sy
¢ = angle of repose of dumped rock

SF = safety factor



205/RC/84/11/15

The angle of repose is an empirical reiationship shown in Fig.2, which is a
function of the average rock diameter, dSO' and rock angularity (i.e., crushed,
angular or very round). For a peak flow of 0.28 ftslscc ft on the top, a top
slope of 2X, ',fiEE1ﬂili.ffffiififﬂf\ﬂfﬂg;i: and a safety factor of 1.5, DOE
determined that the dgp rock diameiir-snou]q\bo 1.4 inches, which was rounded
T byt (e axpriene
Saams oy it
) . 0.02F bO.03
'E(‘.«)v:wb“k@n:? y .

to 1.5 inches.

Angle of repose, Pdegrees
i s & &

sRounded
s Rounced S anguiar
‘ . ‘ﬂ.“'.’
B T g.3.4201 y
(%)) Y I o 20

Madign digmaetaer, 1”. nches

Figure 2 = Angle of Repose for Rock (Ref. 12)
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en
OCE's analysis of side slope stability is basedAStephenson's method, whicha is
y Y A : )

N 39:\»\«1
for the calculation of the stability of Psf rock-fill dams—ia—rivens (Ref.5). ?
>\—" e

The rock diameter which would just begin to move under the influence of flowing

water has been determined to be:

x/3 |
. sim o 1/6 6)

d=
¢ ¢* ((1-n) (S, = 1) cos o (tan o sy))1.57

Where g = the flowrate on the embankment
e
g = acceleration é? gravity
¢ = angle of repose of the rock

ke SR
n = epock-space fractten i e porosity?.‘m lﬂ

S‘ = gpecific gravity of rock,
and C is a factor which accounts for the anqulaqty of the rock
"~
(determined to range from 0.22 for gravel to 0.27 for crushed granite).
Ceanks o, ok
The diameter determined from Eq. 6 is for the “threshold” “r .
fov, Fyen Cotipliahs
A theL Towrate at-which the rock will just start to move. owrates jues—

<boue the threshold, the rock will rearrange to a more stable configuration.

At much higher velocities, collapse of the strueture will occur. Olivier

DRAFT
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reports that the flowrate for collapse is from 120% of threshold flow for
gravel to 180% of” for crushed ledge rock (Ref.6).

DOE employed Eq. 6 in the Shiprock analyses, with the flowrate determined from
Eq. 1 to calculate adm rock diameter, and assummed that.l = 1. 54{‘. For a
flowrate of 0.33 CFS/ft., C = 0.22 (for gravcl)‘JL;LEC;vgggnsorvativel

large), S = 2.65 and S = 20%, they determined 14430 rock diameter of 3
inches. Angle of repose ¢ was determined from thenemperical relationship shown
in Fig. 3 for rounded gravel. Ihodso and 1100 diameters were chosen to be 4.5
inches, and 12 inches respectively, based on the diameter distributions for the

gravel to be used.

Appraisal of DOE Design for Shiprock

C_g,.?

Runoff was determined by the Rational formula with total runoff (R = 1), using
e

the Probable Maximum Precipitation (PMP) for less than one hour from “"Design of

Small Dams" (Ref. 2). The correct PMP should have been taken from "Hydromet _

49" (Ref. 7), which gives significantly greater precipitation for durations Y;s :

- —— e ————

loss than 1 hr. This is partially offset by the conservative runoff lodel

e e &

- \__\

omploycd “The safety factor method, used for tho top slope, and the Stephenson '

" method, used for the side slope, generally employed conservative coefficients.

- - e —— — - ———— e e

NRe Ad wH kle ¢ stand an S ratted v th;'t‘..ﬁ,
fo  Aspany w3

- LRAFT , e ehee pog 41 b
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o
k& ( Q ““uj“;vt.

A major weakness of the _DOE des1gn methodology 1s that it fa:1s to account fo
T N——

(S
A= k.‘,.t.‘lgf

flow concentrations caused by poor design or slope failure.
\\

e S e
sce oo }7_5}().?4 T
€. NRC Design Methodology

-~

shat.
Cwu.-}&‘-""“""

The NRC staff has developed mathematical models based on physical pricipals, to
account for some of the weaknesses in the more conventional approaches employed

by the DOE contractors. The NRC approach is developed below and in Appendix A.

C.1 Runoff Models

One and two dimensional finite difference models for flow on a sloped, rock
covered surface have been developed for the purpose of estimating the peak

flowrates resulting from intense local precipitation. Details of the runoff
model are given in Appendix A. -ﬂ: one dimensionql flow mode] was Wu‘ﬂ%td

for the embankment slope{ typical of the Shiprock NM site.

Rates of precipitation ferall suas, were generated using the one hour PMP of

8.0 inches, and intensity factors for periods less than one hour from "Hydromet

49" (Ref. 7) For periods shorter than 15 minutes, the intensities were scaled
R =~

from the 15 minute values s using factors from "Design of Small Dans" (Ref 2).
Thc 2.5 minute ;;;jz;s estimated by s traight lfno extrapoiation fron the 5 and

W —————————
—————— e - S—

UHAFT,
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10 minute values. Figure 3 shows intensity versus duration for the “Hydromet
49" and "Design of Small Dams" curves. Values of the world record local PMP
are also plotted on Fig. 3 for perspective (Ref.8). Although speculative, the
PMP extrapolated for periods shorter than 15 minutes does not appear to be

greatly out of line with reality.

Several experiments run with the mode! illustrate the hydrologic behavior of
the slope under conditions of steady, intense precipitation, with the rate and
duration determined from Fig. 3. The flows are maximized for storms of
dgrééiéf}approxiﬁifbfy_iﬁvminutc ¥ much longer and of lower intensity than the
5 minute PMP used in the DOE analysis. The main explanation for this
aifference is that the rockfill has a considerable ability to store water in
the spaces between rocks, and most of the water flowing down slope would remain
below the surface of the rock. Longer storms coula saturate the rock and allow
some water to travel over the top of the rockfill layer, particularly on the
less steep top slope. Shorter but more intense storms would not cause flow
over the top of the rock layer for the stated conditions. Friction for flow

over the top of the rock layer would be considerably smaller than for flows

restricted to the rock layer only.
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TABLE 2 - SUMMARY OF SHIPROCK RUNOFF CALCULATIONS

RUMOFF ,CFS/FT
MODE L EXPERIMENT F IGURE TOP Si1OPE SIDE SLOPE L COMMENTS
1-d Benchmark 4 0.25 0.3¢ Benchmark, Tible | parameters
2-d Benchmark run A 0.165 0.33 Benchmark, table, parameters
2-d 17 slump 9 0.49 0.38 Corsiderable flow concentration
Runoff from top slope dominates
2-d 17 slump 10 1.01 0.53 as abeve
2-d 213 trench 11 1.24 0.74 as above
1-d halve d * 12 0.26 0.27 increases runoff from top,
decreases runoft from side
I-d double 4 * 12 0.20 0.39 decresase runoff from top,
increases runotf from side
2-d double d * 13 0.82 0.57 decreases runoff from top,
1% slump increases runoff from side,
but top dominates
URAFT,
206/RC/85/02708 B85/0° /708



TABLE 2 - SUMMARY OF SHIPROCK RUNOFF CALCULATIONMS

RUNOFF, CFS/FT

MODEL EXPERIMENT F IGURE TOP SLOPE SIDE SLOPE COMMENTS

1-d halve layer 14 0.43 0.43 increases runoff from top
thickness and side

1-d § grid size - 0.4 0.43 effect of 10 ft arid size small,
§ layer thickness 20 ft. is credible

2-d infinite layer 10 0.2 0.44 largely eliminates the effects
thick of flow concentration for this

case, largest rock thickness
needed are 3.1 ft. top,
1.3 ft. side

UIAFT

206/RC/8B5/02/08 ws/02708
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RAINFALL DURATION, MINUTES

Figure 3 = Intensity vs. Duration for Local PMP

Recognizing that conditions which saturate the rock layer are likely to produce
the greatest flows, the design basis hyetograph (time rate of precipitation)
for the slope was formulated so that there was an increasing intensity of
precipitation within the one-hour PMP, with the last 2.5 minutes of the hour
being the most intense. Total precipitation for the first hour was 8 inches.
Precipitation beyond one hour was arbitrarily held at 5.5 inches per hour,

- LAAFT,
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which is the 5 minute intensity for the second hour of & 2 hour PMP. The
hyetograph is presentea in Fig. 4 along with the hydrograph for flow off the
top and side slopes. The peak flow for the side slope was about 0.32 CFS/ft.
Peak flow off of the edge of the top slope was about 0.25 CFS/ft. These values
are close to the original DOE estimates of 0.33 and 0.28 CFS for the edges of
the top and side slopes, respectively, using the stori intensity from “Design
of Small Dams" (Ref.2) and a 5 minute time of concentration. The Rational
formula, Eq.1, would have yielded much higher flows if the Hydromet 49 (Ref.7)
storm intensity were used, estimated as 0.65 CFS/ft. and 0.44 CFS/ft. for the

side and top slopes, respectively.

DT
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Figure 4 - Runoff for One-Oimensional Benchmark Case

C.1l.a = Flow Concentration

The one adimensional analysis of runoff presented above is for infinitely-wide,
flat surfaces with uniform slopes. Construction practices on the embankment

earthworks will presumably strive to maintain flat surfaces and uniform rock

DRAFT.
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layer placement as illustrated in Fig. 5a. Nonuniformity of the slopes,
however, cou'd Tead to concentration of runcff, causing higher flowrates than
would otherwise be predicted. Conditions which could Tead to flow

concentration include:

Non-uniform siope grading.
Uneven placement of rock.

Gullying caused by erosion.

oW N e

STumping of earthwork.

The smaller grade and lower water carrying ability on the top slope would

accentuate the effects of settlement on flow concentration, especially since
part of the flow during the PMP would probably be above the top of the rock,
and would be sensitive to change: in gradient because of the relatively low

friction of 'he surface flow compared to the flow through the rock layer.

Soil erosion will be inhibited by the protection of the rock armor and filter
layers, so qullying will be less severe than it would be on an unprotected
natural slope. Observation of erosion patterns on natural unprotected slopes

will not, therefore be highly relevant.
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.16.

The most Tikely cause of flow concentration, given that good grading and rock
placement practices are followed, will be a failure or differential sett)ement
of the earthwork with subsequent slumping. Such a failure could create a

depression toward which water running off the slope would collect. The nature

of such a failure is highly speculative.

There are at least two compensating factors tending to resist flow

concentration:

1. If the rock layers are thick enough, flow will occur beneath the rock

layer surface, and the uniformity of the layer should be less important.

2. Tailings piles are often narrow at the top and wide at the bottom. This
condition leads to a natural hvdraulic gradient out from the centerline of
M\W

the slope, tending to dispense rather than concentrate flow.

Settlement of fr. one to several feet might be possible on the sites (Ref.S).
The effect of settlement can be overcome by good engineering practice, and it
is not certain that slope failures would occur at all from these mechanisms.
Nevertheless, several scenarios of embankment failure have been postulated and
studied with the two dimensional numerical runoff model. The effects of

embankment failure on flow concentration will be illustrated for several

DHAIT
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postulated scenarios. A uniform inward slope of the embankment toward the
centerline of the slope as shown in Fig. 5b would cause flow to concentrate.
Multiple failures as illustrated in Fig. Sc would probably cause less severe
flow concentration, because the drainage area for each sub-basin is smalier
than the single basin case. Another case which would Tead to flow
concentration would be a single steep gully not extending over the entire width

of the slope as shown in Fig. Sd.

The modeled embankment shown in Fig.6 is typical of the largest embankments at
the Shiprock site. The slope is assumed to be triangular and symetrical around
the vertical centerline in order to economize in the numerical solution. The
modeled embankment is 700 feet long from the top to the drainage channel. The
total slope is assummed to be 1200 feet wide at the bottom. The embankment - s
the same in profile as the one dimensional case shown in Fig.1 , with a 2%
grade on the top slope and a 20% grade on the lower slope. Other parameters

used in the mode! study are given in Table 1.

—
3

=
=

\



(a) = Benchmark slope (b) = single failure

(¢) = Muliple failure (d) = Trench failure

FIGURE 5 - FAILURE SCENARIOS FOR MILL TAILINGS EMBANKMENTS

CRAFT
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top slope 2% grade

L EEEE D

260 ft.

side slope 20% grade

Figure 6 - Representative Two-Dimensional Slope for Example

Four sce:rios were run for the two dimensional case in order to estimate the
A

effects of embankment failure on flow concentration. :
1. 2-0 Benchmark case, no slumping (Fig. 5a);

2. Uniform inward slope of 4% toward centerline (Fig.5b);
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3. Uniform inward slope of 1% toward centerline (Fig.5b);

4. No inward slope, except for a 200 foot wide triangular channel
centered on the centerline, slopeing 24% toward the centerline (Fig. Sd)

C.1.b = Results of Two-Dimensional Scon!rig!

Steadv-State Cases

Flow concentrations for Cases 1, 2 and 3 resulting from steady rainfall uri
presented in Fig. 7 as the ratio of runoff at the slope centerline from the
2-0 mode] to xunoff ‘:on the 1-Q model. Flow concentration for the Benchmark
Spies ”\.

2-D case are los;\tfan«gfi’y. especially on the top slope, and are relatively
insensitive to the rate of precipitation. The low_runoff from the top slope
is _attributed to the triangular shape of the embankment of the top, which leads
to a gradient away from the centerline. The relatively gentle slope of the top

slope accentuates the effect of this phenomenon. The side slope is both wider

and steeper, so this phenomenon s less fmportant to runoff there.
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Figure 7 = Flow Concentration at Steady State, 2-d Mode!

_ Flow conceptration for the A% and 1% inward slope scenarios are all gr ater
!mijgklknrﬁb ‘Lhuo - i
than un[E!: and depend on the rainfall intensity. The high degree of flow

concentration from the top slope fs explained largely by the saturation and

DT
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overtopping of the rock layer. Resistance to flow is greatly reduced once
overtopping occurs. In addition, the inward slope in each case is a
significant fraction of the 2% gradient of the original slope. There is
significantly less flow concentration on the steep side slopes. Overtopping
would occur only at points close to the top. Flow rates are attenuated within
the rock layer of the side slope because of the higher flow resistance. There
was a persistant oscillation around the steady-state value of runoff at the
highest precipitation rate. This oscillation may be either a hydrodynamic
phenomenon or an artifact of the numerical method used to solve the equations.
One of the recommendations for future work fs to reprogram the 2-d mode! with a
semi-implicit algorithm, which would tend to eliminate some numerical
instabilitites.

Trontignt Cases

Runoff from the top and side slopes for Cases 1 through 4 resulting from the
local PMP is presented in Figs. 8, 9, 10 and 11. Peak flowrates are also .
summarized in Table 2. Figure 8 shows runoff from Case 1, which is the
Benchmark case. Peak runoff from the top slope is 0.165 CFS/ft, which is
considerably lower than the 0.25 CFS/ft predicted from the one~dimensional
Benchmark case shown fn Fig.4. Peak runoff from the toe of the side slope is
only slightly lower than that predicted by the one-dimensiona! mode!.

CRAFT
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Figure 1l -~ Two~dimensional case - trench failure
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Figures 3 and 10 show runoff from Cases 2 and 3, the %% and 1% inward slope

scenarios respectively. There is a considerable degree of flow concentration

in each case, particularly on the top slopes. The peak runoffs occur from the
top slope rather than the side slope, even though the drainage area of the top

slope is considerably smaller.

Figure 11 shows runoff for Case 4, the single trench failure. Flow
concentration effects are greater in this case than for the other failure
scenarios. Once again, peak runoff occurs from the top rather than the side

slopes.

The transient runs for Cases 2, 3 and 4 al) exibited some apparent
instabilities, but it is not clear if this instability is a manifestation of a
real hydrodynamic phenomenon or an artifact of the numerical solution. [f the

latter is the case, the peak runoffs may have been slightly overestimated.

An interesting observation from the four cases run with the two-dimensional
model is that peak runoff may occur at the edge of the top slope rather than at
the toe of the side slope. The design of the rock layer on the side slope may

therefore be controlled by runoff from the top slope.

i

E_;‘
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C.1.c - Sensitivity Experiments

High quality data on flow resistance through and over rock layers are generally
scarce. Reported data often lack specific background information such as rock
size grading, roughness, void fraction, density and rock layer thickness.
Several test runs of the models were made in order to determine sesitivity of
peak runoffs to errors in parameter estimation. The results of these runs are

reported below and summarized in Table 2.

Sensitivity to Rock Diameter

une of the areas of uncertainty is the effective diameter of the rock, d'.
which is necessary to czlculate resistance for flow througnh the rock. Leps
(Ref.10) suggests that the dgy rock diameter is suitable for use in the
resistance equations, providing that the percentage of fine material in the
rock was not great. Stephenson (Ref.5) suggests that the harmonic mean
diameter d" be used, but the correlations of the experimental data he brosonts
generally are in terms of the dggy diameter. Differences between dSO and the d"
can be large. The ratio dso/dr calculated for anticipated rock grades
specified for the Shiprock example in Ref.3 is about 1.3. Ratios calculated on
typical grades of crushed rock are in the range dSO/dr = 2 to 3, which is much

larger than that calculated for the reported Shiprock gradations. The harmonic

)
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mean diameter places heavier emphasis on the smaller rock sizes. Only the 030.
dSO and leO rock diameters were reported for Shiprock, so the harmonic mean

calculated may not be an accurate reflection of the finer rock grades.

Friction relationships for flow over the top of the rock layer appear to be
better known than the relationships for flow through the rock layer. The
relationship used for flow resistance in the overtop layer is based on the d84

rock diameter (Ref.ll).

The sensitivity of peak runoff to the estimate of mean rock diameter d'. used
for flow through the rock layer is demonstrated for several cases using the one
and two dimensional models of the Shiprock example. Figure 12 shows the
sensitivity of runoff from the top and side slopes calculated with the l-d
model. Sensitivity to these changes is also summarized in Table 2. [ncreasing
the diameter has the effect of decreasing the runoff from the top slope and
increasing the runoff from the side slope. Increasing the diameter lowers the
internal friction, allowing more of the flow to travel beneath the rock layer

®
on the top slope. Overall, increasing d increases flow resistance on the top

slope.

Most if not all of the water is transported within the rock layer on the side

®
slopes anyway, so an increase ind will lead to a decrease in overall

AT
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friction, with a subsequent increase in the calculated peak runoff from the
side slope. Since runoff from the top slope contributes to the side slope
runoff, it is not always clear that the observed sensitivity would be
characteristic of all cases. Note that the d84 diameter, which is used for the
flow resistance of the overtop layer in these runs has not been changed,
although increasing the estimate of dgg would increase the overall resistance

for those flows which overtop the rock.

A
L)
Side siope 2 x diam. i
- 3P
¢
o
3. side siope, 1/2 aam
-
2 2
top siope, 2 x diam.
A
] ~ -
B see 1000 1590 2009 25ee Jjeee 3599 4900 4500

TIRE-SECONDS

*x
Figure 12 - Sensitivity of Runoff to d , One-Dimensional Model
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Figure 13 shows the resuits of doubling the o* rock diameter for runoff from
the top and side siopes in the case of the 1% inward slope failure scenario.
The effect of increasing d' is the same as observed for the l-d case, decreased
peak runoff from the top slope and increased peak runoff from the side slope.
Note however that the design peak flowrate for the scenarios indicating flow
concentration is dictated by runoff from the top slope rather than runoff from
the side slope, which increases the significance of the observed effect to the

design of the rock layers.
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Figure 13 - Runoff for 1% Siump Case with Double Rock Diameter

Sensitivity to Laver Thickness

Peak runoff is sensitive to the ability of the flow to remain confined to the
rock layer rather than overtop it. The ability of the rock layer to store and
transport most of the runoff is a critical factor in the atteuation of peak

flow from the slope. This effect will be diminished however if the rock layer
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is too thin, its friction too great, or its porosity too small. This somewhat
e T s
counter-intuitive result is demonstrated in Fig. 14, which is for the same
e e A — — e,
conditions as the one dimensional Benchmark case, but with the thickness of the
rock layer halved to 0.5 feet and 0.75 feet on the top and side slopes
respectively. Peak flows for this case were calculated to be 0.44 and 0.42
CFS/ft. and 0.42 CFS for the toe and top respectively, as opposed to the 0.32

and 0.25 CFS/ft runoff for the case of the full layer thickness presented in
Tig. 5.
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Figure 14 - Effect of Halving Layer Thickness, 1-d Model
A .
I}§;ﬂ” The two-dimensional model was rerun for the case of the 1% slump, but with an
/ - b
\:yrf“\ essentially infinite Tayer thickness which eliminates the possibility of
v _overtopping. The results of this run are shown in Fig. 10 along with the
runoff for the normal rock layer thickness. Peak runoffs are dramatically

lTowered from the case in which the rock layer thicknesses were 1.0 ft and 1.5
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ft on the top and side slopes respectively.Furthermore, the peak runoff occurs
at the tce of the side slope and is no longer controlled by runoff from the tep
slope. Thg_p;g{mum,r9£5\1ayg£_igifknesses necessary for the Shiprock
embankment to completely contain the peak~1191__g:g_ggggg_§~l_ft on the lower

end of the top slope and 1.3 ft. on the toe of the side slope Smaller rock

layer thicknesses would be adequate further u the slope from these points

\;m_ M ‘-)Na‘urk lhr 272

Sensitivity of Runoff to Other Parameters

No specific numerical experiments have been conducted to measure the
sensitivity of runoff to other paramenters of the model, but some inferrences
can be drawn from groupings of terms which appear in the differential
equations, Eqs. Al and A2 in Appendix A. Friction within the rock layer is
dependent on the groupirg sz/gd.nl, where K is the friction factor, v is the
bulk velocity, g is the acceleration of gravity, d. is the effective rock
diameter, and n is the void fraction (porosity) between rocks. Reducing
porosity n would both increase friction and reduce the water-carrying ability
of the rock layer, forcing more flow to the surface. Uncertainty in n,
however, {s considerably smaller than uncertainty in t'.e other parameters, so

4 s '"!mll\h'f)l Zo

t
the sensitivity of runoff to n is probably less significant thaﬁppther

parameters.
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Friction factor K would affect peak runoff in the same wav as an equivalent
change in 1/d* . This factor depends largely on rock surface angularity;
e.g., a layer of crushed rock will carry less water than a layer of rounded

alluvial gravel, all other factors being equal.

C.2 - Design of Rock

The design of the rock diameter and layer thickness to resist runoff from the
local PMP on the slope closely follows the methods employed by D0E. The
caicuiations must generally proceed in an iterative manner, because peak runoff

-F.n\ﬂ-‘OV\ o
is also a facter) of khe rock diameter amd layer thickness. I)(

The Safety Factor method described in Section B.2 is recommended for the design
of the top slope. The method is modified however to account for flow both
through and over the rock layer. The thickness of the overtopping layer would
be determined directly from the runoff model or from a rating curve such as
Fig.15. The rationale for this modification is that the forces tending to
dislodge rock resting on the top of the layer would not be a function of flows
beneath the surface of the rock layer. The Modified Safety Factor method would

apply only for cases where there was flow over the top of the rock layer.

i af i @

-
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Figure 15 - Rating Curves for Example Problem

The Stephenson method described in Section B.2 is recommended for the design of

rock on the side slopes. This formula accounts for flow both through and over _

_A——

the rock layer. It may also be used for the top layer, especially for those

S s

Eiﬁes in which the runoff mode! predicts no overtopping.
—_—

L‘S'ovv\hn)iv\.s" v I semns
as '<}?¢ua wan T paake JZ‘*1‘J‘

)

=1
JAET

U"U 53 ‘

-



205/RC/84/11/15

Discussion

The two methods recommended for the design of the rock layer generally give
considerably different answers. The Safety Factor method considers the
stability of single rocks on an inclined plane. The diameter of the rock is
determined by a balance of forces acting to overturn the rock and the forces of
gravity and friction tending to keep the rock in place. The stability of a
single rock however is smaller than of that of a rock in a layer of other
rocks. Olivier (Ref.6) studied the stability of rockfill dams in a series of
mode! flumes, and determined the flowrates at which the rocks began to move.

He noted that the rockfill layers tended to collapse at flowrates which were
120% to 180% above the threshold flowrates for which the fi-st motion of rocks
within the layer was observed. Other factors which affect the stability of the
rockfill structures included the rock size gradation and the slope. Olivier
noted that rockfill layers constructed of rock with a uniform size tended tc be
more stable than rock layers constructed of poorly sorted rock. Also, rock
layers constructed of larger rock placed on a layer of smaller gravel tended to p—

———ard the [arger
be less stable than those cases where no gravel was present?” This observation Wwas

el
might be a factor in considering the benefits of filter layers to prevent /jn
erosion.
PP—
‘nsfead.
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The Satety Factor method appears to always predict design rock diameters which ;7
are considerably larger than the Stephenson method. The latter method should
be applicable to the design of embankments, however, and is backed by some
convincing experimental data. Olivier's experiments were conducted with_
relatively thin layers, usually }“;g‘g_giggggggs-gg_gock. Most of the flow
EEZFZ?ZZZT‘}E;E'EZQe occurred over the top of the rock layer rather than
through it. IEiffffffff_ff_ffff,lfiif‘ proposed for the t‘i‘inﬂivaQEEfT59§§~~

e ™
are considerably greater than those used in Olivier's experiments. It is 7
R b — B »

B

S%CQQ t";T;;er that the thicker layers would be more stable than the thinner layers
o
because more flow would be contained under the the surface, which would reduce

or eliminate stress on the surface of the ~ock layer.

The determination of rock diameters and layer thicknesses for the top and side

s T S
slopes will be demonstrated belo3/g;uJ;zns—o#(Eiffglzsﬁor the Shiprock case, 4s «n ¥

C.3 - Example Calculations of Rock Armor For Shiprock

Assume for the Shiprock example that an independent geotechnical analysis has
determined that the 1X inward slope scenario with the local PMP would pe the

design basis event. Other properties of the embankment are those given in
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Table 1. Determine the adequacy of the rock to resist the calculated runoff. 0\*

Solution o}
b
Top Slope - :

The design of the rock layer for the top slope will be illustrated using the

)

Safety Factor method. The peak runoffs for the given case have been previously /
i L e g, TR
determined in Section C.1.b to be 1.01 CFS/ft. and 0.53 CFS/ft. on the topw

side slopes, respec“.iMThe 1.01 CFS/ft. runoff will therefore control the
rock design for—m the top and side slopes at the point where they meet..

-

Note however that flowrates decrease both upstream and downstream of this

point. It may therefore be acceptable to design the armor for lesser runoffs

| away from the slope break.

For the design basis flow, the depth of the water layer can be determined from
the rating curve, Fig.15, to be 1.42 ft. The depth of flow over the top of the

rock layer is therefore ah = (1.42 - 1.0) = 0.42 ft. The shea~ stress from
£q.3 is:

T=62.4 x40 x S‘y =62.4 x 0.42 x 0.02 = 0.52 1b./ft2,

where S_ is the slope. R san F9 4-1l.
- Y AU ”7 E"TJ (L"Mf 9‘444)‘;
i ¢ r{t * . c;\.
: b Aoy (Jlaneg NEC Gnunad, A) " as tht in pen
g o i . L Jlon (Wednsd) | 5 5°° cath®!
e it 4 b hps TOALT e ot
hode 052 4Vl do by R g e S8 ot

» JJ ‘.‘;ll' "p!"‘ 0 ﬂ
ek R Qo b vl Gt



205/RC/84/11/15
- 35 -

The stability numtar n is calculated from £q.4 :

n=cosa( 1/5F - Sy/tln ¢) =1.0x(1/1.5 - 0.02/0.7) = 0.628

y -~

where a = the angle of the slope = tan" ! ) ’ ;g
X
SF = the safety factor = 1.§

¢ = the angle of repose from Fig.3 = 25 degrees for smooth

rock.

The dSO rock diameter is then determined from Eq. S:

dso =21 t/(Ss =1) yn=21 x 0.52/((2.65~1) x 62.4 x 0.638)
= 0.166 ft. = 2 inches

where S‘ = the specific gravity of the rock = 2.65 gm/cc.

Side Slope

The rock diameter for the side slope is determined by. Eq. 6:

¥ Z(s- Sy A%
C 9 %.[(:-n)(.\;-l) Cote X (L g, )]3'/3
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where C = the roughness coefficient whicn ranges from 0.22 for smooth

gravel and pebbles to 0.27 for crushed rock. For this case C = 0.22.

If the angle of repose is assumed to be about 35 degrees, the rock diameter is

determined to be:

“% /7
=0.45 ft. = 5.4"

{ Lo (c.z)%/o.ir)

L) brerar e 0172 )]%

Following the DOE example, the diameter calculated would correspond to the 630

rock size. If it is assumed that dSO = I.SdJO. then dSO = 8.1".
fen eua ‘_(’Mﬁ'(‘-s—‘- Dhlb“ (siele ’C.‘\‘) - Lof h LI e = Ortrage wA

1 Qo masimauns  pagsilefe 401 Sinilan ¥y dodk , Waimy Cop g Beqe
The stated d¢, rock diameters for the top and side slopes were 1.5" and 4.5" 1&.1. o~

-

respectively, which is somewhat less than the calculated rock diameters. If the'-——_'T

calculated rock diameters of 2.0" and 8.1" were specified, it would not be I—-yv

necessary to repeat the runoff calculations, since it has been shown in Section § B>

C.1.c that increasing the rock size would have the effect of decreasing the :3
peak runoff from the top layer, which is the design basis for both the top and ‘i *%

side layers.
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It is interesting to note that the Stephenson method would have predicted a dSO
rock diameter of only about 1 inch for the top slope. The Safety factor method

S—— e

would have predicted dSO of over 2 feet for the side slope.

—

— .
— o— e S —— e —
p— - — e ——— ‘

D. = Conclusions

The design of rock armor for embankments to resist the local PMP involves the
calculation of runoff and the determination of the properties of the rock which
can resist the calculated runoff. The staff has developed 2 set of
mathematical models to calculate runoff from armored slopes. The models take
into account the resistance to flow both through and on top of the armor layer,
The models can be used to study the effects of various designs and failures of
the embankments on the runoff caused by intense precipitation. Runoffs
calculated from the models are subsequently employed in equations to determine
the stability of rocks or rock layers to resist the erosive forces of the

runoff.

Some of the conclusions which have been drawn from the results of the models

for the case of the Shiprock tailings embankment are listed below:

LA

HAFT
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1. The calculation of runoff must consider flow both through and over top of

the armor layer.

2. Irregularities in the surface of the slopes may lead to large concentrations
of flow along preferential paths, which would place more sever loads on the

rock a-mor,

3. The peak runoff from the gentler top slope can frequently be more severe
than the peak runoff from the steeper side slope, thereby controlling the
design of the armor on both slopes. This condition may occur when the ability
of the rock layer to carry the flow is inadequate, forcing the flow to overtop
the rock layer. The most severe hydrologic stresses on the armor are likely to

occur at the break bet reen the top and side slopes for this situation.

4. Design factors which tend to diminish the peak runoff from the top slope
include larger rock diameter and larger layer thickness. Oegradation of the
rock over the design lifetime of the embankments should be taken into
consideration. The effects of flow concentration caused by geotechnical

failure or slumping can be largely eliminated by having a large rock layar

thickness.
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5. There is no apparent basis for not including very intense, short aguration
rainfalls in the design basis hyetograpn for the PMP. The staff included rates
of precipitation as short as 2% minutes for its studies, and based the 8 hour

PMP on Hydromet 49 (Ref.7)

6. The DOE analysis for Shiprock did not consider the phenomena of flow through
the rock layer or flow concentration. Furthermore, their analysis employed a

less intense hyetograph than was used by the staff (Ref 2).

E. - Recommendations for Imorovement

The usefulness of the methods presented in this report can be increased by
investing the resources to resolve certain problems, and to document and
clarify the methods so that they can be used by Applicants, Licensees and the

NRC staff.

Several uncertainties were identified during the development of the NRC methods
for the determination of runoff and design of the rock layer. Simpiifying
approximations had to be made in order to pursue the development of the models.

Some of these uncertainties can be resolved through the collection of

E
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experimental data and further literature review. The following areas should be

addressed:

1. Collect data on flow resistance through and over the types of rockfill to
be expected for tailings embankments. The experiments could be made in large
flumes, properly scaled to assure turbulent conditions of flow. Data should be
collected for flows which both overtop the rock layer and flows which are
confined to the rock layer. Basic properties of the rock used, such as

gradation, density and porosity should be determined for each experiment.

Furthermore the differences between carefully-controlled laboratory fiumes and

real slopes, caused by non-ideal construction practices in the field should be

explored.

2. The applicability of Stephenson's method to tailings embankments should be

determined. Specifically, research snould address the question of why there is
s i —— e — B e, T e

—

such a large discrepancy between the results predicted by the Safety Factor
-~ e R I I —\”W
method and the Stephenson method. Furthermore, the proper application of these

methods to graded rock, rather than rock of a single size, should be

identified. The flume experiments for collecting data on flow resistance could

possibly be used to determine flows at which the embankments would fail.

| e
CJ
g
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3. Mechanisms of slope failures leading to conditions for flow concentration

shou'd be explored. The scenarios in Section C.1.b are highly speculative.

4. The mathematical models should be verified and validated to the extent
possible. Validation could be performed using data collected from the flume
experiments discussed above. If possible, it should be determined whether
oscillations noticed in some of the runs are manifestations of real
hydrodynamic phenomena or are artifacts of the numerical solution. Sensitivity
of the oscillations to varying grid spacing and the time step should be
determined. A time centered numerical algorithm should be tried to renlace the

explicit algorithm presently being used in the two-dimensional model.

5. The computer programs which implement the mathematical models should be
rewritten in FORTRAN and thorougnly documented. Clear users manuals should be

prepared. The programs are presently written in BASIC.

6. Simplified methods for developing the slope armor should be developed if
practical. The methods could be in the form of tables or nomograms developed
from the numerical models, or simplified conservative models bounded by the

results of the numerical models.

)
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The principles developed in the NRC Methodology :hould be codified in
Regulatory Guides, NUREG reports or both. Applicanle portions of the research
and model development should be published in the open scientific and
engineering Titerature in order to disseminate the information and to seek peer

review.
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APPENDLX A, THE RUNOFF MODEL (ES)

Introduction

Rain falling on an armored slope will largely flow downhill except for the
fraction infiltrating the ground or evaporating. In flood routing studies for

very small drainage basins it is customary to ignore infiltration losses,
considering that the ground is totally saturated by an antecedent rainfall.

The runoff will flow through the spaces between the rocks. If runoff is great

Referring to Fig.Al, the flow of water on the slope may be described for a
one-dimensional case (e.g., an infinitely wide plane) by a macroscopic mass and

energy balance:

3 (§wr)
i - ":—t{ = (A1)
of a Par b L 2ar KU']M‘,_S' = (A2)

Pay +3""1 an o+ ”n=d

|
enough, part of the runoff will overtop the rock layer.
where £ = water depth
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APPENDIX A, THE RUNOFF MODEL
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Introduction

Rain falling on an armored slope wiil largely flow downhill except for the
fraction infiltrating the ground or evaporating. In flood routing studies for
very small drainage basins it is customary to ignore infiltration losses,
considering that the ground is totally saturated by an antecedent rainfall.
The runoff will flow through the spaces between the rocks. If runoff is great

enough, part of the runoff will overtop the rock layer.

Referring to Fig.Al, the flow of water on the slope may be described for a
one-dimensional case (e.g., an infinitely wide plane) by a macroscopic mass and

energy balance:

O{?&q)
)A' - ;3_ =R (A1)
na{ - AT S .,..L?"' Karlu-l_ : (A2)
S Tgnt iy Tenoe Tgava® b%

where £ = water depth
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n = rock void porosity (A‘W“"'I"”‘) AUH
2
t = time Follew -
R = rainfall rate

g = acceleration of gravity
K = friction factor (v\**'-“""‘"“'(""') '
*®
d = representative rock diameter
These are know as the Saint Venant equations for shallow water waves, modified
for flow through porous media (Ref. Al). For flow over the top of the rock
Wy

(PN
layer, the depth £ becomes a virtual depth; that is, the Mepth which the water

would have to assume if the Ww AQM i i ‘;(

Resistance to Flow

Flow resistance through the rock layer is described by a quadratic function of
velocity (Ref. Al):

J vl

LArT
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wnere K s a proportionality constant and d' is the representative rock
diameter. the proportionality coefficient K is a function of rock shape,
roughness and Reynolds number Re:
Use U a 10°F Jsec o b
=vd A9 (A4)

where § is the kinematic viscosity. (for the large Reynolds numbers expected
through the rock layers, K appears to be a function only of roughness and
shapei) Stephanson (Ref. Al) empirically fitted available flume and field data,

as shown in Fig. A2, and suggests the formula:
K = 800/Re + Ky (AS)

where Kt = 1 for smooth polished spheres, 2 for semi-rounded rocks, and 4
for angular rocks. Stephanson suggests that the representative rock diameter
°
d should be taken as an average based on the wetted ‘fff*3§=§2§:;§§§=f He

suggests the harmonic mean diameter:

N
" =l£1/d,- ) >« ﬁ.—) (A6)

/

where d, is the diameter of the rock in the §th catagory.

beoten
e 1{%” c} * 2 W i L b haawan=
. - - . haav~ '
Z ($) s &)
-y a
T
2 BV ;
‘N-va&. O(H = gg:g - o .,Q;?r...‘ w-g\,.k;‘ a\,w\-\r\-h \“
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Friction Factor K
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Leps (Ref.2) however, suggests that dSO is a good representation of d.,

especially if the fraction of fines is not too great.

Well-documented experiments on flow resistance in rock layers are not readily
available, and those data which are available have wide scatter. The
sensitivity of the runoff results to changes in the rock friction relationships

are demonstrated in Section C.1.c in the text.

Flow over top of rocks

The resistance to flow through the rock layer is much higher than flow
resistance for open channel or overland flow. Therefore, the resistance to
flow will decrease once the water depth exceeds the thickness of the rock
layer. The model accounts for this reduction in flow resistance by calculating
an equivalent K based on the resistance to flow within and above the rock

layer.

= r’n

The total flow Q past a point on the slope is the sum of the flow &h:oughffhe

rock layer, Q1 and ever the rock layer, 02:

Mg walh  degte an oy

P
i B A Lhh 3 Rl b 7 hy=(¥-H)h
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vl - V‘&ﬁJ‘KLfb“’*L::.
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—
where\!},,li-the equivalent veloc1ty in the rOCK,lfigzb

e S

2 is the actual velocity in the over-top layer, and

M is the thickness of the rock layer.

The velocity over the top of the rock layer is calculated using the
Darcy-Weisbach equation for flow resistance in open channels (Ref.A4):

s A\""“\—-g (2 d....j ._C‘_Q\.A.Q:
/ :n(‘Q: Shak el &,&uuu’n

Fa R‘l(: ) Btinrs "‘“““V‘ As?ﬁwo
-

where Rh is the hydraulic radius, and f is the Darcy-weisbach friction factor.

The The water d depth £ ana the gradwent ~of the the water surface 3k/3y in Eq. AZ

nust be reduced by the poros1ty for flows above the top of the rock layer

—

For a wide slope, the hydraulic radius may be approximated as the water denth

over the top of rock: )ma.- A Ak Su-deir
el '

Gk, © Py
Ry =0 (8 = H) ke o LY ka (A9)




APP A SHIPROCK

The Darcy-Weisbach friction factor is dependent on the Reynolds number, rock
diameter and roughness. For high Reynolds number as would be expected in the
present case, the rock becomes hydraulically smooth, and only the form drag of
the rock protruding into the flowing water will be important. Hey (Ref.A4)
presents a correlation of f in terms of R and the d84 rock diameter (i.e., 84%

of rock is finer) for riffle flow in gravel stream beds:

(T = 2.03 1og §3.46 R, /3.5 dg,) (A10)

Agreemcnt with field data is excellent as shown in Fig A3
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Measured friction fsctor (1)

el heiiddaal heetedihdudd

o8 1 ©
Relative roughness (R/0,, )

Figure A3 - Darcy-Weisbach Friction Factor for Riffle Flow (Ref. A4)

Equation Al0Q is based on natural riffle stream data for rounded alluvnl rocks.

L SR e o i i g,
It should be well-suited for the presont case sxnce rougnness of t.he rock

Surface has- been found to be relatwﬂy umnporta_j.‘at tne mgh Reynolds
\A,W

—

“numbers expected on the relatwely-steep slopes (compared to stream beds) of

—

-

over the top of the rock layer witf’(\Eg.AR ives the
following expression: At

oo § Ahlnrfrn) abaoaly ik
AM.\.Q.M1 b owa meperce  ob Shpank . Ring, E—
h’”‘ 0.2 h Oer‘t\‘L’&TAtT—- it ot ol  L— Aa—ye J¥
Pj'&d U'-. _ e .Ma) LM'\'\)W _‘T“ CA[O) | AP

the tailings embg;mnts. Conbming the expressi - for the velocitus within
~
the rock layer E

a Q\wM—‘ .1" k/b&‘ - 0 26




P A SHIPROCK -
APP A SHIPROC o FP Qm_l.
o kc‘ 2

5/ :”) l/(" ’1) +{f-ﬁ)n{il(£'§@) (A11)

Mclﬂvf‘" {

- “’),rc-r G-
where K' is the effective resistance factor for the total layer. Solving for
K' gives: ( %uwﬁ 1 = Sy _ ¢ l.,.s_i << Sy J\
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Equations Al and A2 are solved with the effective value, K' substituted for K H

when § is greater than the rock layer thickness H. Note, however that for .i

small values of (§ - H), K' may be greater than K, as shown in Fig. A4. This { 2

is not realistic, since friction is likely to only decrease as the flow ' }
' l

o

overtops the rock layer. Therefore, the value of K' is lim’ted to K:

KO
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Rating curves for flowrate vs. water depth for the Shiprock example are shown
in Fig. AS. The much higher carrying ability of the over-top layer is evident

from this figure.

Boundary Conditions

The runoff problem is set up in terms of straight upper and lower slopes. The
upper slope is usually gentle (2 to 5%), while the lower slope is usually steep
(about 20%). The upper end of the top slope is assummed to be a no-flow
boundary:

v=0, av/dy = 0 (Al4)

The break point between the upper and lower slopes does not require a formal
boundary condition but in order to avoid sharp discontinuities between the
intrinsic properties of the two slopes in the numerical solution, the values of

slope, rock diameter and rock layer thickness are averaged at that point.
The downstream boundary of the lower slope is the only remaining boundary

condition. Two boundary conditions were tried; (a) a critical flow boundary

and (b) a normal flow boundary. The critical flow boundary condition assumed

AN
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-lo.

-

that the flow on the slope was subcritical(generally the case) and apnroached

gritical flgw (i.e., Froude number = 1) at the downstream terminus:
2 2
K § = (a/g )13 (A1)

This boundary condition would apply for the condition of water emerging from

the rock face into air, as in the case of a dry channel at the downstream end
of the slope.

r

The normal flow boundary condition considers that the depth of the water layer

is determined only by the balance between friction and gravity.
2. \h
1 ;4\ = q (K/g d™n 5,) (A16)

The(;ornalf1og_b0undary condition was eventually chosen for all runs. It had
the distinct advantage of causing puch smaller numerical perturbations to the
flow equations than was the case for the critical flow boundafy condition.
Calculated values of runoff from the modeled slope were nearly

indistinguishable between the normal flow and critical flow boundary

cunditions.
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Kinematic Aoproximation

Many open channel and overland flow problems have been solved using the

"kinematic flow" approximation of the Saint Venant equations (Rcf.)ﬁ.&y
Kinematic flow assumes that frictional and gravitational forces exactly balance
each other, and that the inertial terms are negligible. Under this gssu!pti‘tm,

£q.A2 becomes: sfz._L‘ Undaes dloo
‘p'no%'« wasn b

e E———E

n2% , Kol l_s =0 (A17) X

7 Ay Jn“- o “

Equation Al7 can be solved directly for v if the gradient is positive:

vs ﬁs}-ﬁgg/ay) (ngd /K) (A18)

The kinematic approximation greatly simplifies the numerical solution and
increases its numerical stability. The inertial terms from Eq. A2 have been

found to be negligable for the Shiprock example.

!

bl oy
;..-.AH
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Numerical Solution

Al
Equations AZ and Al8 are solved by means of a staggered grid, time centered

finite difference method. The grid for this method is illustrated in Fig A6.
The variables v, Sy. d and K a“?iprosented between nodes, while the water depth
§ is represented on the nodes. This arrangement minimizes the distance over
which the finite difference operator must be taken for the gradient 3f/3y, and

also allows a compact, straightforward matrix inversion in the numerical
solution.

Figure A6 - One-Dimensional Finite Difference Grid
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A two-step, implicit-explicit algorithm is used for the numerical solution.
The first step is implicit, and takes the water level and velocity from time t

Al
to time t+ At. Equations AZ and A18 are written:

AN _ae n ~ e ”
f”’:f" . Rat _ at [(ﬁ O_f“),u;,_[(‘ o )

“ - ) nany 2 3 (A19)
- den f‘n "f'n |
Mo = b & 3. - (J:"_ —A:_‘:.L;_‘._) (A20)
K‘ 4 X%
uh.j e $~r$¢"w

where t is the timef step Kia ’tf' ?
Ay is the grid spacing
(i" is the water level at point i
v‘" is the velocity at point i+k
Syi is the slope at point i+k
Ki is the friction factor at point i+k
d; is the effective rock diameter at point i+

g fis the acceleration of gravity

f\n\ AR A u,.rnJ
£ u\MJ LT o S
DRAHT A -

s [es
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Equation Al9 can be rewritten in matrix form

- - - - - -
N\
A \
\ \
\ Ty N\
N\ y . \ . -
.i."l .i.i ‘i'i,’l ‘in‘L . bi (AZI)
\ - - - -
e .
N\
3 \
\
-
A - L - L -
B o -
or AY=8§ (A22)

The superscripts n and n+l are the time levels, corresponding to times t and
t + At respectively.
where 8 o1 = *Vi.y" At/2nay

a; ¢ =1+ (at/2n at) (vi" = viM

8 jap = At v;"/25x

DRAFT
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b; = £;" + at R/n

The boundary conditions on Egs. Al9 and A20 are represented as elements of the
= -
A matrix and B vector:

ay N-1 = "Vie1 At/2nay

by = &y * Rat/n

=
Matrix A is tridiagonal. Equation A22 is solved for Y by Gaussian elimination

using the Thomas algorithm (Ref.A6)

‘s
-
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The second part of the numerical solution is used to bring the water level and

velocity from timestep t+At to t+2it:

el no: ne;
At Ladd "l
noa. fnw Raf ‘ulp"z ¢£ l’ : l)"&-l (A28)
/

‘ Y.
:‘/M‘{J:%- - (e =5, )) (A25)
. g

Equations A23 and A24 are solved explicitly in terms of water levels and
velocities from the previous timestep. Boundary conditions are represented by

the following explicit equations:

glmz - gzn*z (A25)
v™l=0 (A26)

Lk 8 ne) ¢R Af Ne/ L]
L e f + 2 £ Az, (A27)

” 80‘»\'
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The friction factor K is adjusted according to Eq. All if the water level
averaged over the middle of the node exceeds the rock layer thickness. In
addition, if the water layer thickness at any node exceeds the rock layer

thickness H, the effective depth £ and the surface water gradient term 3f/dy

must be reduced by the rock porosity:

E'=H+(£-H)n (A28)

8¢'/ay = n at/ay (A29)

Two Dimensional Model

A two dimensional, areal x,y model was developed for cases which cannot be
represented as simple, infinﬂ%ly wide tilted planes. The two dimensional mcdel
<an be used to study the phenomenon of flow concentration caused by irregular
basin shapes and slumping of the slopes. It_is presently limited to slopes
which can be represented by up to 4 tilted subsiopes, which are symmetrical

around the vertical axis, as illustrated in Fig. A7.

The two dimensional kinematic equations are given below:

LA
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For the present problem, the boundary conditions are represented as free slip
conditions on the borders, no flow past the solid borders, and normal flow on

the downstream end of the lower slope, as shown in Fig. A7.

Numerical Solution

The numerical solution of the two dimensional model as presently implemented
employs the "Leapfrog" explicit algorithm (Ref.A7). This method was chosen
over the implicit-explicit algorithm employed for the one dimensional model

because it was much easier to program, and appeared to give acceptanle results

DIAT



FIGURE A8 - TWO DIMENSIONAL FINITE DIFFERENCE GRID
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when compared to problems solvable by the one dimensional model. The time
centered, implicit-explicit solution for the two dimensional case may be

programmed at a later time, however.

The staggered finite difference grid employed for the two dimensional mode! is
illustrated in Fig. AB. The finite difference grid blocks are square, and of
equal size throughout. The variables in the finite difference equations are
defined on the corners of the grid blocks as shown in this figure.

The continuity equation, A29 is represented in finite difference form:

5‘ ay n at

'gﬁv ‘f( - (L vy "Iy 44 35

b " 3 . r e " A33
(L0 £ )5 85y +(Llp £ )05, 450, @

- /-C:"q' .{:.")»v:; At

The solution of the velocity equations A3l and A32 is more difficult than for
the case of the one dimensional model, since u and v are coupled through the
absolute velocity term (u2 + vz)5 . Since the v velocity will almost

certainly be much larger than the u velocity in these runoff calculations,

J
<!
i
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s =
T
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£q.A31 is solved for v, using the u and v velocities from the previous timestep
in a correction factor:

(35 s

Yo
= Xay
where (' = | * ( (A35)
T Nag k‘ v
U = “r --a*’u.‘ ¥/ Ou
P
== kg ) & ” t X
r/(u ) .-f.o;") (A37)
5 ( Eoes ~£070)
S » ;‘. - "Jf;’ (A38)

The u velocities are then solved once all of the v values have been generated.

Ay ne
u"' - f f‘ ’ - ‘ -
oy ® |5 -t Ll 4 (A29)
X kd‘
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Velocities normal to all borders except the downstream boundary are defined as
zero. The gradient 3{/3x is zero at the ends of each row vector. The gradient
8§/3y is zero at the end of each column vector. Normal flow in the *y
di~ection is assumed at the downstream end of each column vector, and is

implemented in the finite difference solution as:

™ e Rat

& -
xﬁax [(5‘-',0 "’:a)“"';*’ '{L:tv " ‘c:’)u"” o

T8t 8l )] -84 (4 i Ey)
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