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Review Comments on " Standard Review Plan for Surface Water Hydrology
and Erosion Protection" and " Design of Rock Armor for Uranium Mill
Tailings Embankments"

Dear Mr. D' Antonio:

Enclosed are nty comments marked on copies of the subject draf t documents,
which were distributed by Ted Johnson at the 24 July 1985 meeting of Working
Group 1 of the DOE, NRC, TAC and RAC in Denver, Colorado.

By copy of this letter, I am forwarding nty comments to Berg Keshian of the TAC
and Ted Johnson of the NRC.

Sincerely,
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Gerald R. Thiers
Principal Engineer
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Enclosures: 1. " Standard Review Plan for Surface Water Hydrology and Erosion
Protection", NRC Draft Document, dated 8/29/85.

2. " Design of Rock Armor for Uranium Mill Tailings Embankments",
NRC Draft Document, dated 2/19/85.
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DOW
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) identification 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,drainagearea,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 infonnation, data, and maps.
The description and elevations of structures, facilities, and erosion ,. ,-

protection designs should be sufficiently complete to allow independent --]er65evaluation of the impact of flooding and intense rainfall. Site
topographic maps should be of good quality and of sufficient scale to j fh .g5e N-

4;/plc"gr,.. L-allow independent analysis of pre- and post-construction drainage
patterns.

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 long-term

p,(a,gcgph,.,r!*
p.storage allocations should be provided, y

efe y
def"#g#C. Review Procedures

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
infonnation 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.

II. 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 include 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 lovels 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
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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.

Because uranium mill tailings and by-product materials may have potential
detrimental effects on public health and safety, these hazardous materials
must be contained in accordance with EPA guidelines (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-tem performance of protective covers, it is necessary
to provide engineering designs which provide overali 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 physical mete $ological limitations that
eliminate the uncertainties associated with extensive extrapolation of
limited data bases, it is reasonable and prudent to use these phenomena
for the long-tem 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-tem 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 i

clearly impractical . In such ca g e staff may also consider that |
rtain conservatTsms nomally present in the deternination of design-basi]s l

Ifloods or flood velocities may be relaxed (such as factors of safety, *f
hydrograph peaking, etc.) and that such reductions may not significantly
affect the overall safety and stability of the site. Any alternate
gpproach selected using a flood _ smaller than the PMF should cons _ider

bincreased levels of maintenance,gepair 9ndjnvironmental d=Q The
~ is whether there is reasonablestaff will detemine on a case-by-Yale s

assurance that the site stabilization pr gram, as designed, will be
effective for a minimum of 200 years and hus meet EPA regulations. |

|3,uty recalf.
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8. Arceptance Criteria

The probable maximum flood 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;

. flood 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 rotect against.
# pyhf the PMF is clearly impractical, a flood smaller than the may--be Pm F,

'

g , ,. adoptep The staff will estimate the flood level as described
below. The estimate may be made independently from basic data, by' eg g' detailed review and checking of the applicant's analyses, or by comparison1

with estimates made 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
4

; 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
relativesensitivityofeachparameterKasitaffectsthefloodlevelor y!

flood velocity.

C. 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 IV, below. PMF estimates approved by the Chief of Engineers,,

isQQegortsofCorps of Engineers, and contained in pu>lishgd op.ungb]ll if,m4/udent2

that agency, or generalized estimateshfdy%d Wed7n Tie;
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,'

j 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 necessary basic data.

In th8se cases where it can be documented that it is clearly impractical [to design erosion protection features for an occurrence of the PMF, the
_ p., - M (evaluat'ibgconsistA of the following:

(1) Review of several proposed designs (of varying slopes, gecp s af
configurations, alignments, drainage areas, etc) to detemfte the
difficulties in providing a reasonable design at a given site

(2) Review of erosion protection requirements associated with each of the
above designs

(3) Review of costs (including transportation) associated with each
design

(4) Review of analyses and logic which justify the reduction in flood
criteria, both oualitative and quantitative

QMes GR@ , a sek
(5) Reviewofthekfhod-design ses sign o protective features

with respect to the g i M the h at_isfy the EPA stability,
requirement of 200 ye_ars

_

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

In general, the proposed design must provide reasonable assurance of
meeting the EPA stability requirement of 200 years. While flood events 4

gJ'and precipitation events should be treated on a site-specific basis, a
generally acceptable minimum design (for meeting the 200-year stability Mit gy/
requirement) would provide protection for ,a Tlood or precipitation eventd

kN O hat hys- occurred tl}e site region. Enveloped historic floods (on a
hAvc cfs/mi-) basis)}T efih8dinReference24,establishacceptable_ minimum auf

flood degrtbgas sEddit~ ion, a flood or rainfill event of N

a /apprilmatel 75-80% f the PMFRMP marbe acceptable where historic _ flood
-~

data not ava i e ability of the design to resist such flood
~ ~ PWTndsidh'dentl hecked and evaluated by the staff to assure thatt

minimum EPA standards ar get.
7, ,;; !:: .^ ! b\ , at 3 ~[ 4.f.. . I l. . s . .

C'' "'"'/III. DAM FAILURES ~* -

A. Areas of Review

___
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Peak water levels, routing proc dures, and velocities are reviewed to
determine potential hazards du to the failure of upstream water control
structures from either seismi 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 or

The staff will review the applicant's analyses or indep ndently estimate
the coincident river flows at the site and at the dams eing analyzed. f
The acceptable " worst conditions" to be postulated for analysis of on nor #d /
upstream failures in lieu of substantiation ogsmic4esistang spord a
capability are: (1) a 25-year fl d -fe M reservoir coincident with /"b E)the dam-site equivalent of the iT*f* *J8d M & earthquake iMC (2) a O

about half the severity of PMF) on 4-fuM-nom 4
opMte;["l%qtandardprojectflood(aflooFeservoir coincident with the dam site equivalent of 1/2 of th nd (PtE)

(3) a PMF on a reservoir which is not designed to safely store ass
such a flood. j

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 pemutation) 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 II.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 esigned for the nd the PMF, no dam
failure and flooding analyse need to be perfonned. PDE,

b0"C. Review Procedures

In general, the conservatism of the applicant's estimate of flood (I r[potential and water levels from dam failures is analyzed and when g
Wrequired, an analysis is performed using simplified, conservative

procedures (such as instantaneous failure, minimal flood wave attenuation, yb
and extrapolated site discharge-rating curves). Techniques for such
analyses are identified in standard hydraulic design references and text
books. If the simplified analysis indicates a potential flooding problem,
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
outlined in II.C, above, are employed to determine the impracticality of
designing for a PMF and to determine the acceptability of the flood used.

IV. EROSION PROTECTION DESIGN

A. Areas of Review

In this section, the following erosion protection designs are
reviewed:

d Mihlf Of.
Erosionprotectiontobeplacedtoprovideprotectiondet0-1

effdf d M 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 II.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.

'h((os 0 afg.A O* Vff
B. Acceptance Criteria le

The erosion protection designs must be capable of meeting the long-tem
stability requirements of 40 CFR 192. In general, erosion protection that
isdesignedtoresistonoccurrenceofthePMPorP.fprovidesan
acceptable design. Additional details and acceptable 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 designs are found
acceptable.

If floods less than a PMF can be justified, the review procedures outlined
in II.C, above, are employed to detemine 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 Codell, Hydrology Section, WMGT, NM55, 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, WMGT, interprets this rule to mean protection

from the local Probable Maximum Precipitation (PMP) on the slopes. The direct
'

impact of the falling water, runoff from the slopes and flow in the drainage

channels at the base of the embankment must be taken into account. The pr'esent,

report is a summary of methods currently used to design the rock armor for the

local 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 to 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. '

i
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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 as 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 (PHP) at the site. The PMP is the

greatest rainfall which is likely 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

On } 7~
M/"[

.

A
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greater for a small drainage basin than a large basin, and greater for a

shorter duration PMP than a longer duration PMP. Intensit'y 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
.

3 r ,e ,, <-

ar
top sloDe 2% grade

.,

'' '

e

\\\x na
gimpermeable )

\
-
,

\\\n ' > ,
\

-

\ \ A.
Figure 1 - Tailings Emoankment in Profile

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

| gudpus:ve15citif W flowing water is determined. X
!

{
l
1
,

A

1
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The analysis of the embankment design for the Shiprock site performed for DOE

will now be described.

B. DOE Analysis
,,

The design of slope armor for the Shiprock New Mexico case as performed by for

DOE is presented below. Para eters 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.1):
' '

I % 8s "
*

.

Q= CIA 6 (1)
A ''2 - w ' , L . , e ,g , q. .}L' ..

- % rso ss-

where C is the Runoff coefficient, Yl81--
~ I. Co* '

I is the rainfall intensity, ft/sec -#'

A is the surface area of the drainage basin., s$ p-

9 a e w 4-c rom 4 3/- .

1

ab

d

.. - .. - - - - . - - - . .-- - - - - - -

__ /
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Table 1 - Base Parameters of Shiorock Example

Void fraction cf rock, n (porosity) = 0.35

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: d50 = 1.5" Side slope: d30 " 3"
'

d1CO = 8.0" d50 = 4.5"

d100 = 12"
'

,

Rock diameters used in models Jeh '
*

Top slope - d = 0.1 ft, d84 = 0.32 ft
*

Side slope - d = 0.3 ft, dg4 = 0.75 ft

l/e yp ain
Friction factor for flow through rock, K = 2.0 .

Finite difference grid spacing = 20 ft

.

.
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The runoff coefficient C was conservatively chose pn J -

, there Of
'

L

was total runoff of the precipitation with no loss from infiltration to the I-i

4
g Rainfall intensity was chosen from an ntensity-duration curve for

|
"

the Probable Maximum Precipitatiog n " Design of Small Dams" (Ref.2) sing'a 5
_

minute time of concentration calculated from a nomograph for o)erland flow

(Ref.3). Peak runoffs from the top and bottom slopes were calc lated to be
.

0.28 'and 0.33 CFS/fsera ft), respectively (Ref.3).

My L<.
'

Determination of Rock Size
'

,.

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:

.

.

.

bh=( Q m/1.49 Sy )0.6 (2)

j

_ _ . . . . _ ~ . . . - . - - - - - - -

-- -

*-
-- _ _ - . - , . , - . - . . . - _ - - - _ . . .-- __ --_-..,--, , - , _ . _ _ _ - - _ . , . _ . , . _ .
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where m = Manning's coefficient,

S = the slope of the face.
j

.

For flowing water at steady state, the tractive force on the rock surface, 't,,
must just balance the force of gravity:

T =yhS (3)s y

*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 = 21 T, /(5, - 1)y n (4)

.

.

i where q = cos a (1/SF - tan a/ tan () (5)
d

S = specific gravity of rock h [** * N h1
i

s
~1a = angle of grade = tan Sy

$ = angle of repose of dumped rock

SF = safety factor
!

!

J J i
,

I
.

|

.

- - . . , _ ,
. . . - . _ _ - . -- .-.. - ,.' n ..,.. -, , , , , ,

.--+
_

~
_ , . . . - , . .- , , . . - _ . _ _ _ - . . _ _ - , , . - - - . - . - - , - . - - , - . - -_
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The angle of repose is an empirical relationship shown in Fig.2, which is a

function of the average rock diameter, d50, and rock angularity (i.e., crushed,
3angular or very round). For a peak flow of 0.28 ft /sec ft on the top, a top

slopeof2N,aManning'scoefficientof0.1,andasafetyfactorof1.5,D05'
T"

determined that the d rock diar.eterM hould be 1.4 inches, which was rounded
50

b Y {h "M"to 1.5 inches.
J SLyk. usq bWA

- g , s p.. e. ., n e o.o2r ha.03(

F ~b LM y .) -,, _

: - .
.

h e ''''e4 *0 '*-
, , .

'* *~
\ * ..'

.[e' , ' * "
{ as

" *
-- , . ,

C **.,.
. .

t'
..e..de.
.Rounced S enguter.. .

ts'"- * Aa9Wl8'

to , , , ,; ,,| ,,,,,,)-
, ,, , , ,,, ,

aos as e e ao

Median diame*ler. Q, sacftee ,

Figure 2 - Angle of Repose for Rock (Ref. 12)
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DOE's analysis of side slope stability is basedAStephenson's m,ethod, whirn is /

w $c= M A 9for the calculation of the stability of)u[ rock-fill d m: f . -rhees r-h(Re f. 5).L

~
-- o

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

water has been determined to be:

)jrf 7/6 "1/6*S (6)d=s j

(Cgb ((1-n) (5, - 1) cos a (tan 4 S ))1.67 jy

Where q = the flowrat'e on the embankment

g = acceleration gra ity '

,

e = angle of repose of the rock
ek h*E

n = eck epass frankr (i = , porosit ,

5, = specific gravity of rock,

and C is a factor which accounts for the angulafty "of the rock

(determined to range from 0.22 for gravel to 0.27 for crushed granite).
~

km fk .)-
,

The diameter determined from Eq. 6 is for the " threshold" 44ewme, _Me. is
TV4e QEUAM M

% egTlowrate :t d.fd the rock will just start to move. gflowrates fut-th3
Wue the-threshol6 the rock will rearrange to a more stable configuration.W
At much higher ukc4tiet, collapse of the strueture will occur. Olivier

y,
.wils [ j

.

.e. ---.._ew.-- -- * * ~~

.- _ _ - - _- . . . . . _ , . _ - _ . . .._ . _ - . - _ . . - . . - . . -
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reports that the flowrate for collaps'e is from 120% of threshold flow for

gravel to 180%gfor crushed ledge rock (Ref.6).
,

DOE employed Eq. 6 in the Shiprock analyses, with the flowrate determined from

Eq. I to calculate a / rockdiameter,andassummedthatl
Am-k & s.M = p. 5

1 For a30 .
"a

flowrate of 0.33 CFS/ft., C = 0.22 (for gravel) nservatively -;

large), 5, = 2.65 and 5 = 20%, theydeterminedaf30 rock diameter of 3

inches. Angle of repose $ was determined from the emperical relationship shown

in Fig. 3 for rounded gravel. Thed and/ diameters were chosen to be 4.550 100

inches, a'nd 12 inches respectively, based on the diameter distributions for the
.

gravel to be used.
|-

Acoraisal of DOE Desion for Shiprock

C. .= ) [-
1

,

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

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

Small Dams" (Ref. 2). The correct PHP should have been taken from "Hydromet_;

i 49" (Ref. 7), which gives_significantlyJreater p. rec.ipitation fo_j . durations pS*t

1ess than I hr. This is partially offset by the conservative runoff model
~.-

~

employed. Ahela~fety factor method, used for the top slope, and the Stephenson
s

od, used for the side slope, generally employed conservative coefficients.
._ .- _

s r. e L J * C & Lug k) J Ani- sk2 rc. m

b atm spq -

, u k y 41 b-

-
- - - - - - - '

....-..,-.--.m
---,--,,,,,---..---,--.__,_.,,y---,..-.+--.w. -r

. . _ ,

. . . . . . . , . , - . _ , , - _ -.-m-, --.&w,,vgofg yy- %.%,, , , _ _ . . . , _ . - -
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A major weakness of the DOE design methodology is that it fails to account fo 8

.

,_

flow concentrations caused by poor design or slope failure. *

w L; '

C. NRC Design Methodology "g
&

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. Detafis of the runoff
A u.Amodel are given in Appendix A. D e one dimensional flow model was e n icie.d

for the embankment slopef typical of the Shiprock NM site.
.

.

Rates of precipitation f:r '' umwere 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
_

pom the_15 minutt valuego factors _from "Desiga_of_Small Dams" (Ref 2). ;

( The 2.5 minute PHP estimated by straight ifne extrapolation from the 5 andWj
1

.

.. . = . . - - -= -

- _
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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 model 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
4

'

'approximately 15 minut2(much longer and of lower intensity than the
,

5 minute PMP used in the DOE analysis. The main explanation for this

difference 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. Longerstormscouidsaturatetherockandallow

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.

DRMT

.

_ _ _ _ - - _ _ . . _ - . . ___ _ ,-_ m
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TABLE 2 - SIM4ARY OF SHIPROCK RUNOFF CALCULATIONS
~

_

:
RilHOFF.CFS/FT

( MODEL DPERIMENT FIGilRE TOP St0FE SIDE SLOPE COMMENTS
|

1-d Benchmark 4 0.25 0.32 Benchmark, Ti. tele 1 parameters
2-d Benchmark run 8 0.165 0.33 Benchmark, table, parameters

1 2-d 11 slump 9 0.49 0.38 Cor.siderable finw concentration;
Runoff from top slope dominates

:

1 2-d 1% slump 10 1.01 0.53 as aheve
: 2-d 212. trench 11 1.24 0.74 as alsove

1-d halve d * 12 0.26 0.27 increases runnff from top,
decreases runoff from sidei

1-d double d * 12 0.20 0.39 decresase runoff from top,
increases runoff f rom side

j 2-d double d * 13 0.82 0.57 decreases ruviuff from top,'

11 slump increases runoff from side,
but top dominates

4

|

*
:
!

i

j
j 206/RC/85/02/08

gr,fnpfog
i, 1
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TABLE 2 - St3 DIARY OF SilIPROCK RilNOFF CALCULATIONS

RilNOFF, CFS/FT
MODEL EXPERIMENT FIGURE TOP SLOPE SIDE SLOPE CDPetEN15

,

1-d halve layer 14 0.43 0.43 increases runoff froni topthickness and side

1-d I grid size 0.41 0.43 effect of 10 f t grid size small,-

i layer thickness 20 ft. is credible
2-d infinite layer 10 0.2 0.44 1argely eliminates the effectsthick of finw cor. centration for this

case, largest roc.k tiiickness
needed are 3.1 ft. top,
1.3 ft. side

1

.

MAFT
~

~

206/RC/85/02/08
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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,

.
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which is the 5 minute intensity for the second hour of a 2 hour PMP. The

hyetograph is presented 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 storre intensity from " Design

of Small Dams" (Ref.2) and a 5 minute time of concentration. The Rational

formula,Eq.1,wouldhaveyieldedmuchhigherflowsiftheHydromet49(Ref.7)

storm intensity were used, estimated as 0.65 CFS/ft. and 0.44 CFS/ft. for the

side and top slopes, respectively.
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C.I.a - Flow Concentration

The one dimensional 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

'
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layer placement as illustrated in Fig. Sa. Nonuniformity of the slopes,

however, could lead to concentration of runoff, causing higher flowrates than

would otherwise be predicted. Conditions which could lead to flow

concentration include:

1. Non uniform slope grading.

2. Uneven placement of rock.

3. Gu11ying caused by erosion.

4 Slumping 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 f.he surface flow compared to the flow through the rock layer.

Soil erosio1 will be inhibited by the protection of the rock armor and filter

layers, so qu11ying 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.

i
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The most likely cause of flow concentration, given that good grading and rock

placement practices are followed, will be a failure or differential settlement

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 hydraulic gradient out from the centerline of

the slope, tending to dispense rather than concentrate flow.

Settlement of fr i one to several feet might be possible on the sites (Ref.9).

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

(?u de,)uV
|

.
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postulated scenarios. A uniform inward slope of the embankment toward the

centerline of the slope as shown in Fig. Sb 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 smaller

than the single basin case. Another case which would lead to flow

concentration would be a single steep gully not extending over the entire width

of the slope as shown in Fig. 5d.

The modeled embankment shown in Fig.6 is typical of the largest embankments at
'

the Shiorock 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 is

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 model study are given in Table 1.
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side slope 20% grade
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L
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Figure 6 - Representative Two-Dimensional Slope for Example

Fourscejrioswererunforthetwodimensionalcaseinordertoestimatethe

effects of embankment failure on flow concentration.:

1. 2-0 Benchmark case, no slumping (Fig. Sa);

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

4. No inward slope, except for a 200 foot wide triangular channel
y

centered on the centerifne, slopeing 2W toward the centerifne (Fig. 5d)

C.1.b - Results of Two-Dimensional Scenarios

.

Steadv-State Cases

Flow concentrations for Cases 1, 2 and 3 resulting from steady rainfall ars
'

presented in Fig. 7 as the ratio of runoff at the slope centerline from the

2 0 model to runoff 1 rom the 1 M .Flow concentration for the Benchmark!1 model& % s w- *

2-D case are less than unity, especially on the top slope, and are relativelyI
.%- NV"

| 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 kradient a_way 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 is less important to runoff there.

.
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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

j 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 is to reprogram the 2-d model with a

semi-Implicit algorithm, which would tend to eliminate some numerical

instabilitites.
|

Transient 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 CF5/ft predicted from the one dimensional

Benchmark case shown in Fig.4 Peak runoff from the toe of the side slope is

only slightly lower than that predicted by the one-dimensional model.

|
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Figures 9.and 10 show runoff from Cases 2 and 3, the h% 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.
L

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 all 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. If 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.
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C.1.c - Sensitivity Exoeriments

High quality data on flos resistance through and over rock layers are generally

Reported data often lack specific background information such as rockscarce.

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 calculate resistance for flow through the rock. Leps

(Ref.10) suggests that the d50 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 presents
'

generally are in terms of the d
diameter. Differences between d50 and the d

P
50

can be large. The ratio d /d" calculated for anticipated rock grades50

specified for the Shiprock example in Ref.3 is about 1.3. Ratios calculated on

typical grades of crushed rock are in the range d /d = 2 to 3, which is much
50

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

? D '' VL'$1 ,
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mean diameter places heavier emphasis on the smaller rock sizes. .Only the d
30'

d and d rock diameters were reported for Shiprock, so the harmonic mean50 100

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 d
84

rock diameter (Ref.11).

*
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 trie 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 1-d

model. Sensitivity to these changes is also summarized in Table 2. Increasing

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.i

i

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

slopes anyway, so an increase in d will lead to a decrease in overall
E

bMJ ;i
*

i
t

* _ _ - ~ - - _ . . , _ , _ ,.y,,.,,y _ ,_ _._.% _,,,,_,_m._. _. ,_,____.-_.c-__,___, , _ _ . , , y,_. _ _,. __ _ __m_ _ ,--v.,--.
_

_



. .

.. ,.

205/RC/84/11/15
- 25 -

,

frictica, 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 d diameter, which is used for theg4

flow resistance of the overtop layer in these runs has not been changed,

although increasing the estimate of d w uld increase the overall resistance84

for those flows which overtop the rock.

.5

.

.4 =
-

A

sade slope 2 x Osam. Il

\
!

g .3 ; I-

@ l \
side slope, 1/2 dia n / ,

& !;g'.

@ .a / j ,.'.-

3 r 4 *: \

too slope. 2 x diem. | \ %
~

:; \-...,
,I .') ~ . ,.1 -

.

,/ /top slope, 1/2 diam. /
''.- .' "

_ _ _ g. , ~ d.e - . -w,, , , ,

e see teee tsee aeee asse a .. asee .... .see
TIME-SECONDS

Figure 12 - Sensitivity of Runoff to d , One-Dimensional Model

Pn1?~
0Iibi[]

-
. ..

_



, .

. , . ..

205/RC/84/11/15
- 25 -

Figure 13 shows the results of doubling the d rock diameter for runoff from

the top and side slopes in the case of the 1% inward slope failure scenario.
"

The effect of increasing d is the same as observed for the 1-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.

%
.

dnn; .

- - ..



. .

.. .

;

!

205/RC/84/11/15 |

- 27 -

1.2

1.s -

n -

.9 -

-.
'

A

$ .7 -
ice sioo. -.

O I
,. . s f

-

.s -

je

.4 =

.s -

va. .soo.
.a -

.

.1 -

' '

. . ' . ..
. .... 2... 4... s...

TIME-sEC.M s

Figure 13 - Runoff for 1% Slump Case with Double Rock Diameter

Sensitivity to layer 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. Msso.mewhat ]
counter-intuitive result is demonstrated in Fig.14, which is for the same

]-

conditions as the one dimensional Benchmark case, but with the thickness of the i
2 s'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 q
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
Fig. 5.
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1
The two-dimensional model was rerun for the case of the 1% slump, bQL

/
,/ essentially infinite layer thicknessyminates the oossibili.ty o_f __.f

,/ p ertopping. The results of this run are shown in Fig. 10 along with the

runoff for the nomal rock layer thickness. Peak runoffs are dramatically

lowered 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,

1

at the toe of the side slope and is no longer controlled by runoff from the top

slope. px_imuntrE!L aye,r thicknesses nec.essary for the___Shipractl
'

embankment to comple.tely con _tain the. peak flows are about 3.1 ft. on the lower
~

.

-

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

. .

J *'
Smaller rock

layer thicknesses would be adequate further up the slope from these pointsi
--

-

\ en- M gb of",

Sensitivity of Runoff to Other Parameters

1

No specific numerical experiments have been conducted to measure the

sensitivity of runoff to other paramenters of the model, but some inferre'ces |n

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 groupir.g Kv2/gd n2, 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, is considerably smaller than uncertainty in t'.e other parameters, so
th A. s enri}}s*fy fo

the sensitivity of runoff to n is probably less significant thanAother /

parameters.
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Friction factor K would affect peak runoff in the same way 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 - Desion 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 00E. The

calculations must generally proceed in an iterative manner, because peak runoff
fu' neWw t,

-

is also a futer of h6rockdiameteran$layerthickness.g

|

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
j

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

j

V 1 1"""
, s e i n ,e

d 4L \<

|
|

__ ._ . _ _



4 4

,. .

.. .

205/RC/84/11/15
- 32 -

.

f

1.5 f t. fayer thickness.,
,

J '

I
*

/
s #

'4 /
/

. /
9 1 f t. layer thschneSS !a

*

, j|}
/

'e; '

t -
t: -

-
ss '~

I
.

*

*

/*

2 *# ,
'

,,,,,,, i., .e smc= '',. "-_

~~~
,

, , , , , , , , , _ -

0 1.J 2.0 J . .#

_ TRUE WATER LEVEL. FT.
_

4 .

. 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
-

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

cases in which the runoff model predicts no overtopping._
.
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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
.

model 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 first 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 to 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

be less stable than those cases where no gravel was presentMobservatio/arfff !"Nanti {h t
n wu

might be a factor in considering the benefits of filter layers to prevent f[dted
erosion.

_
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The Safety Factor! method appears to always predict design rock diameters which

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 1 to 3 diameters of rock. Most of the flow
- -

therefore, must have occurred over the top of the rock layer rather than
. through it. Thicknesses of rock layers proposed for the tailings embankments

Qv lare considerably greater than those used in Olivier's experiments. It is #1N
likely that the thicker layers would be more stable than the thinner layers l

because more flow would be contained under the the surface, which would re, duce
'

or eliminate stress on the surface of the rock layer.

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

slopeswillbedemonstratedbelow$[Y:b: Of(example]@theShiprockcase at #*r 3j g

C.3 - Examole Calculations of Rock Armor For Shierock
.

Assume for the Shiprock example that an independent geotechnical analysis has,

'

determined that the 1% inward slope scenario with the local PMP would be the

design basis event. Other properties of the emeankment are those given in

4

|
i

*.

|
.

L* *afia h i

>
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Table 1. Determine the adecuacy of the rock to resist the calculated runoff.
Solution

o
%

6'-

Too Slooe k.
,

.

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

determined in Section CM be 1.01 CFS/ft. and 0.53 CFS/fbon the top and

side slopes, respective g The 1.01 CFS/ft. runoff will therefore control the
-

|

rock design for oth the top and side slopes at the point where they meet..

Note however that flowrates decrease both upstream and downstream of this
i

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

i
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 shear stress from i

Eq.3 is:
1

Y = 62.4 x ah x S = 62.4 x 0.42 x 0.02 = 0.52 lb./ft2y

fij E-[.
~

where S is the slope.y OU. 90
gr.TJ (t,ne 4ckka-

-

'

My 'M Mf[');$ .. *'j k 7"'
WYw e.* Y ) L" r',w.m

7 Unnb.
Qgey sggk n o.52 +/P b %#

g]ud.[%+"+I
je# l

a 1.oq + /dt F M N *M
*| k b hf0z nwkJ H&#-

, e M"u dp& % J -

yM 4- .; -

. , _ , . _ - .

. . _ , . , _ - ~ . ~ _ ~ . . . _ - _ ,
_
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_ + ~
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The stability numtar q is calculated from Eq.4 :
.

0*
q=cosa(1/5F-5/tane) = 1.0 x (1/1.5 - 0.02/0.7) = 0.638

{ *83
,

u.

where a = the angle of the slope = tan ~1
S, .;

SF = the safety factor = 1.5 !

9 = the angle of repose from Fig.3 = 35 degrees for smooth j ;

rock.
.

; e .s'

O

.$ *L
s

-

The d rock diameter is then determined from Eq. 5: j50
-

,

'l A ji
.

]}d50 = 21 t/(5, - 1)' y q = 21 x 0.52/((2.65-1) x 62.4 x 0.638) | t

= 0.166 ft. = 2 inches S.s-

/
"

u
f'

! f

where 5, = the specific gravity of the rock = 2.65 gm/cc.

.

*

Side Slope
.

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

e w n ',/3j _ )L 5- 4 /n

C s '[ 0-m q-0 w t (x~ r-r,)' 4'.i y

m n"~*

xm;

. . = = . . = - - - --
_ _ . _ _ .
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,

where C = the roughness cnefficient whien 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
1 .

.

determined to be:

.

f /. o / ( *. 2 ) /tfa.]$$ )WJ
9

d
'

3 =0=&u ou)*[<c iar wo q9 45 ft. = 5.4".

. .. .. . .

.

Following the DOE example, the diameter calculated would correspond to the d
30

rock size. If it is assumed that d50 = 1.5d30, then d50_= 8.1".
-

,

A l 85~ b l li *' U '' " ^ ^4*-4. f 'c. -la %
h / b s C h A @{+t $ 4

-

p.mt.L. ey a=4., mm 4(4 h~ .,(4 i u s %- -

The stated d50 rock diameters for the top and side slopes were 1.5" and 4.5" ga.A- e
respectively, which is somewhat less than the calculated rock diameters. If the

])
calculated' rock diameters of 2.0" and 8.1" were specified, it would not be.

'

necessarytorepeattherunoffcalculations,sinceithasbeenshowninSectionk

C.I.c that increasing the rock size would have the effect of decreasing the

peak runoff from the top layer, which is the design basis for both the top and

side layers.
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It is interesting to note that the Stephenson method would have predicted a d
50

rock diameter of only about 1 inch for the top slope. The Safety factor method

would have predicted d of ver 2 feet for the side slope.50
_

x c.w d ~ 'b. b 4 W % g 1}.
D. - Conclusions

The design of rock armor for embankments to resist the local PHP involves the

calculation of runoff and the determination of the properties of the rock which
~ |

can resist the calculated runoff. The staff has developed a set of
.

|

-
,

mathematical models tio 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
1the embankments on the runoff caused by intense precipitation. Runoffs I

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:

L - '

i

|
'
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1

1
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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 1.oad,s 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. Degradation 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 layer

thickness.

M$h($
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5. There is no apparent basis for not including 'very intense, short ouration

rainfalls in the design basis hyetograph for the PMP. The staff included rates

of precipitation as short as 215 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 Imcrovement
~

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 j

NRC staff.

.

;

Several uncertainties were identified during the development of the NRC methods

for the determination of runoff and design of the rock layer. Simplifying
1

approximations had to be made in order to pursue the development of the models. I
,

Some of these uncertainties can be resolved through the collection of

Nj') we
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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 flume.s and

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

.

explored.

i

2. The applicability of Stephenson's method to tailings embankments should be |
determined. Specifically, research snould address the question of why there is

such a large discrepancy between the results predicted by the Safety Factor
% ~~ __ -

,

method and the Stephenson method. Furthermore, the proper application of these-W ~

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 detemine flows at which the embankments would fail.

ThhIkJ W.;I. I
J
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3. Mechanisms of slope failures leading to conditions for flow concentration

should be explored. The scenarios in Section C.1.b are highly speculative.

4 The' mathematical models should be verified and validated to the extent

pas.sible. Validation could be performed using data collected from the flume

experiments discussed above. If possible, it should be determined whether f
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 replace 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.

.s

__ -. _
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The principles developed in the NRC Methodology should be codified in

Regulatory Guides, NUREG reports or both. Applicable portions of the research

and model development should be published in the open scientific and

engineering literature in order to disseminate the information and to seek peer

review.
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APPENDD: A. THE RUNOFF MODEL

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

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

Referring to Fig. A1, 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: .

*[Sb +Mg&$3d (A1)p

#I + # + L ## -[1=0 (A2)#
#dt $ #3 * Jy Sh Jt /3 'd

where&=waterdepth

b[;rvu i ,
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APPENDD: A. THE RUNOFF MODEL

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

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

Referring to Fig. A1, 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: .

* [f") + 4 }& [3Ap j (A1)'

A + + l- + -[ ::: O (A2) l

#dt $M"d$ Sh aP ! ]M S-d *
1

where&=waterdepth ( ._
C_

-'
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.

n = rock void porosity (bW ) AOM
7

t = time bb-
R = rainfall rate

.g = acceleration of gravity
! K = friction factor ( AM )*

d = representative rock diameter

These are know as the Saint Venant equations for shallow water waves, modified

for flow through porous media (Ref. A1). For flow over the top of the rock
M'M

layer, the depth ( becomes a virtual depth; that is, the epth which the water

L
.

hwould have to assume if the recLhyarwee= infinitely-thicL- Mw "
w

R% k g fCc~o
-

-

Resistance to Flow

Flow resistance through the rock layer is described by a quadratic function of

velocity (Ref. A1):

JWF .p = 6 (A3)

C g . p _ st y (.%t- bP-J-
i cq u ~ pteu).-

.

r, . n.. 7"
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wnere K is 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:

* Ltsa & .a IO~S yfG f M
Re = V d, & 3)

where3isthekinematicviscosity.(,ForthelargeReynoldsnumbersexpected

through the rock layers, K appears to be a function only of roughness and

shape) Stephanson (Ref. A1) empirically fitted available flume and field data,
as shown in Fig. A2, and suggests the formula:

.

K = 800/Re + K
t (AS)

where Kt = 1 f r smooth polished spheres, 2 for semi-rounded rocks, and 4
;

for angular rocks. Stephanson suggests that the representative rock diameter

shouldbetakenas_anaveragebaseLonthewettedareaoftherock.?d
o He

suggests the harmonic mean diameter:

* "-d = 1/d; (gj (A6)

where d is the diameter of the rock in the ithg catagory.

I
p _-~ gm- wp 'w ', ,

"

7 ar, ) g ( or.- ) "wt
any -

bhdb
a ~ .- . w2 ++y.r a,.

Wq ' -s

- . - . .
__ _ _ _



__

s.., ,

- -

.. ,

.

206/RC/2/S/8d/4 -

s

:' ,

|!
1

f . -----.ri.,........; ; i. ,...i ,., _. .

,

I
'

'

;
-, . . . . _..

!in.
. ,
c

s.

x
'

i

o ie' ' .

5 %.. . -

E.,..f 'Y ..* . !w .

.

I W.-. . .

3 i W '" 5 --

E , (!
W s '.Q:.,'. ' N

..
-

.

. t
I

a. -

is-- ic > ie . in-. i, ici io. ir io. _ j
Reynolds Number er, } 4-MON.

Figure A2 - Friction Factor for Rockfill

.

Ex. r. 3)" a L.cIM)
v= n o Vlu ' -

= o. 2Cr\

V. 3 *R.e _
( = .1R -,. 4n L9-

i o f/m - I&_ _ 4.xlo'
n

Re-
'

,

'2 0 h O w " Nc.2.7 { 1 0 - # d I " ') I 05-
'

diask-s.
E x . 2. . Y = y ,w h (de $3- _.

-47c>$/ucM3C.V aa
h - d . 46

o .Vo #a. x o Of ~ 10 " jge ,

c .ro ( to-r ytw)
,

. . . - . . . . _ - - . --
--

_
_

_- - , _, -. - - -- ,-- .-



# -ba u ,

9

$

e

y
b

.: . ssRs
- yz

tgRs3-'
4 U= f-

5\

A { 3 y waa p.A~ W

y ~ q cha wa H
La c,

1-]((,Nd.'z o 2-

+~ e.
_

i

l

i

. . . _ . _ _ _. _ _ _ . , . _ . - _ _ . . _ , _ _ _ _ _ _ _ , _ _ _ . . _ . . . _ _ , _ , . _ . . _ , _ - - - . _ . - - . . . _ _
_



. __ .-

*', .

' *

, .

APP A SHIPROCK

, ,
-4-

.

*
Leps (Ref.2) however, suggests that d is a good representation of d ,50

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.l.c in the text.
*

.

i

Flow over too of rocks1

, .

_
~

The res.istance 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
I layer.

.

M1
.

The total flow Q past a point on the slope is the sum of the flow thec @ the

rock layer, Q and eveF the rock layer, Q21

p# #Me kk;

-
Q : Q +Q * 'l H+v 4 - H) n (A7) |{t=TW)h1 2 2
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y is the equivalent velocity rock layerwher v

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

H 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):

f W xy y J dak E.

-"
. g, et MA ty p m W .,

# $ & [f, - A % . o +-
(A8$

.
.

where R is the hydraulic radius, and f is the Darcy-Weisbach friction factor.3

The water depth ( and the gradient of the the water surface 8(/Sy in Eq. A2

must be reduced by the po.rosity for flows above the top of the rock layer. '

s

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

over the top of rock: 'luy 4.4 Q4 *
aa ,

.

If i
7

Rh=n((-H) (A9)
~f N
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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 d rock diameter (i.e., 84%g4

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

1/8=2.03 log .46 R /3.5 d (A10)
'

h 8

.

Agreement with field data is excellent as shown in Fig. A3.

h V/.7),4 (JO " &") f& I.

A sgs _ wt, . . . . + a 6~- |

+p c_% 'D.r. P L e (A..

hs cL to \& -("]I\L5t = ,

k o 2 5~ h*_
~
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Figure A3 - Darcy-Weisbach Friction Factor for Riffle Flow (Ref. A4)

Equation A10 is based on natural riffle stream data for rounded alluvial rocks.
%_

-

Itshouldbewell-suitedforthepresentcase,sincerougnessoftherock.
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.
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numbers expected on the relatively-steep slopes (compared to stream beds) of

bngs emb|anIderits. Combiningtheexhe for t bocitieswithfn
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t. ~ ~g 3

[f N +f[-N)hf
h (g1zy

,fu divv-
c m A.wu-.ldr:.J -

7. u ( o)q y s.

where K' is the effective resistance factor for the total layer. Solving for

g p << % ) ' . ,'K' gives: (cow k .= S
## b vde) @pOwi p ~ . f a

2 la mk-N,f *

/
/C .: (A12) '

[(yft (T-M)(e(r-nM)''''
'

(;r) - ph- H-
Equations Al and A2 are solved with the effective value, K' substituted for K

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

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

is not realistic, since friction is likely to only decrease as the flow
-

.

overtops the rock layer. Therefore, the value of K' is limited to K: ''

K' 5 K (A13)
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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

(about20%). The upper and of the top slope is assummed to be a no-flow '

boundary:

v-0, av/8y = 0 (A14)

The break point between the upper and lower slopes do'es 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

|.

. . . . . - - - - .
. .. - - - - - = - - - - - - - - - - - - - - ---
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.

that the flow on the slope was subcritical(generally the case) and approached
critical _flgw (i.e., Froude number = 1) at the downstream terminus:

(c = (q /g n )1/3 (A15) -

.

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.

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

is determined only by the balance between friction and gravity.

(g = q (K/g d n S )b
h

(A16)
n

The(normal' fhboundary condition was eventually chosen for all runs. It had

the distinct advantage of causing much smaller numerical perturbations to the

flow equations than was the case for the critical flow boundary condition.

Calculated values of runoff from the modeled slope were nearly

indistinguishable between the normal flow and critical flow boundary

conditions.

.
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Kinematic Acoroximation

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

"kinematicflow"approximationoftheSaintVenantequations(Ref./).

Kinematic flow assumes that frictional and gravitational forces exactly balance

each other, and that the inertial terms are negligible. Under this assumption,
Eq.A2 becomes: Sle-h UM MN,

#p pott w h e *
. ..

'
.

|Of K Ar w-

[9II + O (A17)
-

29 ynk&

Equation A17 can be solved directly for v if the gradient is positive:

v=f(S (/ay)(nhd/K) (A18)
*

y

The kinematic approximation greatly simplifies the numerical solution and
l

increases its numerical stability. The inertial terms from Eq. A2 have been ;

found to be negligable for the Shiprock example.
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Numerical Solution

Equations and A18 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, S , d and K aYepresented between nodes, while the water depthy
(isrepresentedonthenodes. This arrangement minimizes the distance over

which the finite difference operator must be taken for the gradient 8(/8y, and

also allows a compact, straightforward matrix inversion in the numerical

solution.

.
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Figure A6 - One-Dimensional Finite Difference Grid
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A two-step, implicit-explicit algorithm is used for the numerical solution.

fhe first step is implicit, and takes the water level and velocity from time t
At

to time t+ at. Equations)W'andA18arewritten:

.

* * ' . n rat _ Af $ k A4 k. q; )*;
(A19)^ eig ,

a 2

.

n n
p, " : S AA A fS ; [ I.* I

' ~

i.4 (ggo)
Q A )t

Lk J n >( s c~-Y
4 W h+1 p ,?

where tisthetime/ step hm sky?
ay is the grid spacing

.

($" is the water level at point i

v " is the velocity at point i+\
|j

S is the slope at point i+yg

K is the friction factor at point i+g

d is the effective rock diameter at point i+j

g is the acceleration of gravity

IG.sk W

%Q W W^
h? (W'
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1Equation A19 can be rewritten in matrix form
|

. . - - =.

N
N g -

N N

'N \
. __ --

ag,g.1 aj,9 ag,g 1 (g"*1 b; (A21)=

- ' s _.
\ __

\ s
N

\ \ .

\ '

.

s - - - . .

= _

or AY=B (A22)

The superscripts n and n+1 are the time levels, corresponding to times t and

t + at respectively.

ag,4 1 = -vg.y" at/2naywhere
,

ag,g = 1 + (at/2n at) (vj" - vg.1 )
"

ag,g 7 = at vg"/2ax

YA,>I
.

__
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bg = (j" + at R/n

The boundary conditions on Eqs. A19 and A20 are represented as elements of the
= .

A matrix and B vector:

y,1 = 1a

1,2 * 1
.

8

by=0

N,N =l + At (g dN yN/0Y E )ba
N

.

N,N-1 * ~V -1 at/2naya i
.

.

.

+ Mt/nbN*IN

* -

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

using the Thomas algorithm (Ref.A6)

.
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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+2.it:

,,

.

.

WE nel
'

ht b5 [[n*/*$lorl ($ nelf * ** " " , + f 1) ,_, (gggy1y
no. 2 2.

))S da n *[.,5- [l - f,,ftr,"' # .::: . a
(A25)

$ 49
*

-

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:
.

"*(i =(2 (A25)

vg"*1 = 0 (A26)
!

z~t ~p>*a*a2,,g ( b ~ * ( .,
, .,.

AC -i (A27)w n ,

S / *h % A f p / Ky

]PM
'

e

. e+*
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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 laye' thickness. Inr

addition, if the water layer thickness at any node exceeds the rock layer

thicknessH,theeffectivedepth(andthesurfacewatergradientterm8(/ay
nast be reduced by the rock porosity:

(':H+((-H)n (A28)

B('/By=nB(/By
(A29)

Two Dimensional Model

A two dimensional, areal x,y model was developed for cases which cannot be

representedassimple,infiniklywidetiltedplanes. The two dimensional acdel

can 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 subslopes, which are symmetrical

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

The two dimensional kinematic equations are given below:

|
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.

fx (fu.) + ffAr) + /1 h = A (A30)

R (J./ W **A/ * df
= f> _ a x (A31)gan u

f'

S 4ns N * jay (A32)

.-

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 acceptable results

|

.
* ==se

d ,

__. - _ ._

. - _ _ , , _ . , ..--+__m-,- -- - . - - - - --- -- . -- ,- .~,-,,%- c



. . . _ . -. _ , - . - -- .-a _ - , -- - - ,- - - - - - -

I

h

*

, ,

|

j

k.i-i |
'+++ ~-

v , ,, ,., I.ja t

U .3 1 * I*'O* ' *I la t .) l

6*j+ - +- + -
,,

,

|
i

4 P

4f |j 1f

E. +++ ~" --

L
j' AX"

.

FIGURE A8 - TWO DDtENSIONAL FINITE DIFFERENCE GRID

1 . g

1. - - .-



.
,

..

APP A SHIPROCK
- 19 - .

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 model is

illustrated in Fig. A8. 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: '

,.

(-t' ,5 *t + BA$ ,(J^"%t+f^>*t) "+ 1nax
" . Ab

hs s

~~ $YI,p. * $, h Y, g' + [S j-1 *b, )Rf.of 4

(IZ ia * SE ; ) S "; Q |
-

The solution of the velocity equations A31 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,y) Since the v velocity will almost2
.

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

e ===

|iN [' /ass! 1
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Eq.A31 is solved for v, using the u and v velocities from the previous timestep

in a correction factor:

g"'' [ 9 * f G34 ft) (A34)

M.,.

*'

(y W)'\where Ci = /+ (A35)'Y
..

.
.

" y ' "~-r,.y * ,9-1 * U1 1, f -! (A36)
() =

+

u" W ) ' + ( M ) 'a- (A37)y e

-

f* r f [ & +, r/ ~ 5.s . ,-.
_ ,y (A38)

sk -

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

=
not mo'

id$|,' : S **' ? ': $^'Yy
(A39)'k k '<f., .

where V2 (L%|y)~kf#W)

,,3 ~, - . , .,f #
4J& ' Ve.* o,4 + Y.s*, }./ + W.<, =o, 4. |
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Velocities normal to all borders except the downstream boundary are defined as

zero. The gradient 8(/8x is zero at the ends of each row vector. The gradient

8(/8yiszeroattheendofeachcolumnvector. 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:

/t Mst
L,>s = 4,n + *

4

j W " fS ,sy + b,# U (^4}4 N M A2 s W
.

* A., N -4 * W , N -/ ~ ~ , , #

4
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