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Methodology for Evaluating Long Term Stabilization Designs
of Uranium Mill Tailings Impoundments
1. Introduction
Design cons.derations for long term stability of uranium mill
tailings impoundments were discussed in detail by Nelson, et al.
(1983). In that document the design parameters were defined and
potential failure modes were discussed.

The main purpose of that report was to evaluate the importance

that the stability period (e.g., 200, 500, or 1000 years) would have
\\ wheve? Net in this r(po"f'

on the design criteria. @6t reqardless of the stability

period the appropriate design flood would be the PMF. The design of

various elements of protection systems for the different failure modes
should therefore be based on the PMF.

At the end of that investigation it was noted that the successjul
application of the results to the evaluation of designs for the
uranium mill tailings impoundment reclamation schemes would require
the development of a methodology to facilitate its application. The
purpose of this investigation reported herein was to develop such a
methodology. The secand phase of the investigation will involve the

application to selected impoundments to illustrate its use.

Chapter 2 discusses the fagtors to be taken into consideration in
determination of a PMF and discusses the differet}t types of PMF's that
can be encountered. It does not, however, develop means of predicting
PMF's but rather discusses the various methods commonly used.
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Chapter 3 discusses the probabilistic risk analysis of long term
stabilization and is intended to address the nature of the risk or
hazard that is imposed due to failure of different elements of the
impoundment. These factors that are important in evaluating risk on
the basis of probability of failure are discussed in the context of

consequences of failure.

Chapter 4 discusses the potential for failure to occur due to
fluvial geomorphic aspects. This chapter considers the potential for
failure to occur due to intrusion of a stream and changes in the

nature of streams and rivers.

Chapter 5 discusses the design of impoundment surfaces to avoid
gully erosion. A methodology of predicting when gully erosion can
initiate is presented. Means of predicting stable slopes and
threshold values at which gully erosion to begin are developed.

Chapter 6 evaluates the potential for surface sheet erosion.
This chapter develope a metihodology for evaluating erosion potential
from a surface which is sufficiently flat that gully erosion would not
exist.

Chapter 7 discusses the selection of riprap and addresses the
question of evaluating appropriate durability of a riprap material.



' d
!

rough draft NRC report =
D ~-NRC f - rpt.2.1

2.1 Introductiap

In a recent document on the design considerations for long term sta-
bilization of tailings impoundrents, Nelson et al., (1983) showed that the
design event for evaluating tne long-term stability of a reclaimed tailings
impoundrert  should b;k;:obabk Maximum Flood (PMF). The PMF has been
defined by the U.S. Corps of Engineers (1975) as "the flood that may be
expected fram the most severe cambination of critical meteoralogic and
hydralogic conditions that are reasonably possible in the region.® The
precipitation associated with the PMF is known as the Probable Maximum Pre-
cipitation (PMP) which is defined as "the theoretically greatest depth of
precipitation for a given duration that is physically possible over a par-
ticular drainage basin at a particula: time of year"

Nelson et al. (1983) indicated trat for a particular impmdmntx two
different situations related tc the PMF must be oonsidered. For an
impoundment located in the PMF flood plaulr}| of a major stream or wash, the

c.aus&-,-by

PMF of concern would be that eessesponding-we the occurrence of the PMP
inthe ma'gr strenm or warh.

downwbhecaryomr=orwalde,. On the other hand, some sites are located on
the valley or canyon walls or on ridges such that they are outside the ™MF

flood plain of a major stream. For these cases, the PMF of concern is that
corresponding to occurrence of the PMP on only that area above the site
that is tributary to the immediate impoundment area.

The main PMF flows down the main channel and may or may not impact the
toe or face of the impoundment, depending on its magnitude. A smaller PMF
results fram the PMP occurring on the watershed just above the impoundment.
This flood would have primary influence on the potential for surface ero-
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sion of the oover system if flows are not diverted around the impoundment.
When flows are diverted around the reclaimed impoundment, the cover design
must withstand the PMP and subsequent PMF ingacting directly on the site.
Therefore, regional, local and on-sight PMF's must be accounted for in the
camprehensive long-term stability analysis.

2.2 Design Storm

2.2.1 PMP Design Storm

The design storms that are traditionally used to estimate the PMF are
an emvelopment of maximized intensity-duration values formulated for aro~
graphic and non-orographic regions across the United States. Each region
can be evaluated by the influence of the type of stomm that characteristi-
cally impacts a specific area. The types of storms considered depend upon
location, topograhic influences, potential for corwergence, moisture poten-
tial and meterorologocial transportation. Commonly, the one-hour thunder-
storm and six-hour general storm are transposed over a region or site for
PMF estimates.

A series of generalized precipitation charts have -wen prepared by the
National Weather Service to rapidly determine design storm values for any
specific area in the United States. The design storm values represent a
conservative upper limit of potential precipitation. Generalized values
have been compiled for areas east and west of the 105° meridian for general
type storms and for areas west of the 105° meridian for thunderstorms as
presented by the U.S. Bureau of Reclamation (1973). An example of the PMP
one-hour thunderstorm values is presented in Fig. 2-1. The charts
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portraying the PMP thunderstorm values and PMP general-type storm values

were originally deried from Hydrametearclogical Repart No. 33. (1976) for

Hydrometeerolsa cal
the U.S. Ammy Corps of Engineers. Subsequent,reports iuve been published

for various regions throughout the United Stat:e} he'e ad;usted the@
\' pxec.;pxtatmn estimates Such-as-i —y : 97
————

———

M—m&avw tes. Figure
2.2 presents the regions in which updated PMP studies have been conducted

and the reports in which there precipitation estiates are published. When
more than one set of precipitation estimation value‘are presented, it is
recommended the more conservative value be used to estimate the PMF,

Regions east of the 105° Meridian in the United States use the six-
hour general-type storm as the design storm for PMF amalysis. The
general-type storm is derived fram an extensive data base and is Gommonly
extended for periods of 72 hours to 96 hours. The general-type storm
yields large volumes of runoff. Application of the general-type storm in
areas west of the 105° meridian will usually yield a PMF peak discharge
lower than that estimated by the thunderstorm yet yield a valume of runoff
greater than the thunderstorm. The general-type storm will usually yield
peak runoff and runoff volumes values greater than the thunderstorm in the
eastern United States.

Regions west of the 105° meridian in the United States must evaluate

the PMF with both the general-type storm and the thunderstorm. The thun-

derstorm will generally produce a PMF with peak runoff greater than the
general-type storm. However, if the valume of runoff is a consideration,
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it is reconmended that both PMF values be estimated as the general-type

storm valume of runoff exceeds the valume of runoff fram the thunder storm,

2.2.2 P¥P Rainfall Intensity —Z ) N\Ra tond |\ :
In order fv Pstimdte run 0;%»&2 be ud -

x

e

ing the Ratiomal Method - ion 5.8) gfar de ermini
aimed

PR SRS B

.

See
te with Q_irpge ue}fess t.hnn,l:‘

_‘eqere-mile, the PYP rainfall intensity mst be formulated. ¥1In order to
determine the PP rainfall intensity, the incremental PMP rainfall depths
for a specific rite must first be derived. The PMP rainfall depths can be

estimated as a percent of the PMP values for both the 1-hr thunderstorm and

P r
brapalobn To Swminute duration (45% of [hr. dor

X7,

the 6-hr general-type storm. Table 2.2 presents the rainfall duration and

’

percent PMP values for determining appropriate rainfall depths as recom-

mended by Ehe NRC Staff Technical Position (1983))— New Use Hydrowe fs

[Se¢ add i, »/J “ ref f,-;g
The rainfall depth for a specific site is estimated by determifiing the

rainfall duration and/or appropriate time of concentration. The resulting
rainfall depth, in inches, is

PMP rainfall depth = (% PMP) x (PMP) (2.1)

s s rerihed abeVt/
where the percent PMP is obtained &ahblzi‘d/‘and the PMP is obtaired

fram the appropriate PMP design storm presented in Section 2.2.4.



rough draft NRC report - 4/4/85 . e
D-MRC f - rpt.2.l TL‘\' 7

(s
" W
Rainfall Depths for Variable Rainfall Durations

Rainfall‘ Duration % of 1-hr PMP % of 6~-hr PMP

W W N -

240 - \
360 - 100

The rainfall intensity, i, in inches per hour can be computed as

2 60
(in/he.) CH winetty

The rainfall intensity determined in Bg. 2.2 is generally a conservative
value and represents the peak rainfall intensity of the design storm. The
resulting rainfall intensity is the input value to Bg. ____ in Section
5.3.

H?:én the rainfall duration or time of concentration is less than 5
minutes, it\ is recormended that a rainfall intensity versus rainfall dura-
tion curve be plocto} on semilogarithmic paper. The upper end of the curve
can then be extrapolated to\n\‘a.nnt;on of less than 5 minutes. Because of
the extremely conservative rainfall :;tensuy values obtained for short |
durations, it is recommended that the minimum rainfall duration be 2.5 /

~
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mirutes.
2.3 PMP Comparison Storms

A Comparison of Generalized Estimates of the Probable Maximum Precipi-
tation with Greatest Observed Rainfall and estimates of the 100 year events
for areas both east and west of the 105th meridian was prepared by the
National Weather Service (1980). It was reported that in the eastern U.S.,
there are 6500 precipitation reporting stations while in the west there are
about 2100 stations. The study indicated that 177 separate stom events
have been recorded in which the rainfall was greater than or egual to 50
percent of the PMP for stations east of the 105th meridians. Only 66
separate storm events were recorded in the western U.S. where rainfalls
were greater than or egual to 50 percent of the PMP. This study included
storm durations of 6 to 72 hours. =

The National Weather Service also reported the number of storm events
which met or exceeded the 100 years ra.nfall values and compared them with
the regional PMP values. Table 2.1 sumarizes these rainfall events for 6
and 24 hour stomms occurring over a 10 sguare mile area. It is interesting
to note that a storm has not been officially recorded in the western U.S.
that exceeds 90% of the PMP value. However, it is evident that a number of
storms approach the PMP values thereby substantiating that the prescribed

PMP values are not extremely conservative.
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Table 2.1 Comparison of PMP with 100-year Rainfalls

> 50% > 608 > 70% > 80% > 90%
East of 105th
Meridian 59 32 19 7 3
wWest of Contirental 77 39 13 “ 0
Divide

(Fram NOAA Technical Report WWS 25)

..... — rami(\\\\ N

A canparison of the ?mmmm_qwe_wqges) i
presented for areas west of the Contirental Divide in Figure 2.3. The map
indicates that the mountain and other topographic masses significantly

- fi&(: the regional variation in ranfall magnitudes. The PMP to 100 yr
rainfall ratios range from 3 to 8. Ratios of 3-5 prevail in the _uranium
mining areas.

2.5 P Estimatiop

The Probable Maximum Flood is an estimate of the rainfall-runoff rela-
tionship for a particular drainage basin with site specific conditions.
The precipitation can be estimated as presented in Section 2.2. Therefore,
the determination of the magnitude and valume of the PMF resulting fram an
extensive assessment of the appropriate watershed parameters can be per-
formed.

Input parameters commonly used in a PMF determination include but are
not limited to the watershed area, average slope, elevation differential,

length of watercourse, soil type and runoff potential, type and amount of



rough draft NRC report - &/4/85
D - mC f - tn.z.l

cover, arcecedent moisture conditions, soil infiltration rates and soil
capaction. The flood hazard should also be determined. It is recamended
that a high hazard analysis be used far evaluating the long term stability
of the reclamation of uranium mill tailing impoundments due to the radicac-

£ - g
tive nature the *a.\.v\a S,

It is recamended that state-of-the-art procedures be used to estimate
the B!, Onc of the most camonly accepted procedures is the triangular
Hydrograph Procedure developed by the Soil Corwersation Service as
presented in Design of Small Dame (1973). ‘The SCS procedure is readily
available and is incorporated as a design option in HEC-1. Another pro-
cedure freguently used ,{rsr the U.S. Armmy Coarps of Engineers Procedure for
PMF determiration. (Ref. 7 )

The Rational Method can be applied to determine the PMF peak dtscharge

go0 ACYres,
for drainage basins or covers with arez less than ore-square-mile, How=

For lavger avear
-ver, it is recummended that one of the state-of-the-art procedures be used

when possible since the Rational Method does not directly account for many
of the basin parameters.

m .
Riedel, J.T., and Schreirer, L.C., "Camparison of General izad Bu*tu of X
Probahle Maximum Precipitation with Greatest Observed Rainfalls®, )

’
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Fig. 2.1 Probahle maximm thunderstorm l-hour rainfall (point values in
inches) for area west of 105° meridian. 288-D-2760,

F 4
\ 288-D-2761.
;:_..‘;».a.at.s—m‘jAL.‘. S ATRIC TR A.~ S ‘.ﬁ_a_. » - t.; .:1‘.’:,;‘}:.' RN ’:"' ’. :‘ ARt L —.:..",‘(.: =3 A sty ,"




*sucs J1aduoo Uy Pasn SITPNIS dWd PaZyTelauad Aq paleaco suotbay z'z *b14




65

Fig. 2.3 Ratios of 10 mi2 PMP (HMR Nos. 36, 43, and 49) to 100-yr
rainfalls (NOAA Atlas 2) for 6 hours.
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3. PROBABILISTIC RISK ANALYSIS OF LONG TERM STABILIZATION

3.1 Introduction
f Most engineering designs are presently based on deterministic
ana

lyses. That is, single values are selected for material purameters

% ot
e’

A ™

v e

l "\, I l‘:\v‘?‘

¢ & "’(gﬁ' of the system is compared to the demand placed on it, ;his conparison

}f ¢ S | .
r»ﬁr is frequently expressed as a factor of safety. Such an approach {V rid";(' ‘,
A
X\ (neglects ) the importance of the variability which is inherent in a]..'La s .104“4)
. parameter values. For exanple, even manmade materials such as neel.g”'?_" to be

|
|
[
|

and corpared against the loads applied. In other words, the capacity

$i
| which is subjected to stringent quality control, show variability inl' rffftl
* yield tensile strength. Geological materials and processes show much

| greater variability and to neglect such variability in anv engineering/ ( ’.{.{WU
| 9,#
| design is unreasonable. Jalled
Fact?’
V23 l Iy

Recent years have seen rapidly growing research into applied pro- | 4r/4

bability and increased interest in applications to geotechnical
Sv
engineering practice. Unfortunately, probability still remains a mys- / ~

l5 _L.‘a{' 7 tery to many engineers, partly because of a language barrier and,a;:a»:f*
J"d' (55""1 Tartly from lack of exarples showing how the methodology can be use ’,,..(«}a(aza‘jy
wne’ Qr"n the decision making process (Whitman, 1984). l;:. ::fm{,
Q-\l“ﬂfld N e e oo m Fe fort.
ra"f‘;’{( ey A probabilistic analysis considers the variability or uncertainty ”
3/o/ of the parameters. The central tendency of a paraneter is usually f :’: "' w,,wa

expressed by the arithmetic mean while the coefficient of variation is |.. (et
a useful measure of variability or dispersion. The coefficient of

variation is the ratio of the standard deviation and the mean and is

Frem EFA Stamdard, 40 CFR Fort |72  poge S8 " ... Thatfact, ahieq

‘e Aawot warrants ety mak/fnj vespensible Seeiepal efforis fo demit Tisk
achems T der TG lien Mere.
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#r {u‘wvt/ :rwrraﬁ'mslc/sQ warrants cur re/ra/-mnj
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expressed as a percentage.

The final result of a probabilistic’analysis is expressed as a
reliability or probability of failure. This is a much more realistic
measure upon which to base decisions than a ‘factor of safety’ which
can only be compared to some ‘acceptable’ value.

Probabilistic analyses are not a replacement for engineering
judgement. On the contrary, considerable judgement and knowledge of a
process or failure mode is required to perform a realistic probabilis-

e ——

E\ tic analysis. The biggest advantage of a probabilistic analysis is !ﬁrza &{'f‘:: f
| t.hat it fozces the mgineer to investigate the variability and uncer- | a- at E6F

.\(‘L uinty of all the oonttibuting forces or parameters to a speciﬁ.c bmp'

Y l failuxe mode. Even when a precise quantification of probability of

e ———————

§‘ failun is not possible, systematic formulation of a analysis aids

greatly in understanding the major sources of risk (Whitman, 1984).

In a deterministic analysis only one value is selected for a
parameter. This value can be the mean or a 'best estimate’, very
often a conservative value based on judgement. Although a large i b ‘::.
volune of data might have been gathered the variability is neglected g,.,.mnf
in deterministic analyses and only one value is used. This is tan-

tamount to ‘not using all the information' that was gathered during "f/ ,,,mef er
investigation. 7:

It is the purpose of this section to investigate the potential
application of probabilistic risk analysis in the long-term stabiliza-

- Chapte
——
tion planning of uranium tailings Ws ﬁxis rotiﬂ/ wm
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risk based analysis. \Each of the failure modes identified by Nelson,
et al. (1983) will be investigated and it will be shown in principle

how these can be cast in a probabilistic framework. . o
/~"f"""' - —— qu ¢,,f- Fy{“,'/d( a’(ﬁﬂfﬁf”’ r/¥¢fm‘c‘“
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The variability/uncertainty in the value of any parameter x 18 & v o
| an Frttach wed

| expressed by a probability density distribution, as shown in Pigure - A'. ) /i

//' v foo
3.1. The probability that the parameter x will have values less than ,-+‘:M:' ‘:f

x = a is given by the area under the curve shown shaded in Figure 3.1. ;”‘"‘; -
rm @
The parameter x can represent the capacity of the structure to with- (»,o,n.iu.

Heve

T

stand load, e.g. the differential settlement which a cover material
can withstand before severe cracking will occur. For example, the
shaded area will be the probability that cracking will take place when
the differential settlement (or demand on the structure) is x = a or
less. ‘Therefore, if the demand is considered to be a deterministic | A" ¢ 7™

PrPei~S
value such as x = a in Figure 3.1 and the capacity is assumed to have |4 ™™

(mfn‘dma,
t m?disttimtion. then the shaded area is the probability of failure, |hférvval @
4 Mo, 2 of vale

dM/ : ‘

y The demand on the structure, e.g. the predicted differential set-

%W o * - .
,/[’Mh% Gre /J‘"fcﬂ ey

tlement, can also be a variable such as x in Figure 3.1. In this case
i one can consider a ’'capacity-demand model’ as shwn in Figure 3.2.
} The probability of failure is a function of the area of overlap (note
\1 the probability of failure is not equal to the area of overlap).
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Instead of using ‘all the information’ contained in the probability
distributions the factor of safety approach only uses two determinis-

tic values. ol

There is one more approach to calculate the probability of

-

failure on the basis of factor of safety. Consider the distribution
in Figure 3.1 to be the distribution of factor of safety. The proba-
bility of failure will then be given by the shaded area if a = 1, i.e.
the probability of failure is the probability that the factor of
safety is less than unity.

Reliability theory provides a rational framework for accounting
for the uncertainties in both capacity and demand. Reliability theory
also offers the prospect of a systematic method for selecting the
safety factor appropriate for a particular application. Historical
precedent or experience can be used to select a suitable reliability
and subsequently a safety factor. It can therefore be concluded that
when there is no standard fOt‘l safety factor, but the problem is well
understood, and there is an adequate data base, reliability theory may
be used to guide selection of a safety factor oconsistent with the
degree of safety in other problems (Whitman, 1984). There are several
requirements for the formal treatment of reliability (whitman, 1984):

(i) Clear delineation of the criteria for success or failure.
(ii) Selection of a deterministic model relating the basic
variables to the criteria for success or failure.
(iii) Identification of the uncertainties concerning the
basic variables.



(iv) Evaluation of the distribution functions or moments
of the basic variables.

Thus, there exists a probability of failure for any system that

is designed. ‘This probability of failure is a function of the
r

variabilityl‘;.moertainty of the capacity (e.g. strength) of the system

and the W capacity E@»the demand placed upon the
system. rd{ ..o? 2_ 7 /

For applications to uranium tailings impoundments the design
demand would be the PMF and forces associated with the PMF. That has
been discussed previously. In this case the demand is a deterministic

value.

Pailure of an impoundment, however, can take different forms.
For example, some erosion could occur and remove a small amount of the
toe of an embankment with no release of tailings. On the other hand,
a massive loss of a large part of the impoundment could occur releas-
ing large volumes of tailings over a large area. Obwiously these two
failures would have greatly different consequences. It is necessary,
therefore, to consider not only probability of failure but the conse-
quences of this failure as well. In this regard the concept of 'risk’
and 'hazard’ should be introduced.

3.3 RISK

Risk may be defined as a compound measure of the probability and
magnitude of adverse effects, or

Risk = Uncertainty * Damage




Other definitions of risk are ’'the chance of encountering harm or

loss' or the 'degree of probability of such loss' (Stanford Workshop,

1984).

The dictionary defines hazard as 'a source of danger’. Hazard,
therefore, simply exists as a source. Risk includes the likelihood of
conversion of that source into actual delivery of loss, injury or some

form of danger, or
Risk = Hazard/Safeguards

This implies that risk may be kept as small as desired by
increasing the safeguards. As a matter of practical reality, however,

risk can never be brought to zero (Stanford Workshop, 1984).

Hazard is the possibility that some adverse effect might happen
upon exposure. Risk is the probability that hazard will happen.

Dreith (1982) lists the following four steps to evaluate risks
and define appropriate responses with respect to hazardous waste

sites:

(i) Hazard identification (inventory composition, physical
and chemical properties, biological properties,
toxicity, carcinogeneity., interaction of wastes).
Hazard evaluation (disposal methods, prior treatment,
failure modes, transport mechanism, processes acting
on wastes through time).

Risk evaluation (probability of a failure, concentration

and population at risk,




levels of potentjal and actual human exposure, and

information, effects and consequences of dose).

Risk reduction/response (determine risk situation by
making comparisons with other examples of risks that
society is willing to take, determine need for actions,
justify benefits vs. failures, use of critical resources -

costs/time).

A risk assessment and response as outlined above involve a large
nutber of areas where judgements are required. Some of the results

are often qualitative instead of quantitative in nature.
L
3.3 {1ist ; i} L
A probabilistic risk assessment (PRA) is an analysis that (NURBEG-1050,

1984)

identifies and delineates the combinations of events that,
if they oc:ur, will lead to an undesired event;

estimates the frequency of occurrence for each combination;
and

(ii1) estimates the consequences

PRA results are useful, provided that more weight is given to the

qualitative and relative insights regarding design and operations,

‘e
rather than/,‘ the precise absolute magnitude of the numbers generated.

A PRA study is multidisciplinary. Depending on its scope, a PRA may
require analyses of containing systems, human behavior, the progres-

sion of failure modes, radionuclide behavior, and health effects.




However, not all the areas of analyesis involved have reached the same

level of development (NUREG-1050, 1984). This is obviously a concern

and further underscores the :neqess‘ityﬁ/for qualitative results.

-7
Based on the schematic outline of the offsite consequences from

the Reactor Safety study given in NUREG-1050, 1984), the schematic in
Figure 3.3 was compiled for ev‘aluating the offsite_conseqmnces from a
uranium tailings release. A review of this schematic clearly indi-
Cates the large number of unknowns associated with the determination
of a final property damage or health risk. It is therefore not pro-
posed to evaluate these in the probabilistic risk analysis presented
here. Instead it will be more realistic to expend the effort on a

probabilistic analysis of tailings release mechanisms.

The application of a probabilistic risk analysis based on the
various failure modes, as described below, will be used as a guide for
selecting a safety factor consistent with the degree of safety accept-
able to society and the profession for other failure modes. This
approach is schematically shown in Figure 3.4. By using an acceptable
probability of failure x = D can be determined based on the informa-
tion about the mean and variability of capacity. Once D is fixed, the
factor of safety, as defined on Figure 3.4, can be calculated. It is
very important to recognize that two structures having the same factor
of safety can have different probabilities of failure due to different
variabilities in the capacity function. It is therefore possible to
have a structure with a factor of safety = 1.3 having a lower proba-
bility of failure than another with a factor of safety = 1.5. Or,

stated differently, factor of safety does not 'use all the informa-
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tion' as it does not include the variability of the capacity function.

However, an important point is the fact that if the safety factor
is chosen as unity the probability of failure occurring is 50%. Thus,
even if the design demand is the PMF, a factor of safety greater than
unity must be utilized to maintain the factor of safety at an accept-
ably low level. The appropriate value of factor of safety will depend
upon the variability or uncertainty of thé system capacity and its w,a -

Also,

\e
[\f\ ! /\O\c

50'\‘ .
t standard deviation.

e

the acceptable/probability of failure
corresponding to an acceptable level of risk must be taken into

account.

The value of the probabilistic risk analysis therefore, lies
mainly in serving as a decision making tool to decide upon acceptable

minimum factors of safety.

srmnmmmmmmnm_mmmm

( This section :anestigates theTfailure modes defined by Nelson, ﬂ

J4 deea
et enclucle
ﬁ// She modes

cu./mu al. (1983) and cast these in a probabilistic framework. The final
he
/"f"‘Z‘" 7:: " | result of this section is the ability (in principle) to calculate the
by cd4cC
(J/w“(d alse | protability of failulejof the individual failure modes.
Ae wncluded .

In most dy-add-of the failure modes described in this section the
demand function is the runoff from floods.

It was concluded by Nel-

son, et al. (1983) that the PMF should be used as the design flood for

all long-term stability evaluations.

An event tree can be used to indicate the varions sequences of

events which may lead to a failure by any of the failure modes. Fig-



ure 3.5 presents an event tree for the failure modes identified by
Nelson, et al. (1984) in evaluating the long term stability of a
uranium tailings impoudnent. This event tree was compiled assuming
that all the components meant to resist flooding were designed for the
PMF and that failure will not occur if a flood esmaller than the PMF
occurs. This assumption is obviously not strictly correct because
floods smaller than the PMF may result in a smaller probability of

failure.

Il The overall probability of failure of a structure is given by the
GM’ sun of all the probabilities (pn* to Pﬁ’ obtained from the event
%t i’ 4 | tree. Neglecting the probabilities of failure die to floods smaller
4 *“(‘ than the PMF will therefore result in a lower bound overall probabil-
o ),4"’ | ity of failure.

The main purpose of the analysis here is to use probability of
failure of the separate failure modes to select the most appropriate
factor of safety. The overall probability of failure is not used in
this approach and no information is therefore lost by making the
assumption above.

Using the event tree in Figure 3.5, the separate probabilities of
failure (pﬂ' , to pf;,) can be calculated. In the concept of using the
PMF as the design flood it is implicit that the PMF will occur with
certainty. Thus, the probability of failure due to flood intrusion
given that a PMF has occurred is equal to:

Py '@3" mmiml Whot Y 4
TS yl fof
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3's40.1 Failure Mode 1. Failure due to flooding

The first concept is the possibility of flood intrusion if the
design flood were to be exceeded and the river or stream course in
questiaon renair%in its present location. The second concept that
must be considered is the geomorphic stability of the existing river
course and the possibility that, over long-term design periods, the
site may or may not remain geomorphologically stable (Nelson, et al.
1983).

Failure due to flooding can occur when:

(i) The PMF causes high water levels in streams in the vicinity
of U tailings impoundment so that these overflow and
erode the impoundment. '

(ii) Gullies form in the landscape adjacent to the impoundment.

(iii) River shif

urs in the vicinity of the impoundment .
which can impact upon the m@

The first failure mode should be reformulated for the case when
the design is done on the basis of the PMF. In probabilistic terms it
should be taken as the probability that the PMF will intrude upon the
impoundment ; i.e. the probability that the flood waters will leave the
banks of a river and inundate portions of the impoundment located on
the flood plain. Failure of the impoundment will take place if the
erosional forces of the intrudeé flood are of sufficient magnitude to
cause damage.

The flood magnitude used is the PMF, and it is therefore, a
deterministic value. One would therefore know (deterministically)

-3i=



whether the flood has intruded or not. This implies that the proba-
bility of failure due to flood intrusion can be taken as the probabil-
ity that erosional failure will take place.

Protection against erosional failure is designed so that the
estimated flow velocity will not cause scour. Riprap design pro-
cedures are used. Riprap design methodologies were mostly developed
on the basis of empirical observations and%%herefore well suited
for deterministic design where a 'number’ is required. It is clear
that there must be considerable variation in the capacity function for
riprap and uncertainty is therefore built into the design., although
the magnitude is never stated. These are unknowns and must be inves-
tigated further to obtain a reasonable estimate of probability of
failure. Only when an 'acceptable’ probability of failure is used can
the factor of safety be selected for the design.

The main task is to develop the capacity function for each of the
riprap design procedures. (At the time of this writing, these pro-
cedures have not been finalized and this section will therefore be
completed in the near future).

The second potential failure mechanism due to flood intrusion is
gully formation. Gully erosion may lead to tailings impoundment
failure in two possible ways. First, gullies could form at a consid-
erable distance downstream from a tailings impoundment and eventually
migrate upstream until they intrude upon the impoundment area.
Second, gullies oould form within the vicinity of the impoundment
itself and result in a similar failure mode. Because gully erosion is
usually rapid and progressive, it is esseitial to prevent gully

-12-



initiation to assure long-term stability of an area.

The probability of failure due to gully formation can therefore
be taken as the probability that a gully will form. It is proposed
that the plot of critical slope to flow-width ratio vs. drainage basin
area presented in Nelson, et al. (1983) be used as a basis for the
analysis. This plot establishes a geomorphic threshold zone separat-
ing ungullied conditions from gullied conditions. This plot is
repeated in Figure 3.6.

The scatter in data on Figure 3.6 clearly illustrates the
existence of wvariability. Consider now the dashed line as an 'aver-
age’ line, i.e. a distribution about this line will show that 50% of
the time qullying will take place and 50% of the time it will not.
For any given basin area then there will be a distribution of the
slope-width ratio about this mean value, as is shown for 1 sq km in
Figure 3.6. It is assumed that this distribution is normal. A mean
value and a coefficient of variation can be obtained fram the original
data. (Note that the plot is on a log-log scale and it may therefore
be more reasonable to assume a lognormal distribution. This will be
investigated). Starting with a probability of failure one can there-
fore obtain a allowable factor of safety for design purposes.

Flood intrusion can also take place due to river shift. Although
a mill tailings site may be located some distance from a river, if the
site is on a flood plain or an a low terrace, potential river shift
could lead to direct river attack on the site and to increased flood
damage. The primary concern with regard to the possibility of river
intrusion would be lateral movement of the stream channel causing

-13~
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Fig. 2.6 Plot of critical slope to flow-width ratio vs drainage basin area,
illustrating the geomorphic threshold zone separating ungullied area from gullied
area. Source: Bradley 1980,



undermining or erosion of the tailings irpoundrent. Thus, if there is
evidence of historical river shift at the site or at locations
upstream or downstream from the site, potential for channel shift must

be carefully evaluated on the basis of the available geomorphic evi-
dence (Nelson, et al. 1983).

River channel classifications considering the relative stability
and types of hazards encountered with each pattern are shown in Figure
3.7 (fram Appendix C, Nelson, et al., 1983). Significant engineering
judgenent will be requited to predict possible changes in channel pat-
tern over the time periodb @ for which the design is
made. However, if the channel width is taken as a variable with frow7e

madfemsdy.
stimated values of mean and coefficient of variation, probabilities [/frm«sapo

Showld Ky

T15le Qorerrwad
/(6( 27 v‘vnl)

Jlars @ P can be obtained for the overall river width due to shift exceeding pe et ks
/000 Years ? rpuggerte
j T d(‘,w‘c some value. This would be the probability of failure if the erosi n,ﬂ,,,( arw

1{;0}:‘ 7hn /"t forces of the river flow are sufficiently high to cause failure. W ﬂ’ AN Q,
l!’/c te * / 5 C? .
i : ;“ o %<l 3.0.2 Pailure Mode 2. Gully Formation on Impoundment Surface

The methodology described in the next sections will be used to
evaluate the most reasonable factor of safety for this failure mode.
The main task will again be to develop the variability of the capacity

curve.

P
3.7.) Failure Mode 3. Water Erosion on Impoundment Surface

™
fztwd < i““ It was suggested that to protect a cover against surface erosion,
o Gt - thel ied S0il Loss Equation be used, and a factor of safety be

4
i /‘M applied f.o protect the surface. This approach will guard only against

-14-
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sheet erosion. Considerations for gully formation are presently under

development .

A similar approach as that used above for the evaluation of

riprap is proposed. The variability of the capacity fimction must be

developed to select an allowable factor of safety. The factor of

safety is then multiplied by the cover design thickness obtained from
the&Si.E) Because of uncertainties in the application of the USLE a

relatively large coefficient of variation is expected, e.g. equal to
Qe
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main task will again be to develop the capacity function, i.e. the ,p A+
14t

capacity of the soil to resist cracking. For this failure mode it is ;juf";‘

also possible to develop the variability of the demand function, i.e. ~ i‘:&#

the variability in expected tailings settlement. The capacity-demand tf'
model demanstrated in Figure 3.2 can then be used.

g
34.5 Failure Mode 5. Weathering of Riprap
fmﬂ:f.

| 7 This failure mode is the most difficult to evaluate quantita-
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Stany rd Workshop on Risk-Based Approach to Dam Safety Assessment
(1984) Sponsored by Federal Emergency Managément Agency in cooperation
with Department of Civil Engineering, University of Colorado at
Denver, Jan. 9-10, Denver, Colorado. |

NUREG-1050 (1984). Probabilistic Risk Assessment (PRA) Reference
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Dreith, R.H. (1982) An Industry's Guidelines for Risk Assessment, In:
Risk Assessment at Hazardous Waste Sites, F.A. Long and G.E.
Schweitzer (Eds), Am. Chem. Soc. Symp. Series 204, pp. 45-53,

3.5 Decision Criteria

The rezults above have been expressed as a probability of
failure. 'meae\can also be expressed in terms of an annual freqguency
of failure if some recurrence interval is assumed. As the demand
function consists \ot\a deterministic value, the PMF, a recurrence
interval can not be obtained. It has been suggested that a recurrence
interval of 10° years can be adopted for the PMF (Stanford Workshop.
1984). However, to assign a recurrence interval to the design event
is not compatible with the philosophy presented regarding the adoption
of the PMF as the design flood.

Other decision criteria can be established, these include (Stan-
ford Workshop, 1984):

-16~



o Life loss\\uk. This criterion is very difficult to apply
to the cases \described above as direct fatalities are not

expe ted. Indir fatalities due to radon emanation, etc.

may occur but it is ssible to quantify this.

o Economic risk. The

failure is the cost of ¢l g up the failure and restoring
the cover to the original condition. This approach seems
the most reasonable criterion use. It is also a useful
way of comparing various stabilizat techniques. One can

then use the following expressions to Qbtain total cost:

Total cost = original construction cost (probability of

failure) (cost of clean up).
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4. FLWIAL GEOMORPHIC INFLUENCES

Schum (1977) considers an ideal fluvial system in three parts. These
are indicated in Figure 4.1. “They include three distinct zores. Zone 1 is
the production zone which essentially farms the drairage basin which sup-
plies a major part of the water for the river. Zone 2 is a transfer zone
wherein the water collected in the drainage basin is being transferred to
another point which is known as Zone 3 where deposition would be occurring.

With the curren. emphasis on minimizing the upstream drainage area
above umnium mill tailings impoundrents, most of the active sites exist in
a Zore 1. The inmactive sites may be in either Zore 1 or Zore 2. There are
essentially no uranium mill tailings impoundments existing in a Zone 3.

In Zore 1 the major factor of concern is erosion and instability of
the system such that local ized erosion o gullying could encroach on the
impoundment. On the other hand in Zore 2, a major area of concern would be
flood intrusion. Zone 1 considerations ue. covered in Chapter 5 which
discusses gully formation and geamorphic stability of the site.

If the impoundment however is located in Zone 2, the main concern
revalves around the poterntial for the river channel to move laterally and
intrude upon the impoundment. Appendix D of Nelson, et al. (1983) presents
a brief discussion of methods of field irwvestigation to estimate river sta-
bility. This Appendix was prepared by S.A. Schum based on material from
"Geamorphic Controls on the Management of Nuclear Waste® by S.A. Schumm and
RJ. Chorley (1983). Three distinct phases of irvestigation are noted
therein.

The first is reconnaisance and field inspection. It is stressed
therein that both upstream and downstream reaches of the river must be
examined in detail even at locations several miles away from the site under
consideration. Instability of nick points or aggradation can change the
slope and sediment characteristics of the river which can influence its



stability as will be discussed below.

The second phase irvalves site inspections in the immediate area under
consideration. This would involve a study of the channel morphalogy, bank
erosion, sediment characteristics, and vegetation type for some distance,
both upstream and downstream. Characteristics of the river including chan-
nel dimensions, pattern, slope, and stability of the banks should be irwes-
tigated.

The third phase consists of a historical study which would review the
past and present channel behavior. This phase includes a review of the
history of nearby bridges which indicate channel width changes over the
previous years by coamparison of the present crose-section characteristics
with those indicated to have been in existence when the ald bridge was con-
structed. (Qld photographs and corversations with long time residents of
the valley provide indications as to the past behavior of the river. Newe-
peper reports, railroad company files, gauging station records and aerial
photography all provide additional other important data, Rates of channel
shift can also be assessed by determining the age of vegetation and trees
on the flood plain.

4.1 Identification of Fluvial Instability

A quantitative method for assessing stability can be developed on the
basis of eguations and charts presented by Schumm (1977). Pactors
influencing river marphology include bed-material load, mean water
discharge, median sediment size, channel slope, and other external geamor-
phological contrals on the overall river system.

Rivers can be classified into three types of channels. These include
straight, meandering, and braided channels. Factars influencing whether a
channel will be of one type or another include channel slope, mean annual
discharge, sediment load, and whether the channel is a bed load, mixed
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load, or sediment load channel. Figure 4.2 shows these three types of

channels.

In assessing the potential hazard from a river to a tailings impound-
ment, the potential for the channel to irvade the impoundrent is the main
item of concern. Thus, the methodology must consider both horizontal and
vertical stability.

4.1.1. Horizontal Stability

Horizontal stability relates to the potential for a river to change
fram one type to another with accanpanying change in location.

Figure 4.3 shows the general effect of slope on the sinuousity for
experiments that were conducted in a flure under controlled conditions. In
these experiments the sediment load and discharge rate were controlled.

At low slopes the river is just capable of carrying the sediment load.
If the slope were to decrease due to develogment of a meandor for examgle,
the sediment would deposit and the channel would aggrade. Conseguently,
the channel will remain as a straight channel in that region.

As the slope of the dunm% increases, the river is capable of tran-
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However, if the sinwsity increases to a point that is too great, the river
may become unstable again. As the slope increases more, the stream can
became braided and depending upon flow conditions and sediment load
changes, the river aan fluctuate between braided and meandering. Schumm
(1977) notes that *....if ore can identify the range of patterns along a
river, then within that range the most appropriate channel pattern and
sinwsity probably can be identified. If so, their engineer can wark with
the river to produce its most efficiernt or most stable channel. Obwiously
& river can be forced into a straight configuration or it can be made more
sinwous, but there is a limit to the changes that can be induced beyond
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which the channel cannot function without a radical, morphological adjust-
mernt ..oe”

(hanges in the sediment lcad will also influence the type of river
channel that forms. gi\g\uu 4.4 shows the effect of slope and sediment lcad
on channel type for a given discharge rate, These data have been combined
in li‘igq:‘g' 4.5 which shows sinwsity as a function of stream power, Stream
power is the product of tractive force and velocity., It isa function of
hydraulic radius, slope, and specific weight of the fluid. Thus, stream
power is a parameter which takes into account the above hydraulogic vari-
ables.

In Figure 4.5, zones that would delireate straight, meandering, and
braided streams are evidernt by comparison with Figure 4.2.

Another form of the data is shown in Figure 4.6 which plots slope vs.
mean annual discharge. The experimental points shown in Figure 4.6 suggest
that the lower lire defining the threshald between braided and meandering
channels may be the appropriate line to use. Thus, the horizontal stabil-
ity of the river can be assessed by plotting the parameters of the river on
Figures 4.5 and 4.6 for camparison with threshald values. This will pro-
vide an indication of the stability of the river and its potential to
change.

4.1.2 Vertical Stability

Vertical stability relates to the potertjial for the slope to change
which can result in downcutting. Downcutting can lead to erosion at tie
gite or cause a channel to change from one type to another.

Rivers may be separated into two major groups depending upon their
freedom to adjust their shape and gradient. Bedrock controlled channels
are those where the slope of the river is controlled by nick points and
outcrope of the bedrock, ‘The slope of these rivers generally is fairly

- o



stable.

The other type of channels are alluvial channels. Allwial channels
flow through a channel having a bed and banks canposed of the material
transported by the river under presernt flow conditions.

The vertical stability of a bedrock controlled channel will be depen-
dent primarily upon the resistance of the bedrock forming the nick points.
Allwial channel stability, however depends upon a more complex set of
parameters including the percent of silt and clay in the channel sediment,
and the percentage of total load that is carried as bedload by the stream
Table 4.1 provides a classification of allwial channels and indicates the
relative stability of the different types.

4.2 Lmpact of Flood Intrusion

The impact of flood irtrusion will depend to a large extent upon the
flow of the river, the velocities associated with it, and the extent to
which downcutting can occur causing release of tailings or other elements
of the impoundment. In general, however, it may be concluded that if the
river channel can come into contact with parts of the impoundment, local-
ized erosion will occur to the extent that release of tailings is probahble.
Thus, if the main channel can be shown to encroach upon an impoundment,
this should be considered imacceptable. On the other hand, if flood waters
having relatively low velocities encroach upon the impoundment, this type
of flowod intrusion may be acceptable. This situation will be dicussed in
Chapter 5.

4.3 Mitigative Procedures

If vertical instability is a question, stahle base levels can be
manufactured or created artificially. ‘These base levels must be suffi-
Clently durable and stable so as to resist large flows that may occur under
MMF conditions., Creation of base levels must also take into consideration

- g -
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the potential for horizontal instability to occur which would cause the
river channel to bypass the artificially created stable base level.

If horizontal instability is of concern, structures may be constructed
to cause the river to be diverted around the impoundment, even under BMF
conditions. This is possible only under conditions where the PMF flow and
velocities are of reasonably small size. For large flows, such as would
occur on major rivers in the western United States, this would be virtually
impossible to accomplish.

On the other hand, if the river is not large artificial controls can
be instituted to reroute the river channel. In so doing however, the
engireer nust be cognizant of the variables presented in Section 4.1 0 as
to create a river channel which will be stable. In addition, the effect of

these changes on potential variations in such variables must be considered
80 as to avoid channel instability to occur at a later point.
4.4 Methodology

Appl ication of the methodology would consist of initial gathering of
data in accordance with Appendix D by S.A. Schumm (Nelson et al., 1983).
After this has been accompl ished, the horizontal stability of the site can
be determined by plotting of the appropriate parameters in Figures 4.3,
4.5, or 4.6. If the mature of the river channel agrees with that shown by
the regions on which it plots in these figures the river may be considered
to be stable. If the data points indicate an unstable ocondition, the
nature of the instability should be assessed and the potential for river
irtrusion irto the pile must be determined.

An important parameter that will be utilized in plotting the above
data will be the slope of the river, This will probably be controlled to a
large extert by nick points and stable base levels at locations both above
and below the impoundment. The stability of these nick poirts and the

o & o



ability of the river to migrate laterally and bypass the nick points must
be determired by a competent geologist.

In conclusion, those parameters which define the stability of a flu-
vial system have been defined and outlined by Schumm (1977). However, the

interpretation of the data and application of the methodology will reguire

considerable engineering and gealogical judgement. The concepts presented

above are based upon threshold considerations and some judgement must be

exercised in defining those thresholds.
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Qully Erosiop
5.1 Description

Gully erosion is the development of deep gullies by the dislodging and
transporting of soil particles by concentrated flow. Nelson et al (1983)
extensively discussed gully erosion and emphasized the high potential for
the gqully to intrude upon the impoundment. This fomm of gully erosion is

caused by floods resulting from precipitation events occurring on the major
n o v, ,‘"‘A‘(’, ‘,/
watersheds essociated with the impoundrent area. 1In addition to the poten-

tial for qully intrusion from offsite activity, qully erosion can also
occur directly on the impoundment surface and, as such, is a potential
failure mode because it can cut through the embankment and/or the cover
material and disperse tailings downstream. Erosion on the impoundrent is
caused by runoff from tributary catchment are;s:’,-\ict‘nrnediately adjacent to the
impoundment area.

The Gevelopment of gullies on the impoundment is associated with ero-
sional forces on immature surfaces. Since reclaimed impoundment cevers are
comprised of locally derived materials which were stockpiled or removed
from an adjacent site, the cover is immature and may reguire extensive
periods of time to mature. It is generally assumed that the reclaimed
cover will be @fé‘j;ulnerable to gully intrusion than an in situ material

. T LDarin't compackion “mafure” a sor/
with similar site conditions. at-all? !

A qully is a relatively deep, recently formed, eroding channel that
forms on valley sides and on valley floors where no well-defined channel
previously existed. Two major gully types have been recognized: (1) the
valley-side gqully, which is a extension of the valley network and which is
incising into soil colluvium and weak bedrock and (20 the valley-floo:

gully which may be discontinuous or continuous and which is incising into
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alluvium,

The development of incised channels of all types, including gullies,
can be considered an aspect of drainage-network adjustment. The drainage
patterns that develop are assumed to reflect modern climatic and hydralogic
conditions. In mary areas the channel netwark does not carpletely fill the
valley network, and it is capable of expansion by gqullying if erosionzl
conditions change.

Major site-specific parameters that influence gully development are
topographical features such as slope angle and slope length, the existence
of stable base levels on or near the site, erodibility of the soil, and the
flood flow velocity. Stable base levels, or stable slope, are levels below
which no fuxthe;:;e/éasim would be expected. Specific geamorphic and hydro~
logic conditions that increase the potential for gullying include: steep
slopes, narrow flow width, and large runoff valume as related to the

drainage basin area. Site-specific information concerning these parameters

is needed in order to determine the potential for gullying on the valley

sides and valley floor areas near the impoundment.
Water flawing over a surface will tend to dislodge and transport soil

W neatiorr of Slow coenitaltva )11'0*:},
particles fram ﬁm,\w!"‘im‘~’ultmately causes formation of a

gully. Because gully erosion is usually radpid and progressive, it is
essential to prevent gully initiation to assure long-tem stability of an
area. Protective measures based on runoff from a probable maximum precipi-
tation (P¥P) evernt should prever: jully fomation for periods of 200 years
and greater and should provide adequate protection for the cumulative
effects associated with the mean annual flows. Since the ™P is based on
Pwysical constraints and is not time-dependent, protection against gully

formation for 200 years is, therefore, the same as providing stability for
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500 and 1000 years. This istrue as long as a stable base level is main-
tained at same point to prevernt gully fommation as a result of downstream
influences.

It is evident, therefore, that protection against qully formation for
200, 500, or 1000 years entails the same mechanisms and design procedures
for each period. The time frame over which stability can be assured will
be governed by the durability of the materials used to provide erosion pro-
tection and establish the base levels.
5.1.1. Gully Intrusion Prediction Procedure

In order to determine the gully intrusion potental of an impoundment
cover, an extensive field investigation was conducted by Colorado State
University (1985). A series of reclaimed tailings sites were visited in
which qullys developed into and in same instances through the cover
material. Data collection included cover soil samples, gully dimension,

pile dimensions, precipitation records and the reclaimed site age.
o 4 Lbe:cn‘be,

Based upon m@)amlysis, a qully intrusion Eedicti::n pro-
:dx_z:_ was developed to estimate the maximum depth of gully intrusion, the
location of the maximm intrusion from the toe of the slope, and the
approximate gqully top width at the point of maximum intrusion. This pro-
cedure is based on the assumptions that the toe of the slope is relatively
stable, the vgetatim cover is less than 30% and the slope is rarginally
Eoteaed. The qully intrusion prediction procedure is as fallows:

5.1.2 Site Specific Information: It is necessary to determine the site specific
characteristics. These characteristics include:
a) Cover or cap soil mean grain size, dSO'
in mm and uniformity coefficient, Cu'

e buden
b) Pile dimensions, 0f the slope length, L, slope

3=
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height, H, slope base distance, X, and the
s )¢
gradient of the initial slope, S, prver £ gully, ).

' 2
¢) Precipitation records awel €5 fimafes .

d) Time in years over which the potential gully

intrusion is to be evaluated.

5.1.3 Tributary Drainage Area:

It is necessary to determine the area tributary

or potentially tributary to any point where flows may concentrate.

Integration of a cover ir to the ratural terrain often reguires

contouring. Although sheet flows are desirable, flow mnoentratims

' ¥ A —’Unhﬁr(uhdfcakd fions ?
ultimately result. Since incipient gully initiation and subsequert

development are a function of the drainage area, an estimate of the

area is reguired. Tributary area determination is as follows:

a) Estimate the largest drainage area tributary to } Need 4
the outlet alo;g\’ rived fram the reclamation

plan contour map.

7

F\‘yurc_

b) Defire the longest potential watercourse that
T — e —

traverses across the cover to the slope toe.

Campute the approximate tributary area fram »
v I > ei‘ht

the %ui;ge Density, Jequation presented by

13'

msley (1) as

D= 0.909 + 22.418 (S,) ‘:5 Rad Ff\g{]

7

.

(5.1)

where D is the &nsu:y of dtumge area per

nite 7

unit length of d'wulAand S. is the
design or initial slope of the cover. D,

Bn. _5__‘ should be applied to each segment

of the watercourse with similar slope.

X
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The total tributary area to the outlet
at the toe of the slope is estimated by

Acotal = Dy Ly + Dyyy Lyyy + ee (5.2)
when L is the potential watercourse X
length at a slope of S; for craimge K
density DJ-.
5.1.4 Maximm Depth of Intrusion: Once the site specific characteristics and
drainage area is determined, it is possible to estimate the maximum
depth of qully intrusion, the location on the slope of the maximum
intrusion referenced to the slope toe, and the top width of the qully
at the point of meximum intrusion. The slope limits are the initial
slope gradient, Si, and the stahle slope gradient which can be
predicted as .
5" M? = = (5.3
Hew
which is @m Figure 5.1. The estimated stahle slopes ?

gererally agree with the slope-drainage area relationships derived by
( mu presented by Nelson et al. (1983). Page ___ 7
The slope, S, isthealopeofthetangertextermmftanmetoe-

e A TR / eeJ
of-the-slope to the Ef_,v point in the qully.i 'Ihe slope can be Z—_/
o PR nres
determined at a desired point in time that can be calculated as F ‘7
(=S t) )<
el 1 * (5.4)

where k is a coefficient and t is the estimated time in
years. The coefficient, k, was determined to be a function of the

stable slope, Ss, as presented in Figure 5.2. The exporential

-5
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is a decaying function that accounts for the decreasing rate of
erosion that occurs as the gully slope decreases over time.
Knowing the stable slope, it is possible to estimate the location of
the maximum depth of intrusion measured fram the toe-of-the-slope.
The maximum depth of gullying was found to be a function of the slope,
S, and the soil uniformity coefficient, Cu' as presented in
Figure 5.3.

The maximum depth of gully intrusion, Dm' at LmD/L is

est imated as

-
o=

(5.5)

Since the maximum gully depth and the location of occurrence is
known, it is possible to determine whether the gully has potentially
penetrated the cap and cover into the tailings.

Once Dm is computed, the gqully top width can be estimated at
the point where D, occurs. Figure 5.4 presents the gully top
width relationship to the predicted maximm depth of intrusion and
uniformity coefficient.

Pllk, Jo' m' S.L.. and Nelmn' JoDo' .Glllly Intrusion Pz@alm.' work-

ing paper, Calorado State University, 1985.

(307 < e Q r £ R e -
(393) 4%2- 053 Ly & Sihymm P
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5.2 Embankment and Slope Stzbilization Using Riprap

Rock riprap is one of the most economical materials that is commonly
used to provide for cover and slope protection. Factors to consider when
designing rock riprap are: 1) rock durability, density, size, shape, angu-
larity, and angle of repose: 2) water velocity, depth, shear stress, and
flow direction near the riprap; and the slope of the embankment or cover to
be protected. Through the proper sizing and placement of riprap on any
impoundment cover, rill and gqully erosion can be minimized to ensure long
term stabilization.

The primary failure mechanism of concern is the removal of material
from the impoundment due to shear forces developed by water flowing paral-
lel and/or adjacent to the cover as describe by Nelscn et al. (1983). One
purpose of the cover is to expedite the removal of precipitation and tribu-
tary waters away from the cover to minimize seepage and percolation. How-
ever. when surface waters are not properly managed, extreme erosion results
which may endanger the impoundment stability. For example, slopes are
often designed and constructed to develop sheet flow conditions. After
many years of exposure, sheet and rill erosion, and localized settlement,
the hydraulic conditions have significantly altered causing flows to merge
or concentrate into druinage channels. The greater the ooncentration of
flow into the drainage channels, the greater the erosion potential.

5.2.1 Zone Protection

The design requirements for placing riprap rock on a cover vary
depending upon cover location. It is suggested that four areas exist on
the cover in which different failure mechanisms can result from tributary
drainage. The four areas or zones of concern are presented in Figure 5.5
and include:
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1. Zone I: This zone is considered the toe-of-the-slope
of the reclaimed impoundment. The riprap protecting
the slope toe must be sized to stabilize the slope and
dissipate energy as the flow transitions from the
impoundment slope into the natural terrain.

2. Zone II: Zare II is the area along the slope which
remains in the major watershed flood plain. The
rock protection must resist not only the flow off
the cover, but also floods. The riprap must serve
as embankment protection similar to river and canal
banks.

3. Zone 1II: Riprap should be designed to protect steep
slopes and embankments from potential high velocities
and excessive erosion. Flows in Zone III are derived
fram tributary drainage and direct runoff fram the site.

4. Zone IV.: Rock protection for Zone IV is generally
designed for flows from mild slopes. Zone IV will
usually be characterized by sheet flow with low
flow velccities.

Since the rock protection requirements are significantly different on
various locations on the cover, it should be apparent that each riprap
design procedure available was formulated to address a specific applica-
tion. Since a single riprap design procedure does not necessarily meet all
of the cover protection requirements, recommendations will be made indicat-
ing which zone(s) each riprap design procedure best addresses.

5.2.2 Design Procedures
Presently, several design methods are available to assist the designer
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in determining the appropriate rock size for protection of impoundment cov-
ers, embankments and unprotected slopes from the inpact of drainage waters.
Alternative riprap design methods summarized herein are

1. Safety Factors Method (1975)

2. The Stephenson Method (1979)

3. 'The Proposed Nuclear Regulatory Commission Method (1984)

4. U.S. Army Corps of Engineers Method (1970, 1971)

5. 'The U.S. Bureau of Reclamation Method (1970)

These riprap design procedures are but examples of the many methods
available. The impoundment cover designer may utilize @vailable method

for determining the appropriate rock size to ensure cover stabilization.
5.2.24 Wﬁ@ ( 7

The Safety Factors Method/for sizing rock riprap is quite versatile in
that it allows the designer to evaluate rock stability from flow parallel
to the cover and adjacent to the cover. The Safety Factors Method can be
used by assuming a rock size and then calculate the Safety Factor (S.F.) or
allowing the designer to determine a S.F. and then compute the correspond-
ing rock size. If the S.F. is greater than unity, the riprap is considered
safe from failure; if the S.F. is unity, the rock is at the condition of
incipient motion; if S.P. is less than unity, the riprap will fail.

The following equations are given for rock riprap placed on a side
slope or embankment where the flow has a non-horizontal (downslope) velo-
city vector. The safety factor, S.F., is:

—— - W KT —
S.P. n’ tan ¢ + 8in 6 cos B (5.6)
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8’ * 8 (L;ﬁixza.ﬂm,

(5.7)
v © U
ne -
(Sg-1)vD (5.8)
and
"3 cosA
B = tan -
n tan ¢ (5.9)

The angle, A, is shown in Figure 5.6 and is the angle between a hor-
izontal line and the velocity vector component measured in the plane of the
side slope. The angle, ©, is the side slope angle shown in Figure 5.6 and
p is the angle between the vector component of the weight, W directed

 Yatiry O

down the side slope and the direction of particle movement. The angle, Oﬂp\y)

St

is the angle of repose of the rock riprap, T is the bed shear sttesef'D/is N

the representative rock size, S is the specific weight of the rock, and n’

and n are stability numbers. The forces F and Fd are the lift and drag

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

€. Figure 5.7 gives the angle of repose for riprap material sizes.
Riprap is often placed along side slopes where the flow direction is

close to horizontal or the angularity of the velocity component with the

horizontal is small (i.e. ).70). For this case, the above equations reduce

S

to: ’ '

.ntan g
tan p = 3 sin © (5.10)

L¥ F’ - (s.r.)’] e

(8.F.) Sp
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(5.11)

where

s «fang

m tan 6
and is the safety factor of the rock particles from rolling down the slope
with no flow. The safety factor, S.F., for horizontal flow may be
expressed as:

- | [ (52 n? sec’ 0 + 4) O*

3 -Sn sec 6 |

(5.12)
Riprap may also be placed on the cover or side slope. For a cover
sloping in the downstream direction at an angle, a, with the horizontal,

the equations reduce to: -
= of . e \
--COSatang _C.te rererence(s).
8.P. = JSOR osina C.te ra
Historic use ©f the Safety Factors Method has indicated that a minimum )
S.F. of 1.5 provides a side slope reliable stability and protection. It is
reconr.ended that the rock riprap thickness be a minimum of twice the dso}

C.oF €. recommends 1.5 35%; x X 2 d,,.)
Also, a bedding or filter

er should undetfay the rock riprap. The
filter layer should minimally, range from 6 inches to 12 inches in thick-
ness. In cases where the Safety Factors Method is used to design riprap
along embankments or slopes steeper than 4 H:IV, it is recommended that the
toe be firmly stabilized. The S.F. Method is ideally suited for Zone I and
Zone II riprap design.
5.2.2.2 Stephenson Method

The Stephenson Method (1979) for sizing rockfill to stabilize slopes
and embankments is a empirically derived procedure developed for emerging
flows. The theory ‘i‘igg;];ggl‘:_lgr to a relatively even layer of rockfill

acting as a resistant to through and surface flow. It is ideally suited

¥Sephonson () says,”
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.

{
.

for the design and/or evaluation of embankment gradients and rockfill pro-
tection for flows fé:fa'ﬁ;l—to the embankments, cover or slope.

The sizing of the stable stone or rock requires the designer to deter-
mine the maximum flow rate par unit width, g, the rockfill porosity., n, the
acceleration of gravity, g. the relative density of the rock, s, the angle
of the slope measured from the horizontal, €, the angle of friction, ¢, and
the empirical factor, ¢. The unit discharge can be estimated as indicated
in Section ___ of this report.

The stone or rock size, d. is expressed by Stephenson as

§a ﬁitﬂﬂl"‘ n1/6

2/3

1/2 ’ N 5/3
€4 [(1-n)(5-1) cos @ (tan ¢ - tan @] {hi

where the factor C varies from 0.22 for gravel and pebbles to 0.27 for
crushed granite. The stone size calculated in Egn. 5.13 is the represen-
O‘K' - l. - . /. + -
tive diameter, d,,. The rockfill r; should be well graded /?t least
.

two times the dso in thickness. A bedding layer or filter should be placed
under the rockfill.

The Stephenson Method does not account for uplift of the stones due to

Tamerging’ flow,# This procedure was developed for flow over and through

rockfill. Therefore, it is recommended that the Stephenson Method be
applied as a cover and embankment stabilization for overflow or sheetflow
conditions. Alternative riprap rockfill design procedures should be con-
sidered for toe and bank stabilization. The Stephenson Method is best
suited for Zone III protection.
5.2.2.3 Proposed NRC Riprap Method

The proposed NRC riprap method has been developed to size rock or
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high very slow | plasticity W A RS for laboratory classification of fine grained soils

Highly Organic Softs

Readily ientiffied by mb—-. odour,
spongy feel and frequently by fibrous »M

root holes; firm and dry in

Peat and other highly organic
solly

plece; loess. (ML)

From Wagner, 1997,

& Boundary classtAcerions. “Mcmdmmmmummm—umm. For example GW-GC, well graded gravel-sand mixture with clay binder.
Fleld Identifcation Procedure for Fime Gratved Soils or Frections

© Al sieve sizes on this chart are U.S standard.

Mm-obh'ah-luthﬁm..ud-m”mm:m IgeIn

¢ Dilatancy (Reaction to shaking):

After removing particies larger than No. 40 sieve size, » pat of
moist soil with & volume of about one-halfl cubic inch, Add enough
water If necessary to make (he soil 8oft but not sticky.

Place the pat in the open palm of one hand and shake horizontally, striking
vigorously against the other hand several (imes. A positive reaction

of the app of water on the surface of the pat which
changes to 8 lvery ncy and b glossy. When the sample
I8 squeezed between the fingers, the water and gloss disappear from the
surface, the pat stiffens and fAinally It cracks or crumbles. The ity
of appesrance of water during shaking and of its disappearance uring
squeezing assist In (dentifying the character of the fines in & soll.

Very fine ciean sands give the quickest and most distinct reaction whereas
® plastic clay has no resction. Inorganic siits, such as & typical rock
flour, sthow & derately quick L

SE

Siremgrh (Crushing charscteristics):

.
Dxnn removing pastickes larger than No. 40 sieve sire, mould a pat of soil
10 the consistency of putty, ad

water If y

Allow the pat 1o

dry compietely by oven, sun or air drying, and then test s strength by
bresking and crumbling between the fingers. This sirength is & measure
of the character and quantity of the colloidal fraction contained in the
soll. The dry strength increases with increasing plasticity.

High dry strength is charscteristic for clavs of the CH group. A typical

S inorganic siit possesses only
and siits have sboul the same ﬂ‘:h,!

by the

slight dry strength. Silty fine sands
dry strength, but can de distinguished

Mmmmannmsmcm Fine sand feels gritty
whereas a typical 3ilt has the smooth fee! of flour.

. For feld classification purposes, screening is not intended, stmply remove by hand the coarse particies that interfere with the tests.
® Toughness (Consistency near plastic limio):

After removing particies larger than the No. 40 sieve size, 8 specimen of
s0il ahout one-halfl inch cube in size, s moulded 1o the consistency of
putty If too dry, water must be sdded and if sticky, the specimen
should be spread out in 8 thin layer and allowed 10 jose some monture
by evaporation. Then the specimen is rolied out by hand on & smooth
surface or between the palms into & thread about one-eight inch in
diameter. The thread is then folded and re-rolied repeatedly. During
this tpulation the content is gradually reduced and the
specimen stiffens, finally loses its plasticity, and crumbies when the

lastic Jimit is reached

After the thread crumbles, the pleces should be ped her and &
slight kneading sction continued until the lump crumbies

The tougher the thread near the plastic limit and the stiffer the lump when
it finally crumbles, the more p is the ¢ dal ciay fraction in the
soil. eakness of the thread st the plastic limit and quick lows of
coherence of the lump below the plastic limit indicate either inorganic
:uymmmwny.amnmuwehnmm
chr which occur below the A-line.

Huymwn-nlmmﬂmﬂnmﬂ-kl-n.
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riprap to protect earthen embankments and covers. It is well suited for
the protection of rock covers from sheet and overland flow thereby minimiz-
ing general erosion and gully initiation.

It is assumed that the design flood depth and peak discharge can be
estimated. Section 5.8 of this report presents an a method for determining
the discharge and flow depth. Once the design flow depth is quantified,
the average boundary shear that the in-place riprap must resist can be com-
puted. The shear stress, v, may be expressed as

FEYRE (5.14)
Since R = y for overland and sheetflow, Eqn. (5.14) can be amended to

$oryh (5.15)
where y is the unit weight of water, y is the depth of flow and S is slope
expressed in decimal form. A safety factor, SF, should be introduced to
acdjust the design shear stress. The safety factor will range from 1.0 to
3.0 compensating for potential flow concentration, potential uplift of the
stones and rock layer stratification. Recormended safety factor values are
1.5 to 2.0. Therefore, the design shear stress, v, can be expressed as

(o)

" Fxs (5.16)

The representative riprap size, dso. required to resist the design shear
stress may be determined with Lane and Carlson’s relation (1953) by

) A -',‘-r’/[y*
T (#QVJ 1 Sl ,'4I”tf"/{‘?, S t
0 /4
90 " 004 (v ) Ly C.sf E. methed 76&”(55 1?7)A )
|
[Cihs 5 /?
where Tg is the rock specific weight. 4& 5.20.
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The proposed NRC Method is applicable to a uniformly deep, well graded
rock layer. Furthermore, it is recormended that a filter layer or gravel
bed underlie the riprap layer, particularly in areas where critical or
super critical flows are expected. It is recormended that the layer thick-
ness range from 1.5 times the dso to 2.0 times the d,,. Consideration must
be given to the size of the available rock source. Generally, the proposed

NRC method will provide a more conservative effective stone size that the

Stephenson Method. v#dt‘ decs Steveur s Ly alou *Zu,r aom vach.
How doer f covapare fo safe ) Ff%m /’ﬂ/ﬁo({
The proposed NRC method was developed to protect earéx
entankments for overland and sheet flow. It is recommended that this pro-
cedure not be used for toe and bank protection applications. Furthermore,
this procedure should be extensively tested to refine the safety factor.
————

The other method is designed for Zone III applicatiens. L_C O{ =28 2\

RN A \/7/ Buv.df Rec. [
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5.2.2.4 U.5, Ammy Corpe of Enaineers Method
The U.S. Army Corps of Engineers, (USACE) has developed perhaps the

most conprehensive methods and procedures for sizing riprap revetment.
Their criteria are based on extensive field experience and praciice (1970).
The USACE method is primarily applicable to embankment toe and bank protec-
tion.

The toe of a slope or embankment is generally subjected to the
greatest concentration of erosive forces and therefore must be protected.
The effective stone size, d,,, can be estimated after the depth of flow, y,
and the slope of the energy gradient. S, is determined. The average boun-
dary shear, v, can be computed as

skl (5.18)
where y is the unit weight of water in pcf and R is the hydraulic r_adius in
ft. The design shear stress, v, shall serve as the design shear for the
coe and channel bottom.

The design shear for riprap placed on the channel slope or bank can be
determined as

2
L (l-m) 0.5
sin%e (5.19)

where

9 = the angle of the side slope with the horizontal

© = the angle of repose of the riprap (normally about 40°)
The side slope shear, T, is the design shear for sizing the riprap
revetment .
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The average stone size can then be determined as

d

50 * 0.04 (
(5.20) 0.0¢ (vg-v)

for the toe and channel bottom and

(5.21950 = To/0-04 (vg-v)

for the channel side slopes
where s is the specific weight of the stone. The same procedure can
be used for bank protection. A graphic representation of Egn. 5.21 is
provided in Fig. 5.8.

The USACE Method was developed for channelized flows. Therefore.
this procedure should be used to evaluate and/or design rock protection for
the portions of the cover or embankment that is in the flood plain. The
USACE Method is ideal for stabilizing cover and embankment toes. However,

o

the USACE Method is not necessarily recommended for overland and sheetflows y ¥

due to its conservatism and cost. Therefore, the USACE Method is !;est applied

But as the NRC wedlsd
: il

Riprap lLayer Thickness: 11 is !(see p. 3)

for Zone I and Zone II protection. -

The USACE Method presents the following criteria to determine the riprap
layer thickness:
1. The thickness should not be less than the spherical diameter
of the upper limit W, . stone or less than 1.5 times the
spherical diameter of the upper limit We, stone,
whichever results in the greater thickness.
2. The thickness should not be less than 12 in.
3. The thickness determined in 1 or 2 should be increased by
50% when the riprap is placed underwater.
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Ang T
4. The thickness should be increased by 6-12 u*’. aoconﬁani&n
by the appropriate increase in stole sizes, should be
provided where riprap will be subject to attack by

large floating debris.

ID& er.‘lain

The riprap layer thickness should bek'\nlain with a gravel filter for
channel, toe and side slope applications. Filter criteria.efu; %resented in
Section 5.4 of this report.

Rock Gradation: the gradation of rocks in riprap revetment affects
the riprap’s resistance to erosion. The stone should be reasonably well
graded througout the layer thickness. The following criteria provide
guidelines for establishing gradation limits.

(1) The lower limit of Wy, rock should not be less than the weight of
rock required to withstand the design shear forces.

(2) The upper limit of Wgo rock should not exceed that weight which
can be obtained economically from the quarry or that size which will
satisfy layer thickness requirements. N

(3) The lower limit of W ., rock should not be less than two times
the lower limit of Wgo rock.

(4) The upper limit of W,,, rock should not exceed: five times the
lower limit of Wy, rock, that size which can be obtained economically from
the quarry, or that size which will satisfy layer thickness requirements.

(5) The lower limit of W,, rock should not be less than one-sixteenth
the upper limit of "100 rock .

(6) The upper limit of W, rock should be less than the uppper limit
of Wy, rock as required to satisfy criteria for graded stone filters.

(7) The bulk volume of t(ock lighter than the wu rock should not
exceed the volume of voids ﬁ/(ééveumt without this lighter rock.

-11-



—

rough draft - NRC report - 4/4/8S5

D -

NRC f - rpt.abt

(8) W, toWw

0 25 rock may be used instead of Wls rock in criteria (5),

(6), and (7) if desirable to better utilize available rock sizes. Design
memorandum and specifications should indicate the permissible stone grada-
tion limits.
A graphical representation relating rock weight to rock spherical
diameter was presented by Nelson et al. (1983).
References
U.S. Army Corps of Engineers, Hydraulic Design of Flood Control Channels.
EM 1110-2-1601, July 1970,
Nelson, J.D.. Volpe, R.C., Wardwell, R.E., Schumm, S.A., and Staud, W.P.,
'Design Considerations for Long-Term Stabilization of Uranium Mill

Tailings Impoundments’, Prepared for U.S. Nuclear Regulatory
Commission, NUREG/CR 3397, py October 1983,

Richardson, E.V., et al., 1975, Highways in the Rive'Environment-Hydraulics
and Environmental Desion Considerations. U.S. Department of Transpotation.
Available from Superintendent of Documents, Washington, D.C.
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(b) View normal to the side slope Section A-A

Fig. 5.6 Diagram desc ibing riprap stability conditions.
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§.2.2.5 U.S, Bureau of Reclamation Method

The U.S. Bureau of Reclamation (USBR) Method (1978) for riprap design
was developed for the prevention of damage in and near vs\t_i_ging bgz_s_z_ng__
The USER procedure is empirically based upon extensive laboratory testing
and field observations. Riprap failure was determined to occur because
alternative design procedures mderestimate\{the required stone size in
highly turbulent zones and that there ia/a tendency for inplace riprap to
be smaller and more stratified than specified. The USBR method is a velo-
city based design procedure.

—Size I L=

The USER method estimates the maximum stone size, d 00+ @5 a function
of the bottom velocity of flow, V in feet per second. One means of
predicting tl"f_/v_efl/oc\igy\i[rpa\gt_i\ng\gp > stones is using the Mavis and Laushey

(1948) procedure yh_e_::e_{ ) 7&(»1.,./ 3/10‘4/({ 2//,@ t,f(.v/pc,f,‘{/ :/6 A
(v, = 0.5 @03 (5-1)0"3 ' funddiov of Q. T e
- .. AR e & wet of Si°f§° &g 2 w

as d, is the particle diameter in mm and s is the particle SPGCKML
ity.

The stone size and stone weight can be determined by entering Fig. 5.9
with the bottom velocity, V.. The resulting stone size is conservative.
The riprap should be composed of a well-graded mixture of stone. Riprap
should be placed on 2 filter blanket or bedding layer. .he riprap layer
should be 1.5 ties as thick as the largest stone diameter. The filter
blanket should be at least 6 inch thick.

des: u
It is recamended that the USBR method be considered only for «se-’

= {
yoci<
01( A along the toe-of-Mje-slope, Zone I, or where flow concentrations require

substantial energy dissipation. This method would be well suited in areas
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where a hydraulic jump may occur. The USBR method is nct necessarily

recormended for bank and cover protection due to it conservation.

References

U.S. Bureau of Reclamation, Bydraulic Desion of Stilling Basins and Energy

Rissipators. U.S. Department of the Interior, Engineering Monograph No. 2§,
1978.

Mavis, F.T., and Laushey, L.M., 'A Reappraisal of the Beginnings of Bed
Movement-Competent Velocity’, Proceedings of the International
Association for Hydraulic Structures Research, Stockholm, Sweden.,

1948,
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5.2.2.6 Qjlterpative Design Methods

(
The riprap or stone design methods presented are but a few of the
procedures available to the cover designer. Alternative methods include:

1. Bureau of Public Roads Method

2. California Division of Highways Method (1970)
3. Lane Method (1953)

4. Shen and Lu Method (1983)

It is recommended that each method be evaluated as to its
applicability to an appropriate segment of the cover design. However, cost
effectiveness of cover stabilization must be taken into account in the
design process.

References ?,,7 /@7

<

4

Shen, H.W. and Lu, J.Y., velopment and Prediction of Bed Armorinﬁ
ASCE J. of the Hyd. Division, Vol. 109, No. 4, pp 611-629, April 1983,

California Division of Highways,
wm‘xax. Business and Transportation Agency. Department of X

Public Works, Sacramento, Cal., 1970.
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5.3 glope Transition Protection

Observation of several reclaimed tailings impoundments in which gqully
erosion occurred indicated that cover protection is warranted at major
slope transitions. Most of the sites were characterized by top covers with
flat slopes (i.e. less than 0.05) transitioning to steep slopes (i.e. 0.10
= 0.30) around the inmpoundment perimeter. In most of these cases, the
gully extended 2-5 feet up-gradient from the transition. It was evident
that the long-term gully potential was significant.

It is recommended that the slope transition areas be protected (i.e.
riprap, rock mulch, etc.) at least ten (10) feet up—grade and down-grade of
the slope break. The slope transitional area is vulnerable to sheet and
concentrated flows. Design discharges will often transition from subcriti-
cal to critical or supercritical flows resulting in a high potential for
erosion. The reconmended protection will provide an amouring that will
resist degradation, particularly from unexpected, cancentrated flows.
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5.5 Flow throuch Riprap Rockfill

When a riprap layer is used to stabilize a sloped cover, it is advan-
tageous to determine the discharge through the rockfill. The analysis of
flow through a riprap rockfill is complex and does not comply with Darcy's
Law except at extremely low gradients. The following design guideline for
estimating flow through riprap rockfill closely conforms to the laws of
turbulent flow.

Flow through granular material is dependent on the geametry, _Btructure

and flow properties of the porous nedia."

@y |
presented a basic equation for turbulent flow through rockfill as e
v 10.5 io. 5=
v " g _— (5.24)

where V, is the average velocity of water in the voids of the rockfill, W
is an empirical constant for a specific riprap material, m ic the hydraulic
mean radius and i is the hydraulic gradient. The void velocity, V‘;. deter-
mined in Egn. /.24 is presented in in./sec. Table 5.1 presents a series
of empirically derived values for rhe hydraulic mean radius, m, and the
0.5 ey Lep N and Poul:s (1913)

W, '~ parameter as ptesented Hir schfeld ﬁ")\ The hydraulic gradient
will range from 0 to 1.0. The dominant rock size for flow calculations was
considered to be the 50% size, dgo- Although Eqn. 5.24 was derived and
applicable to a uniformly graded rockfill, the procedure is considered
applicable to well graded rockfill provided that the minus 1-in. material
18 less than 308, ithehfeld-indicated that if more than 308 of the minus
1-in. meterial is present, the rockfill should be treated as earthfill.

The unit discharge, g, per foot of width can be estimated as

-y "
\\ A'AP"Q are /’]} /"{ (5?(5‘4

-7 -

e

_ 15 on Pcf

el - _ Leps
irschfeld “'3E . u.?mae F

f-g770,

-
%

)
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(5.2%5)

where dt is the rock thickness in ft. and q is expressed in cubic feet per

second (cfs). (e 0l )
\\'; .‘,‘ oY

Hirschfeld, R.C. and Poulos, SJWM John Wiley

Sons, pp. 87-107, 1973.

Table 5.1

Empirical Derived Values for Egn. 5.24

W 0.5

m
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5.4 Eilter Criteria

It is recommended that a layer or blanket of well-graded gravel should
be placed over the embankment or cover slope prior to riprap placement.
Sizes of gravel in the filter blanket should -b\,e\f:w an upper
limit depending on the gradation of the riprap with maximum sizes of
approximately 3 to 3 1/2 inches. The filter thickness shall vary depending
upon the riprap thickness, but should not be less than 6 to 9 inches.

ichevess equal to

Filtet; ‘that are ,one-half the riprap layer thickness is recommended. Sug-
gest.ed specifications for gradation of the filters are as follows:

(Filtet) réve mearakttn inbo
f::.P Vi O‘F'bpéé;vﬁ.dr,prqp,
Pss }‘e) (5.23)
5 /0 {e fré&'(’oﬂ" Eres.on c‘p ra c(oy-\ [,a,,‘-er ée(.w

bPNry_
(See Sh Gr‘ard) 1924)

SKerardj IL.J Dunn:'/aan/L.P./ Ao’ K/éu‘ J'/?. /ﬁdf:'c

Froferff"/ of Saud dnef éo'qve/ /C/'//p,f/" ASC :/’

Zurn‘/ ()1[ z‘ﬁe Gea*ff’(/.‘m'ca/ {p/,,pp,,y j‘/Vl/rOk}
Vel (10, No. § Junx, /784
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5.10 pPermissible Velocities

Evaluation of proposed reclamation alternatives should include an
analysis of the cover material critical erosion potential. Erosion poten-
tial can be determined based upon the properties of the reclamation materi-
als as well as the degree of campaction in which the material is placed.
The permissible velocity‘ approach consists of specifying a velocity cri-
teria that gw the xé/ii&ml /:n/gfw/;l; prevent scour. A
comparison of the actual or design flow velocities to the permissible velo-
cities associated with overland flowe, sheetflows or channel flows deter-
mine the erosion potential. When the design flow velocity meets or exceeds
the permissible velocity, cover protection should be considered.

The permissible velocity values presented were developed from experi-
ments performed primarily in canals and stream beds. Therefore, the fol-

f lowing permisible velocities should provide a conservative estimate far

evaluating the erosion resistance of the reclaimed covers over the long
term. In cases where a range of permissible velocities are presented, it
is recommended that the lower velocity be used for determining erosion
potential.

A series of permissible maximum canal velocities was developed by For-
tier and Scoby (lszstW&pud by Lane (1955). The Lane maximum

permissible velocitie_l)ue-pteaented in Table 5.6, amd are applicable to

colloidal silts. These velocity values were deveJloped for channels without
sinuosity. Lane recommended a reduction of the velocities in Table 5.6 by
13 percent if the canal/channel is moderately sinuous.

Lane also presented a series of maximum allowable velocities for sandy
based materials. Tabhle 5.7 presents the allowable velocity ranges for

these materials.
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Lane adapted limiting velocities for cohesive materials according to
compactness for materials with less than 50 percent sand content. Table
5.8 presents these limiting, or upper bound velocities.

The U.S. Department of Agriculture (1984) presented a series —of max- 7‘
avre

.

imm permissible velocities for well maintained grass cove.rstf\n presentad \<
in Table 5.9. It should be noted that these velocity limits pertain to
slopes ranging ftom@to 10 percent.
Fortier, S., and Scobey, P.C., ‘Permissible Canal Velocities’, Transac-
tions, ASCE, Vol. 99, paper no. 1533, 1926,
Lane., E.W., 'Design of Stable Channels’, Transactions, ASCE, Vol. 120,
peper no. 2276, pp. 1234-1279, 1955,
U.S. Department of Agriculture, Soil Conservation Service, ‘Engineering

Field Manual’, 1984,
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Table 5.6

Maximum Permissible Velocities in Erodible Channels

Water Transporting
Colloidal Sil

hannel Material
v (ft/sec)

fire sand, colloidal 2.50
sandy loam, non-colloidal 2.50
silty loam, non-colloidal 3.00
alluvial silts, non-colloidal 3.5
firm loam 3.5
volcanic ash 3.5
stiff clay, colloidal 5.00
alluvial silts, colloidal 5.00
shales and hardpans C.go
fine gravel 5.00
graded loam to cobbles, non-colloidal 5.00
graded silts to cobble, colloidal 5.5
coarse gravel, non-colloidal 6.00
cobbles and shingles 5.5

e — ———— e

———

> Aboae ol ol J-uov-‘rke«m de nSr C.\/\-&&Fowd w ik

Suph s o callondas
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Table 5.7
Maximum Allowable Velocities
Velocity
taterial {ft/sec)
very light sand of quicksand character * 0.75 to 1.00
——N Rl ascans
very light loose sand 1.00 to 1.50
coarse sand to light sandy soil 1.50 to 2.00
sandy soil 2.00 to 2.50
sandy loam 2.50 to 2.75
average loam, alluvial soil,
volcanic ash 2.75 to 3.00
firm loam, clay loam 3.00 to 3.75
stiff clay soil, gravel soil 4.00 to 5.00
coarse gravel, cobbles shingles 5.00 to 6.00
conglomerate, cemented gravel,
soft slate, tough hardpan,
soft sedimentary rock 6.00 to 8.00

*‘ k\«_: [ V\A o WJ *"]r—& 2 '\Ac_ -~ M“\\Gﬁh .

T ————— - ————
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Table 5.8
Limiting Velocities in Cohesive Materials

Corpactness of Bed
Principle cohesive Very
material Loose Fairly Compact Compact Compact
Velocity  Velocity Velocity Velocity
(ft/sec) (ft/sec) (ft/sec) (ft/sec)
sandy clay 1.48 2.95 4.26 5.9
. e d
high glost sty o wvey woile 1.31 2.79 4.10 5.58
clays 1.15 2.62 3.94 5.41
v pl i
IOC‘/ f'ﬂ" A8 7clayey soils 1.05 2.30 3.44 4.43
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Slope Erosion- Easily-
Range resistant eroded
* soils so0ils
Bermudagrass . . . « . . . 0-5 B 6
$-10 7 5
Over 10 6 “ ){
Bllffﬂ%[a”..-.... 0-5 7 s
hmmky bllkgtass L 5'10 ‘ ‘
Smooth brome . . + . . . . Over 10 5 3
Bluoegrama . . . . .. .. 0-5 (2) s a
Grass mixture . . . . . . 5-10 (2) “ 3
Lespedeza sericea . . . .
Weeping lovegrass . . . .
Yellow bluestem . . . . . 0-5 (3) 3.5 2.5
m&u . . - . - . . - - -
uf‘n‘ . . . - . . . - .
Crabgrass . « « « « « « &
Common lespedeza (4) . . . 0-5 (3) 3.5 2.5 -
&ngm‘ (‘) . . . . . .

(1) Use velocities over 5 f.p.s. only where good covers and
proper maintenance can be obtained.

(2) Do not use on slopes steeper than 10 percent.
(3) Use on slopes steeper than 5 percent is not recommended.

(4) Annuals, used on mild slopes or as temporary protection until
permanent covers are established.

(5) U.S. Department of Agriculture, Soil Conservation Service
Engineering Field Manual, 1984,
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5.6 Hydraulic Computations

In order to appropriately analyze general flow conditions for overland
or sheet flows and open channel flows, it is recommended that the Manning
formula be considered. The Manning formula was developed for steady,
incompressible flow and can be applied to a variety of field situations and
conditions. The Manning formula was empirically derived and can be

expressed as

_ 1,486 02/3 1/2
Ve®™p RS (5.26)

where V is the average velocity at a specified cross section, R is the
hydraulic radius, S is the slope of the channel bottom or loss per unit
length of channel, and n is a surface roughness coefficient. Representa-
tive values of Manning coefficients are present in Section . To

N
determine the discharge, Q, tm./\ can be modified to

- Aa436 2/3 1/2
Q=M MARUTS (5.27)

where A is the cross sectional area of flow.

When the area of flow is limited to unit width, the unit discharge, g,
can be determined. A unit discharge approach is oten used for application
to sheet or overland flows.

It is evident that although the Manning formula is simplistic, it
yields a good estimate of the discharge and/or velocity of flow. However,
alternative procedures such as the Chezy formula or many other sophisti-
cated numerical models may also be used.

N
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5.7 Determination of the Manning Rouchness Coefficient

The greatest difficulty in applying the Manning formula is the deter-
mination of the boundary roughness coefficient, n. The n value is an esti-
mate of the flow resistance, to which there is not an exact procedure or
method for determinationy of this vesistouce,

The n values commonly available were formulated for flows in natural
and artificial channels. Factors affecting Manning's roughness coefficient
include surface roughness, vegetation, channel irregularity, channel align-
ment, silting and scouring, obstructions and channel shape. Chow (1959)
and the U.S. Geologic Survey (1967) present a comprehensive list of n
valves for open channel applications. Manning's n values range from 0.017
for smooth channels free from growth to 0.07 for cobble bed streams.

The Manning Equation is commonly used to estimate discharge for over-

land flow, particularly over large areas in which runoff channelization has
not yet initiated. Overland or sheet flow is characterized by flow depth
less than 1.0 ft. and is significantly influenced by the boundary shear or
resistance to flow. Coefficients of roughness for overland flow are
presented in Table 5.2 .
Morris and Wiggert (1972) published a list of n values that have been
adopted by the U.S. Bureau of Reclmtia}angxgrgaented in Table 5.3.
These values apply to well-seasoned, straight channels on mild slopes
flow depths less than 3.0 ft.

A series of Manning Coefficient, n, values were adopted by the U.S.

with
)

Depertment of the Interior (1975) for natural channels and streams. These
values are presented in Table 5.4.

One of the most difficult Manning's roughness values to determine is
for riprap. Riprap serves as an alternative surface stability technique
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that provides considerable resistance to flow resulting in velocity and
energy dissipation. An expression for determining the Manning coefficient,

n. value for riprap ('975) s Mther 5
n=10.0395 (dSO) /;7 (ylff evc (’n d“( 7(/0\;) ] {/L I} (5.28)
n Feet

where dso is the mean rock sizﬂ A graphical representation for determin-

ing 'n' is presented in Fig. $.10 .

2

-
[/a/ 1»0(4' (, l;‘/ E, rg'mu_/ﬂ,
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Chow, V.T., 'Open-Channel Rydraulics’', McGraw-Hill Book Company, 1959.

Barnes, H.H., Roughness Characteristics of Natural Channels. Geological
Survey Water-Supply Paer 1849, 1967.

Fig. 5.10 - Manning's Coefficient for Riprap
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Table 5.2
Coefficients of Rougness for Overland Flow

—eee UK SRR, Yalue of n
Pavements and paved shoulders 0.01
Bare packed soil free of stone 0.10
Sparse grass cover, or moderately rough bare surface 0.20
Average grass cover 0.40
Dense grass cover 0.80

(.~ U.S. Army and Air Force 'Surface Drainage Facilities for
Airfields and Heliports' TM $-820-1 or AFM 88-5, Chapter 1, 19

~

v
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Table 5.3
Manning Coefficient, n ror r.ujh cales.
Channel Manning
Material Coefficient, n
Fine sand, colloidal 0.020
Sandy loam, nan-colloidal 0.020
Silt loam, non-colloidal 0.020
Alluvial silts, non-colloidal 0.020
Ordinary firm loam 0.020
Volcanic ash 0.020
Stiff clay. very colloidal 0.025
Alluvial silts, colloidal 0.025
Shales and hardpans 0.025
Fine gravel 0.020
Graded loam to cobhbles,
nan-colloidal 0.030
Graded silts to cobbles,
colloidal 0.030
Coarse gravel, non-colloidal 0.025
Cobbles and shingles 0.035

Morris, H.M. and James M. Wiggert 'Applied Hydraulics in E:ngimering'
2nd edition 1972 publ. Wiley Sons.
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Table §.4 (SEQ table 5.3)
Manning Coefficient, n, for Natural Channels

—NATURAL CHANNFL, CONDITION VALUE OF n
Smoothest natural earth channels, free fram growth with 0.017
straight alignment

Smooth natural earth channels, free from growth, little 0.020
curvature

Average, well-constructed, moderate-sized earth channels 0.0225

in good condition

Small earth channels in good condition, or large earth chan- 0.025§
nels with same growth on banks or scattered cobbles in bed

Earth channels with considerable growth, natural streams 0.030

with good alignment and fairly constant section, or large
floodway channels well maintained

Earth channels considerably covered with small growth, or 0.035
cleared but not continously maintained floodways

Mountain streams in clean loose cobbles, rivers with vari- 0.050
able cross-section and some vegetation growing in banks, -
or earth channels with thick aquatic growths

Rivers with fairly straight alignment and cross-section, 0.075
badly obstructed by small trees and underbrush
or aquatic growth

Rivers with irreqular alignment and cross-section, moder- 0.100
ately obstructed by small trees and underbrush

Rivers with fairly regular alignment and cross-section, 0.100
heavily obstructed by small trees and underbrush

Rivers with irregular alignment and cross-sectian, covered 0.125
with growth of virgin timber and occasional dense patches
of bushes and small trees, some logs and dead fallen trees

Rivers with very irregular alignment and cross-section, 0.200
many roots, trees, large logs, and other drift on bottom,
trees continually falling into channel due to bank caving

U.S. Department of the Interior, MESA 'Engineering and Design Manual
for Coal Refuse Disposal Facilities’ 1975
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s.8 Cover Frosion Resistance Evaluation

The cover design should be evaluated to determine if the unprotected
slope(s) can withstand overland or sheet flow with a minimum of erosion.
Based upon the site specific cover and precipitation parameters, the design
sheet flow velocity can be estimated. A comparison of the design flow
velocity with the cover permissible flow velocity can be performed. Furth-
ermore, the design velocity can be used to determine the sediment discharge
using the Universal Soil Loss Equation (see Sec. 6) and for sizing stone
protection (see Sec. 5.2).

Determination of the Design Velocity:

The design velocity will be determined fram the peak discharge gen-
erated from the Probable Maximum Flood (PMF). The PMF can be estimated by

a) Using models (HEC-1, USACE, etc.), that are widely accepted by

the engineering profession

bj Applying the Rational Method for tributary areas on the UU

cd

cove:tkmtateleuthano:eqmltoonesqmremile

/Cu
'\." -
The rational formula is commonly expressed as W“ 5(\"08
e 7 M (.20

where Q is the maximum or design discharge in cfs, C is a runoff coeffi-
cient, i is the rainfall intensity expressed in inches per hour and A is
the tributary area expressed in square miles. When a unit width approach
is taken, the area d\aé.-ih expressed as the slope(s) length times the unit
width. Therefore, Egn. 7 _ would be presented as

for a unit width analysis.
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5.8.1 C' Coefficient
The runoff coefficient, C, is related to the type of terrain to
include the material, cover permeability and storage potential. Example
values of the coefficient ‘C' values are presented in Table 5.5 (1958).
Table 5.5 Values of Coefficient C

Type Area Value of C
Flat cultivated land, open sandy soil 0.20
Rolling cultivated land, clay-loam soil 0.50
Hill land, forested, clay loam soil 0.50
Steep, impervious slope 0.95

It is recamended that a conservative estimate of, C, for PMF camputations
//50 (Okr‘-de I _( .
is 1.0. -éﬁcé:tz.::tr_{g’ va JG-’g-"f’h by G'.L{’o(‘; © Suf‘pﬂ(i, Mindn

!
5.8.2 Bainfall Intensity (isahed,
In order to determine the rainfall intensity, i, the time of concen-
tration, tc' must be estimated. The time of concentration can be approxi-

mated by: -
a) Applying one of the accepted mathematical models
b) Assuming that the average sheet or overland flow
velocity down the entire length of slope is
approximately equal to 1/2 of the design
velocity. The time of concentration is

(seconds )

- -Slope length
c ave. velocity (5.31)
where the time of concentration, tc' should be converted
to minutes.
¢) Using the Soil Conservation Service (SCS)
Triangular Hydrograph Theory ( ), the

/
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Table 3.3. Rational Runoff Coefficients
(after Schwad et al., 1971).

Topography

__S0il Texture
and

6pvﬁ S;ddy Lo Clay and Silt

"x i Ll Values of C in Q= Cian

» ri&F?

Clay

Vegetation Loam Loan
Woodla T“g
Flat 0-5% slope 0.10 0.30
Rolling 5-10% 8lope 0.25 0.35
Hilly 10-30% slope* 0.30 0.50
Pasture
Flat 0.10 0.30
Rolling 0.16 0.36
Hilly 0.22 0.42
Cultivated
Flat c-¢2 ) t 0.30 0.50
Rolling ¢ % Flohs 0.40 0.60
Hilly 2 0.52 0.72

applying the Rational Formula
must be realized.

(=]

.40
.50
0.60

o

o

.40
«55

o
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time of concentration is

ool o (rel )

-
4

(5.32)
00078 Lo..‘-ls -0 . F8S (G ﬂ) "(QH ‘. gt (,h'll\( Fv,‘l ‘;,e'

of Y dvolig | 970
where L is the length of the longest water oouzse {ran ) (D-M. Gray)

point of interest to the tributary divide, in miles, H is
the difference in elevation in feet between the point of
interest and the tributary divide. in feet.

The time of concentration will be expressed in hours
and should be converted to minutes.

Once the rainfall duration or time of concentration is determined, the
rainfall depth can be computed based on the PMP intensity values estimated
in Sec. 2.2.2.

5.8.3 Tributary Area

The tributary area shall be expressed in a unit width format. There-
fore, the area is the length of the longest expected or measured water
course multiplied by the unit width converted to square miles.

5.8.4 @Sheet Flow Velocity

The design velocity can be estimated by solving the Manning formula
presented in BEgn. ’ « It is assumed that the Bydraulic Radius. R, is
approximately equal to the flow depth, y., and that the design discharge is
equal to that estimated by the rational method. Therefore, the depth of

flow is
3/5

[1.436 gt/d (5.33)

Therefore, tle design velocity is estimated as
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Vm“m = Q/A (ft/sec) (5.34)

References
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Office, 1977.
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5.9 FElow Concentrations

Despite the extensive efforts of the impoundment reclamation designer,
reviewer, contractor and inspector, the topographic features of the cover
will alter over time without continual maintenance. Cover modifications
will result from differential settlements, collapeing soils, marginal qual-
ity control in cover placement, erosion, major hydrologic events and moni-
toring disturbance. Because of these unpredictable and generally uncon-
trollable events, tributary drainage areas evolve that were not originally
designed or constructed. me%&!ﬁu that the peak discharge and volume
of runoff exceed design levels and increase the erosion potential. The
ratio of the actual peak discharge at a design point on the cover to the
design peak discharge is considered the flow concentration and can be

expressed as

Qgesign — (5.3%)

The peak discharge at a design point is a function of the amount of
precipitation, the trioutary drainage area, the slope of the drainage
basin, the basin contouring, the cover material and cover protection. Any
modification in one or more of these parameters can impact the outlet peak
discharge. The cover design must account for these potential changes in
the form of a concentration or safety factor. Therefore, a flow concentra-
tion factor should be incorporated into the design process to adequately
evaluate the soil resistance to erosion, to adequately select and evaluate
alternative protective measures and to size riprap when warranted.

It is difficult to accurately predict the value of the flow concentra-
tion factor since little information is currently available to substantiate
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design upper limits. However, it is reasonable to assume that values
between 2 and 3 are attainable with only a slight evolutionary change in
cover. It is recormended that a conservation concentration factor be used
until additional research can justify a reasonable range of values} or (:1 t w
To incorporate the flow concentration factor into the stone sizing
procedure of any riprap design method, multiply the design peak discharge
by the flow concentration factor. All subsequent computations, i.e. velo-
city and depth estimate, stone size determination, etc., will reflect the

influence of the flow concentration factor.

i — -th" r ) S A‘
' éwéqtfiftbt1fc{" 'S :‘V'f"//uq /ZZ Yo « owu/’(’i Ja) e ~

‘\\\S ¢ ‘f‘#/P w t{’



6.0 EVALUATING THE POTENTIAL FOR SURFACE SIEET EROSION
6.1 Intraduction

Due to the fine-grained noncohesive nature of uranium tailings, these
materials are highly erodible when subjected to the erosive forces of wind
and water. The high potential for sheet erosion and the potential for
transportation of eroded tailings away from the impoundment area are the
principal concerns dictating the need for sound engineering design and
proper construction of a stable cover material over the tailings material.
This chapter presents a discussion of the engineering analysis techniques
that will be used in the Phase II study effort to evaluate the surface ero-
sion %tial and predictive capabilities for estimating the life of pro- X

tective covers.

6.2 Background

Soil particles can became detached when the impact of rainfall, or the
stresses caused by wind or water, are in excess of the ability of the soil
to remain stable. Factors which tend to stabilize the soil and retard or
resist such erosive forces include natural vegetation (ground cover) and
protective rock covers. The design of any protective soil cover over
uranium tailings must consider this detachment process and properly con-
sider this erosion potential over the entire period covered by the reclama-
tion.

The application of the Universal Soil Loss Equation (USLE) is con-
sidered to offer the most rational approach to evaluate the long-term ero-
sion potential from an upland area similar to that of the area covering a
reclaimed tailings pond. Recent investigations into appropriate methods of
modeling major types of sheet erosion (Nelson, et al., 1983; Nyhan and

-~

Lane, 1983; and Walters, 1983), indicate that whereas other, more

R AR R U TS TR YO IR Wit FgReu



mathematically rigorous, models do exist to simulate erosion as a function
of time, the use of the USLE has a strong precedent since it has a 30 year

history of basic runoff and soil loss data.

6.3 The Universal Soil Loss Equation
6.3.1 Description of the Equation

The USLE is a mathematical model based on field determined coeffi-
cients that is used to evaluate average soil losses for certain types of
slopes as a function of time. The basic development of the USLE does not
consider the potential for qully development or intrusion as discussed in
Chapter § since the topographic features of the relationship are assumed to
remain constant with time. The USLE is defined as follows:

A = RKLSCP
where,

A = the computed loss per unit area, expressed in the units
selected for K and for the period selected for R, usually
selected so that they compute A in units of tons per acre

per year;

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

K = the s0il erodibility factor, which is the snil loss rate per
erosion index unit for a specified soil as measured on a unit
plot, which is defined as a 72.6-ft length of uniform 9% )
slope continuously in cleartilled fallow; J
L = the slope-length factor, which is the ratio of soil loss from
the field slope len to that from a 72.6-ft length under

Etheryise ihﬁ@w foitée S/c/e under censcderakion. )
E tThe

S = the slope-steepness factor, whic ratio of soil loss
from the field slope gradient to that firom a 9% slope under

Qm_ i.§_§d¢"}W o thse o F the 5/1/0 under wnf"alffﬂ)('b"-

C = the cover management factor, which is the ratio of soil loss




from an area with specified cover and management to that from
an identical area in tilled continuous fallow;

P = the support factor, which is the ratio of soil loss with a

support practice like contouring, stripcropping, or terracing
to that with straight-row farming up and down slope.

Since its development in 1954, the USLE has been the focus of on-going
continuous research and verification, which is the main reason for its con-
gideration in evaluating the design of tailings covers. Since 1963, the
USLE has been expanded for use in different climatic conditions, and addi-
tional land uses and management practices. The bulk of the on-going
research indicates that although the variables affecting the input parame-
ters to the USLE, in particular the erosion factors, vary considerably
about their means, the effects of random fluctuations tend to average out
over extended periods. These results suggest that the application of the
USLE is less accurate in estimating losses for a specific storm than for

the prediction over longer periods.
6.3.2 The Rainfall and Runoff Factor (R)

As noted by previous research at Los Alamos National lLaboratory (Nyhan
and Lane, 1983), the R factor as used in the USLE is often misinterpreted
only as a rainfall factor. In reality, it mstt.he raindrop
inpact and provide information on the amount and rate of runoff likely to
be associated with the rain. More specifically, the R factor is described
as a rainfall and runoff factor and is computec as the product of rainfall
storm energy (E) and the maximum 30-minute rainfall intensity (Iso). How-
ever, for the Phase 2 studies, it will be assumed that rainfall intensity
records are @gmble ;m?&fs{'g ?;ite. Data for the R value will be
chosen from an appropriate value shown m@whidu presents con-

tours of average annual values of the rainfall  erosion index for the

\\I\'-ﬁ given



rom an area with specified cover and management to that from
én identical area in tilled continuous fallow:

v'; P = the support factor, which is the ratio of soil loss with a
support practice like contouring, stripcropping, or terracing
to that with straight-row farming up and down slope.

Since its development in 1954, the USLE has been the focus of on-going
continuous research and verification, which is the main reason for its con-
eideration in evaluating the design of tailings covers. Since 1965, the
USLE has been expanded for use in different climatic conditions, and addi-
tional land uses and management practices. The bulk of the on-going
research indicates that although the variables affecting the input parame-
ters to the USLE, in particular the erosion factors, vary considerably
about their means, the effects of random fluctuations tend to average out
over extended periods. These results suggest that the application of the
USLE is less accurate in estimating losses for a specific storm than for

the prediction over longer periods.
6.3.2 The Rainfall and Runoff Factor (R)

As roted by previous research at Los Alamos National Laboratory (Nyhan
and Lane, 1983), the R factor as used in the USLE is often misinterpreted
only as a rainfall factor. In reality, it must quantify both the raindrop
impact and provide information on the amount and rate of runoff likely to
be associated with the rain. More specifically, the R factor is described
as a rainfall and runoff factor and is camputed as the product of rainfall
storm enerqgy (E) and the maximum 30-minute rainfall intensity (I,o). How-
ever, for the Phase 2 studies, it will be assumed that rainfall intensity

A verye “R records are not available for the study site. Data for the R value will be

/l'dy ,mf be
jocd em@:p chosen from an appropriate value shown on t@ which presents con-
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tours of average annual values of the rainfall| erosion index for the

g ] L
Y T We can get sife-specific Lzo. Can I ‘ven !
v € we a/jo Ca/cu/af!’ flff"-s'pec;'flc E = N -\, j‘ .

jnstead of using average=3- R-yaju€s, of mao/"6 average f-yalics
bas€d en dz(ie,what T3, values are us€d fov ayersge amneal L-vakies )|

¢.9 s
Tsrar



R sheuld 1) be sife -specfic and 2)

apply fo e desjn peried (1€, L€

continental United States. ﬂa{l"”‘" o iy P et Bng, T ,'m/)
(SLE ‘EFecrcr) Corw et DarRIAG p/E MHidAY

srwccrion) | pp &-
6.3.3 The Soil Erodibility Factor (R) © < 71°%, pp 5-6)

The soil erodibility factor (K) recongnizes the fact that the erodi-
bility potential of a given soil is dependent on its compositidnal makeup,
which in turn reflects the grain size distribution of the soil. The factor
also considers the percentage of organic matter present, the type of soil
structure., and a class of permeability. A nomograph for use in determining

the K factor is presented in égute 6.2.) 7

6.3.4 The Combined Topographic Factor (LS)

Although the effects of both length and steepness of slope have been
investigated separately in different research efforts, it is more con-
venient for analytical purposes to combine the two into one topographic
factor, LS. Wischmeier and Smith (1978) develcoped plots correlating the
topographic factor for slopes up to 500 meters in length at slope inclina-
tions from 0©.5% up to 50%. The slope effect chart is presented in Figure

s
6.3.5 The Cover Manzgement Pactor (C)

The C factor is the most difficult factor to estimate in the USLE
since it involves so many interrelated factors. In its original develop-
ment, a value of C equal to unity is assumed for an area that is tilled and
continuously fallow. Based on field experience and limited research data,
Meyer and Ports (1976) published C factors that have direct applicability

for protective cover options which are reproduced in @ C factors
for other typical types of vegetative canopy supported/ on the protective
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cover are presented in Table 6.2. /
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6.3.6 The Support Practice Factor (P)

The support practice factor is the ratio of soil loss with a specific
support practice to the corresponding loss of upslope and downslope
straight-row farming. Since the application of the USLE for the present
study does not assume that any practice will occur once a site has been
reclaimed, the support factor to be used should follow that recommended by
Wischmeier and Smith (1978), which is reproduced as 'mble, 76.3. These data

indicate that the P value is simply a function of the ultimate slope of the
reclaimed surface.

6.4 Proposed Methodology

-

{ ‘me min’amliéatim of the USLE to the evaluation of cover integrity
is to evaluate whether it is possible for sheet erosion to penetrate the
tailings cover, thereby exposing bare tailings and constituting a failure
of the cover. The Phase 2 study effort will concentrate on using the USLE
for acvetal ute:nate cover designs in order to evaluate whether the pro-

24 _'l!:aed ’amﬁ apE!ach cah be successfully used to easure)the e n—

Zintegrity of &zotective s0il covers for uranium tailings reclamation.

ﬁterr-itive gaxgns" will “be compared, both from a standpoint of overall
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7. Selection of Riprap /A{SO e qunt? %“5.
e gartT
7.1 Introduction on

This section provides a methodology for selecting and oversizing
riprap. Long-term performance objectives may be achieved with either high
quality, weather resistant rock or suitably oversized marginal quality rock
which is less resistant to weathering processes. However, marginal quality
rock shouli be excluded from use in certain critical areas (see Section
5.2). Oversizing may be accomplished in either of two ways: 1) by
increasing the design size of individual stones or 2) by increasing the
thickness of the riprap blanket.

Oversizing individual stones of marginal quality rock will not com-
pletely remove uncertainty in meeting performance objectives. Weathering
rates of marginal quality rock (especially when placed in positions of
exposure) cannot be determined with any degree of reliability. Thus, over-
sizing adds only an unknown incremental degree of long-term erosion protec-
tion.

There is evidence to suggest that increasing the thickness of a riprap
blanket is afeffective alternative to oversizing the stofs. Hanegan (1984)

X

discusses the use of marginal quality riprap on the outer shell of a damy Jecate |
n

The outer 3 feet of the shell had deteriorated badly within seven year's

after placenent. The next 3 feet showed only hairline cracking and below

Wdeterioration was observed. Hanegan believes that the
buried rock experienced little alteration because temperature and moisture

content fluctuations were minimal.



The riprap selection methodology developed in this section assumes

reasonable care in quarrying, transportation, and placement of rock. Per-

formance of riprap is as much related o handling practices as it is to

e

selection of raw materials. It is the responsibility of the licensee to
exercise reasonable care in the handling of riprap. Without proper han-
dling even the most carefully selected rock may fail to perform up to

expectatiaon.

7.2 Micro-Bnvizonnental ¥Considerations

Basically there are two distinctly different environments affecting
the durability of riprap in the uranium mill tailings management area.
They are: 1) the relatively small but frequently saturated areas at and
near the downstream toe of an embankment dam, 2) the somewhat larger areas
that are occasionally saturated during flood events, and 3) the much larger
areas farther up the embankment face that are rarely saturated during
extreme events on the tailings cover and in periferzl drains which are used
infrequently to divert run-off water awav from the tailings. The upper
elevatians of frequently and occasionally satursted zones may be defined as
the annual and 20 year flood events, respectively.

Zoned construction of riprap blankets will be a practical necessity at
most uranium mill tailings management areas in the United States. Fre-
quently saturated a.eas will require erosion protection by highly durable
riprap which is generally not locally available (Nelson and others, 19£3).
Small quantities of good riprap can be transported significant distances
without placing an undue burden on the licensee. However, to holgnggs'
within reason local sources of marginal quality riprap should be considered

for protecting the much larger areas that are infrequently or rarely



saturated.
7.3 Riprap for Frequently Saturated Areas
7.3.1 Recommended Rock Types

Only highly durable rock should be considered for use in frequently
saturated areas. «‘Jahns (1982 Eug'?;;;t; ::t;;{réc‘k‘ss :\eetmg the specifica-
tions of superior building stone for exterior use should be relatively
resistant to weathering. Table 7.1 lists these rocks in three priority
groupings. Groups 1 and 2 are igneous and metamorphic rocks of @
and acceptable rank, respectively. Group 3 rocks are carbonates which are ‘S’GT} "8

vulnerable to decomposition in an acidic environment. Thus, Group 3 rocks Build: 'j

V{M\l
should not be considered for use in stabilizing potential seepage zones of ::L :5:
"
acidic tailings impoundments (Nelson and other, 1983). (-A/w/ ¢ x,opc-{o J, as ;a'
LJMTRA S i fef 5)
7.3.1.1 Prospecting .

Extersive data files are available for locating suitable and assess-

able igneous and metamorphic rock guarries in western Unitec States. Among
them are the open-file of the U.S. Armmty Corpe of Engineers (COE), the U.S.
Bureau of Reclamation (USBR), and various state highway departments. These
data provide quarry location, petrographic analyses, results of various
durability tests, and intended uses for the rock. Also, Esmiol (1968) pro-
vides an analysis of performance of riprap at 149 USBR dams. It should be
possible to identify several candidate sources of durable riprap within égg

mJLrof a mill tailings site.

VWY



Table 7.1 Rock priority groupings for external
use as bujlding stone. (Sourc:: Jahns, 1982)

Group Type
1 Quartzites, noncalcareous slates, fine- to medium-grained
felsic granites or granitic gneisses
2 Coarser grained granites or gneisses, dense basalts/or
diabases
3 Marbles, limestones, dolomites

[ o S S O R S S o S S S S S S S S S S 2 3 2 g 8 gy Errrcnses

In general it will not be practical to open a new quarry closer than
an existing quarry in cases where relatively small qué';ities of riprap are
required. Exploration and development costs would likely exceed the sav-
ings in transportation costs that might be achieved from hauling a rela- .

tively small volume of rock.

Candidate sources of riprap should be studied in place for comparison
of lithologic and structural features, outcrop characteristics, and rela-
tive degrees and styles of weathering. These rocks should also be studied
in quarry spoil piles, nearby talus accumulations, at dams, other struc-
tures and monuments where they were used.

7.3.1.2 Selection

The quality of candidate sources of riprap can be compared with one
another by examining the results of standard durability tests. DePuy and
Ensign (1965) proposed a list of acceptance criteria (Table 7.2) for vari-
ous durability tests. Results of most of the tests in Table 5.2 as well as
petrographic analysis are available from QOE, USBR, or state highway



department open-file data. Thus, preliminary comparisons and acceptability
among candidate sources of riprap cq':be made without performing additional
tests. DePuy (1965) also rated the ability of durability tests to accu-
rately predict rock quality (Table 7.3). At present, the USBR places even

greater importance on petrographic analysis than that indicated in Table
7.5.

Two facts must be kept in mind regarding standard durability tests and
open-file data. First, most tests are performed on small specimens
intended for use as concrete aggregate. Second, DePuy and Ensign’s accep-
tance criteria were developed for riprap to be used as upstream slope pro-

tection against erosion by waves.
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Table 7.2 U.S. Bureau of Reclamation standards for judging
riprap durability (DePuy and Ensign 1965).

Quality

Test Poor (1) Fair (2) Good (3)
Ultrasonic cavitation rating Oto § 5to?7 7 to 10
Bulk specific gravity 2.5 2.5 to 2.65 2.65
Adsorptian % 1.0 0.5 to 1.0 0.5
Freeze-thaw weight loss, %(a) ) 0.5 0 to 0.5
Naza)4 weight loss, % 10 S to 10 5
Los Angeles abrasion loss, %(b) 10 5 to 10 5
Schmidt impact hammer 40 40 to 60 60
Scleroscope 30 30 to 50 50
Coefficient of restitution(c) 0.5 0.5 to 0.7 0.7
Tensile strength. pei 500 500 to 1,000 1,000
Compressive strength, pei 15,000 15,000 to 20,000 20,000
Sonic velocity, rt/sec 15,000 15,000 to 17,000 17,000

(a) 250 cycles

(b) 100 revolutions
(c) rebound hardness
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riprap durability (DePuy and Ensign 1965).

Quality

Test Poor (1) Fair (2) Good (3)
Ultrasonic cavitation rating Oto S Sto1 7 to 10
Bulk specific gravity 2.5 2.5 to 2.65 2.65
Adsorption % 1.0 0.5 to 1.0 0.5
Freeze-thaw weight loss, %(a) 5 0.5 0 to 0.5
Na,S0, weight loss, % 10 5 to 10 5
Los Angeles abrasion loss, %(b) 10 5 to 10 5
Schmidt impact hammer 40 40 to 60 60
Scleroscope 30 30 to 50 50
Coefficient of restitution(c) 0.5 0.5 to 0.7 0.7
1onsile strength, psi 500 500 to 1,000 1,000
Corpressive strength, psi 15,000 15,000 to 20,000 20,000
Son ¢ velocity, ft/sec 15,000 15,000 to 17,000 17,000

(a) 250 cycles

(b) 100 revolutions
(c) rebound hardness




Table 7.3 Comparative rating of selected riprap durability tests for

determining rock quality. The ability of a test to accurately predict

rock quality is rated against a determination of rock guality using
petrographic examination (DePuy 1965).

Percent Agreement

Rating Test Method With Rock Quality
1 Petrographic examination 85
2 Tensile strength 84
3 Specific gravity 80
4 Schmidt hammer 79
5 Absorption 75
6 Freeze-thaw 70
6 Compressive strength 70
6 Scleroscope 70
6 Sulfate soundness 70
10 Coef. restitution 65
11 Pulse velocity 60
11 Cavitation 60
13 L.R. abrasion 50

The acceptance criteria of Table 7.2 and the ratino system of Table
7.3 require modification ir response to special environmental conditions
along an embankment toe. It is expected that such areas will be chioni-
cally subject to greater tensile stresses frun frost wedging, salt cry-
stallization, absorption-desorption, and greater chemical weathering rela-
tive to reservoir embakments being protected from waves. On the otherhand,
impact, abrasion, and compressive streses will be less important. Impact
and abrasive stresses will occur infrequently in response to occasional
flood events. Table 7.4 is a suggested new rating system. Table 7.5 pro-
vides acceptance criteria for petrographic analysis in addition to other
criteria listed by DePuy and Ensign.



Overall quality test scores (%) for candidate sources of riprap can
be determined from Tables 7.2, 7.4, and 7.5. The same numbeyv (2 to 4,
depending on available information) of tests should be selected from each
of the three categories in Table 7.4 for comparative analysis. Then their
quality scores ‘Ni‘ N=1, 2, and 3 for poor, fair, and good) are multiplied
by their weighting factors (Wi) and sumed to obtain their overall test

n
scores (Qp = 71_\-1 Ni wi).

If a riprap source has a test score exceeding 80% of the maximum pos-
gible score it would be considered conditicnally acceptable for use at the
toe of an embankment. Thus, an acceptable test score may range from 10.8
to 21.7 depending on the number of durability tests available in the scor-

ing process.

To assure that a correct choice has been made several additional dura-
bility tests are recomended. Two of these tests are more detailed petro-
graghic analyses and a thirc¢ is a freeze-thaw test on block samples. Also,
any available test results not used to compile test scores should be taken

: / >
into consideration. Aow .
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Table 7.4 Conparative ratings and weighting factors of selected riprap
Ao dViheo bbb M AL ofbee TeTheus SO
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Weighting

Category Test Method Factor
General Bulk composition 1.00
weatherin? Secondary mineralization and weathering 1.00
potential Fracture density 1.00
Specific gravity 1.00

Tensile Tensile strength 0.75
strength Sulfate soundness 0.75
Freeze-thaw 0.75

Absorption 0.75

Conpressive Schmidt hammer 0.50
strength, Compressive strength 0.50
impact, g.nd Scleroscope 0.50
abrasion Coef. of restitution 0.50

1 pased on petrographic analysis.
2 other tests in the third category are pulse velocity, cavitation, and

Los Angeles abrasion tests. These are less reliable tests according to
DePuy.

o, )/.V
Table 7.5 ?&:im\al petrographic analysis acceptance criteria.
Ny

Foor (i) Fair (2) Good (3)
Bulk ccnpositiml Group 3, other Group 2 Group 1
Secondaery mineralization Carbonates Other clays, No clays or
and weathering and/or smecktites /f men.swe//ing  carbonates
Fracture density >1/30 em 1/30 awFdi/m  <1/m

1 Groups 1, 2, and 3 rocks, see Table 7.1.

Lutton and others (1981) states that freeze-thaw tests on 5§ an (2 in)
slabs often fail to predict the performance of riprap in place. Standard-
ized freeze-thaw tests were designed to analyze the quality of rock for use

as concrete aggregate. Lutton suggests that freeze-thaw tests on full
T T s T AT S R S

sized blocks veigh_ing up to a metric ton are more accurate indicators of
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riprap performance than are similar tests on § cm slabs.

X-ray diffraction analysis should be performed on ‘{:T}; candidate
gources of riprap mim,@_@w for use. If smecktite clay
minerals or carbonate minerals are identified by X-ray analysis, further
chemical tests will be necessary. The ethylene glycol test is standard in
many QOE districts when the presence of smecktites is suspected (Lutton and
others, 1981). Joints in rocks are often sealed by secondary mineraliza-
tion. Carbonate mineralization is the second most common form of secondary
mineralization (quartz veins being most common). Their presence could be
ascertained by placing fairly large rock specimens in a strongly acidic
solution. Acceptance criteria for these tests ure provided in Table 7.6.

g {m]' Reaction to either ethylene glycol or acid should result in rejection.

Two alternatives to rejection are possible in cases where smecktites
or carbonates are identified by X-ray diffraction analysis but no chemical
reactions occur. Stones oould be oversized or, where carbonates are
present, crushed limestone could be placed between blocks of riprap to
buffer any acid solutions coming in contact with them.

Table 7.6 Acceptance criteria for X-ray
diffraction analysis and chemical tests.

Reject Conditional Accept
Strers Reaction to Either smecktites Neither smecktites
? “ ethylene glycol or carbonates nor carbonates
or acid are present are present

Test scores cannot be compared on an industry wide basis. The types
of durability tests run on quarry stone tend to be relatively uniform

«10=
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within given USBR and COE districts or state hichway departments but they
may vary between districts and states. For example, freeze-thaw tests are
rarely performed in southern Texas and wetting and drying tests are rou-
tinely performed only where freeze-thaw tests are not performed, generally

in the southeastern states and Texas (Lutton and others, 1981).
7.3.1.3 Oversizing

Riprap containing smecktites may require oversizing. Groups 1 and 2
rocks containing these clay minerals may not perform well when tested by
atsorption, freeze-thaw or wetting and drying. Solving the problem by sim-
ply oversizing individual stones has two serious limitations. According to
the USER the maximum practical size is about one cubic meter. Furthermore,
the weathering rate is unknown. Thus, increasing the stone size has no

rationale on which to base a decision.

More positive protectia% can be provided by thickening the riprap
blankeths well. Hageman (1984) suggests that the rate of Geterioration of
marginal quality riprap is a function of the depth of burial. Marginal
quality rock exposed at the surface deteriorates rapidly. The same rock
placed at depths where temperature and mc sture fluctuations are minimal

experiences little or no deterioration.

A riprap blanket utilizing marginal quality stone can be designed
based on the ALARA principle. First, a design thickness base course is
emplaced. Then, the base course is protected by atop course of oversized
stones emplaced to a thickness sufficient to protect the base course from
frost penetration. Maximm practical stone sizes should be used for this

purpose. Smaller sized stones should be added to the top course to provide

-11~



additional insulation as well as to control moisture content in the base

ocourse.
7.3.2 Alernative Rock Types

Coarse cobblestones and small boulders excavated from nearby abandoned
or existing stream channels are the most widely considered alternatives to
quarried rock. Desert armor and glacial outwash deposits are less common
alternatives. Coarse alluvium has been used at a number of UMIRAP sites.
Examples are the Gunnison and Grand Junction tailings piles in Colorado and
at Riverton., Wyoming.

Channel and outwash deposits and desert armor are inferior to quarried
igneous and metamorphic rocks because of their heterogeneity and size limi-
tations. Cobblestones are most likely to be Group 1 or Group 2 rocks of
Table 7.1. For example, Wind River gravels are mainly igneous and
metamorphic rocks washed downstream from distant sources high in the Wind
River Mountain Range. Much coarse alluvium is reworked heterogeneous gla-
cial outwash material that was transported downstream during more pluvial
periods of the late Pleistocene. Much desert armor is a lag deposit of
glacial till or alluvium wherein finer graned materials have been removed
by wind erosion. Boulder sizes may range up to about 30 cm.

Although channel deposits are heterogenecus they seldom contain sub-
stantial amounts of nondurable rock. Except for a few kilometers down-
stream from its area outcrop nondurable rock-such as sandstone —cobbles- is
conspicwusly absent from alluvial and outwash deposits because it rapidly
disintegrates by shaking, abrezsion, impact and freeze-thaw.

7.3.2.1 Prospecting

- 3=



Generally, suitable alluvial deposits are found only on terraces,
flood plains, and channels of major streams whose headwaters originate high
in nearby mountain ranges. The three UMIRAP mills previously cited are
adjacent to the Gunnison, Colorado and Wind rivers. Many abandoned
(UMIRAP) and older operating mills are located adjacent to streams. Fewer
than half of these strams contain adequate riprap resources. None of the

newer mills is located near a major stream.

A few mills may be able to utilize glacial outwash or desert armor as
riprap. Glacial outwash and desert armor are found in Washington and the
desert southwest, respectively.

Data sources for the location of gravel pits and durability tests for
coarse aggregate are the same as those listed in Section 7.3.2.

It may be worthwiule to develop local‘ sources of alluvium or desert
armor. The fluvial geomorphology of & region should be studied in an
attempt to fird new sources of channel deposits. Topographic maps and
aerial photographs are the best sources of information. Desert armor is
difficult to identify from maps and photographs and more extensive ground

reconnaissance will be required to locate it.
7.3.2.2 Selection

A rigorous selection process like that described in Section 7.3.2 is
urwarranted for evaluating glacial outwash deposits., alluvium, or desert
armor. Unlike rock quarried in place, the above deposits are lithologi-
cally heterogeneous so that representative sampling will be difficult to

achieve.
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In any event these rocks survived sporadic transport over many
thousands of years from outcropping source rocke located up to several h‘un-
dred kilameters away. These rocks have been subjected to natural long-term
durability tests in a harsh environment that could never be duplicated in
the laboratory. Their lithology and degree of rounding suggests that their
source beds were located at distances suggesting that considerable time was

required to transport them to their present location.

Several alluvial sources of coarse aggregate should be evaluated for
selection as riprap. (haracteristics of deposits vary from one stream to
another in terms of grain size distribution and lithology. After design
size criteria .ave been met the lithology should be examined in more
detail.

The purpose of a lithologic study is to determine the percentage of

How i« € 4o ke removed #n o

nondurable rock so that the cost of its tér‘pza‘l\cnn be estimated. Samples
should be drawn from each potential source population and examined for the
presence of Group 1 and Z rocks (Table 7.1). Rock samples can be identi-
fied by breaking open and observing the fresh surfaces. The percentage of
durable rocks (D ) is the sum of the number of Group 1 (R;) and Growp 2

P
(R,) rocks which break with difficulty divided by the total number of rocks

[ +
sampled (Tg): Dp - -%ﬁl x 100. The standard deviation should be
r

reported to determine whether differences in composition between sources
are real or are the results of sampling error. Large numbers of samples
reduce the likelihood of sampling error and may be required to determine
whether differences in composition are real. If there are no real differ-
ences in composition, selection should be based on land acquisition, exca-

vation, and transporation economics.
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Nondurable rocks, organic debris, and fine grained material must be
removed before alluvium can be used as riprap. Nondurable rocks (for exam-
ple. sandstone) will not survive a trip through a grizzley. Rock fragments

and fine grained material can be washed through a screen and larger frag-

—Cu @ Profuekion kal..

ments of organic debris can be @Sﬂv{@r Channel deposits from
present streams will require a minimum of washing but they may have more
nondurable rocks in them depending on the downstream distance from sand-

stone outcrops.
7.3.2.3 Oversizing

If all the nondurable rock is removed oversizing should not be neces-
sary. If some nondurable rock remains the riprap blanket'’s thickness could
be increased in proportion to the percent of nondurable rock present.

7.4 Riprap for Occasionally Saturated Areas
7.4.1 Recommended Rock Types

Any rock that is aocep&ble for use in occasionally saturated areas.
However, highly durable rock such as that described in Section 5.3 may not
be locally available in sufficient quantity to protect the larger but occa-

sionally saturated areas.
7.4.2 Alternative Rock Types

The most common local sources of riprap are sandstone and siltstone.
Occasionally, carbonate rock may also be locally available. These rocks
are of generally poorer quality in relation to those previously discussed.

7.4.3 Prospecting



Prospecting for suitable sandstone, siltstone 9’1' carbonate rock is
outlined by Foley and others (1985). Mis a flowchart showing
steps leading up to laboratory testing. The first step is to find ledge
forming strata with talus slopes consisting of fresh rock. Geologic maps

and aerial photographs are suitable for locating resistant strata.

The age of talus deposits may be difficult to determine, however,
there are several methodologies. Absolute age can be determined by the use
of radiocarbon dating and dendrochronology. Other features that ocould be
used as evidence of substantial age include the presence of desert varnish
or surfaces dulled by oxidation, hydroloysis, and growth of lichens.

Apparently resistant ledges of rock ehould be examined in detail for a
nunber of other features. Joint spacing should be noted and the rock
should be broken with a hammer. FEasily broken rock and rock with closely
spaced joints should be rejected. Rock containing abundant organics, clays
or carbonate minerals should be considered undesirable but possibly accept-
able in the event a clean indurated sandstone cannot be found.

7.4.4 Selection

Acceptibility criteria can be relaxed for the use of marginal quality
rock in occasionally saturated areas. Such areas will experience slower
rates of chemical weathering and reduced deterioration from cyclic freeze-
thaw and wetting and drying. Furthermore, impact and abrasion from flood

events will occur less often.

Relaxation of standards is accomplished with two modifications to the
methodology developed in Section 7.3.1.2. First, the weighting factor in

the tensile strength category is reduced to 0.50. Second, a test score

il



exceeding 60% of the maximum possible score would be considered condition-
ally acceptible for use in occasionally saturated areas. Thus, an accept-
able test score may range from 7.2 to 14.4 depending on the number of dura-
bility tests available in the scoring process.

One difficulty arises in attempting to apply this methodology to local
sources of sandstone, siltstone or carbonate rock. Established quarries
will not likely be nearby. Therefore, it may be necessary to evaluate

stratigraphic analogues from more distant sources.

Confirmation of acceptability of a nearby source will still be
required. This can be accomplished by: 1) appraising its general weather-
ing potential (Table 7.4), 2) either performing tensile strength tests
(Table 7.4) or slake-aprasion tests as described by Foley and others

(1985), and 3) performing a series of mineralogical-chemical tests.

Mineralogical-chemical tests include X-ray diffraction analysis,
ethylene glycol tests, and response to immersion in acid. The same
acceptance-rejection criteria would be required as described in Section
7.3.1.2. If carbonate minerals are present but the rock does not react
vigorously with acid, then carbonate aggregate could be placed in inter-
stices between blocks of riprap to buffer any acidic solutions that might
be present. This would not be rejuired for carbonate riprap which would be
self-buffering. If smecktite clay minerals are present but there is little
reaction to ethylene glycol oversizing would be an acceptable alternative

to rejection.
7.4.5 Oversizing

b
Oversizing methodology is the same as that descr%d in Section
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7.3.1.3.

L 7.5 Riprap for Generally Unsaturated Areas
The methodology is essentially the same as that developed for Section ‘

reolizatton |
7.4. The only diffrence is the further relazation of acceptance criteria |

in response to diminishing frequency of freeze-thaw, wetting and drying, ‘
impact and abrasion. It is suggested that durability test scores exceeding |

50% of the maximum possible score would be conditionally acceptable for use

in seldom saturated areas. ;
|
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Comments Rggarding Chapter 7 - Selection of Riprap*, from
Methodology for Evaluating Long Term
Stabilization Designs of Uranium Mill Tailings Impoundments"

Comment No. 1 - Increasing Thickness of Riprap Blanket to Compensate
for Marginal Quality of Rock (Page 1, Section 7.1): The fact that the
rock below a depth of six feet showed 1ittle or no deterioration within
seven years after placement does not indicate the thickness of extra
rock that should be placed for a 200-year design. The deteriorated
rock could be removed by storms early in the design period. Unless it
can be shown that this approach will provide 200-year protection it
will probably be more cost effective to use the calculated blanket
thickness, based on maximum particle size, and face the problem of
adding additional rock if it later becomes necessary. To place an
arbitrary extra thickness of rock during remedial action may be a waste
of funds and resources.

A more rational approach involving increasing the size of the rock to
be provided is recommended by PNL (Ref. 1, page 5). The weight loss
expected for the design period is determined from slake-abrasion tests
on rocks which have been exposed to various periods of the local
climate (to account for chemical effects). This approach could be
augmented, as follows: For locations subjected to freeze-thaw cycles,
include weight loss due to freeze-thaw cycles on full size block
samples; for locations subjected to sulfate in the local environment
include weight loss determined from sulfate soundness tests; and for
cases involving wetting and drying without abrasion include weight loss
determined by wetting-drying tests.

Comment No. 2 - DePuy and Ensign's Acceptance Criteria for Riprap (Page
5, Section 7.3.1.2): 1he statement is made that DePuy and Ensign’s
acceptance criteria were developed for riprap to be used as upstream
slope protection against erosion by waves. How should the criteria be
modified to apply to erosion protection for UMTRA sites?

Comment No. 3 - U.S. Bureau of Reclamation Standards for Judging Riprap
Durability (Page 6, lable 7.2): TIhese standards do not account for
variations in rock type. The importance of rock type is shown in Ref.
2 (Table 6.7, Pages 53 and 54), where, for example, sandstone with a
specific gravity of 2.50 has a quality rating of “good", even though
this value is below the lower limit for “good" rock given in Table 72.
If possible, different standards should be given for different rock
types, possibly grouped as shown in Table 7.1.

Comment No. 4 - U.S. Bureau of Reclamation Standards for Freeze-Thaw
Weight Loss Results (Page 6, Table 7.2, Item 4): The quality rating to
be assigned for weignt loss values between 0.5 and 5.0 is not given.

¥Rough Draft NRC Report, dated 3/7/85.
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Comment No. 5 - Comparative Rating of Riprap Durability Tests (Page 7,
Table 7-3): It should be made clear that the tests are rated against a
rock quality which is based on petrographic evaluation, "modified as
appropriate by the results of the other tests" (Ref. 3, Page 35).

[This is why the petrographic examination alone can have a % agreement
of 85% rather than 100%.]

Comment No. 6 - Overall Quality Test Score (Page 8, top paragraph):
Why require that the same number of tests be selected from each
category? This could mean omitting an important result. As long as
the acceptance criterion is based on 80% of the maximum poss:ble score
this restriction is not needed.

Comment No. 7 - Additional Durability Tests (Page 8, Section 7.3.1.2,
last paragraph): It would clarify the report to state in this
paragraph that the additional petrographic procedures re.ommended are
x-ray diffraction analysis and the ethylene glycol test, and that these
procedures would only be reqiired in borderline cases.

Comment No. 8 - Modified Comparative Ratings (Page 9, 'able 7.4):
Footnote T does not apply to all of the tests linked tu 'General
Weathering Potential", only tu bulk composition, secondary
mineralization and vcathering, and fracture density; i.e., not to
specific gravity.

Comment No. 9 - Freeze-Thaw Tests on Full Size Blocks (Page 9, last
Eara¥ragh):‘*11 should be stated that the block size used for testing
should be the largest size riprap proposed for a site, not simply “full
size blocks weighing up to a metric ton." Should the results of these
tests be substituted for the resuits of the freeze-thaw tests on
smaller samples in compuciing the overall quality rating, or used in
some other fashion? Also, can tests on large size samples be run
during construction (is it practical), or just during design?

Comment Wo. 10 - X-Ray Diffraction Analysis (Page 10, first full
aragraph: X-Ray diffraction analysis should not be required for rocks
gor which the results of petrographic analysis are definitive; i.e.,
indicate the definite presence or absence of carbonates or smectites.
X-ray analysis should only be required for suspected (borderline) cases.

Comment No. 11 - Acceptance Criteria for X-Ray Diffraction Analysis and
Chemical Tests (Page IQifTEB1e 7.6): Reaction to ethylene glycol or
acid should be Tabeled "(chemical test)"; the other two entries should
be labeled “(x-ray diffraction)".
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Comnent No. 12 - Weathering Rate (Page 11, Section 7.3.1.3, first
E%ap raph): The statements, "The weathering rate is unknown,' and,

us increasing the stone size has no rationale on which to base a
decision", conflict with statements in Ref. 1 (Page 5, last paragraph)
concluding that it is possible to "estimate the weight loss", and
"oversize less-durable rock so that it meets riprap design requirements
at the end of the containment period." (Also see Comment No. 1, second

paragraph. )

Comment No. 13 - Thickening of Riprap Blanket (Page 11, Section
7.3.7.3, second and third paragraphs): See Comment No. 1.

Comment No. 14 - Channel Deposits (Page 12, Section 7.3.2, second
paragraph): The statement, "Channel and outwash deposits and desert
armor are inferior to quarried igneous and metamorphic rocks because of
their heterogeneity and size limitations", is too strong. For example,
channel deposits of metamorphic rock may be more durable than certain
types of freshly quarried igneous rock.

Comment No. 15 - Sandstone as a Nondurable Rock (Page 15, Top
Paragraph): Not all sandstone is 'nondurable", as implied.

Comment No. 16 - Riprap for Occasionally Saturated Areas (Page 15,
Section 7.4.1): First sentence is incomplete.

Comment No. 17 - Steps Leading to Laboratory Testing (Page 16, To
Paragraph, Section 7.4.3): Figure 5.7 not provided. (Same as Figure 1

on page B in Ref 17)

Comment No. 18 - Addition of Carbonate Aggregate to Buffer Acidic
Tolutions (Page 17, Section 7.4.4, Tast paragraph): To implement the
suggestion that carbonate aggregate could be placed between blocks of
riprap to buffer any acidic solutions present would require research
beyond the scope of design for the UMTRA Project.
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