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site of the dam. Methodology to estimate the Proba
ble Maximum Flood is available in Regulatory Guide
1 59, "'Design Basis Floods for Nuclear Power
Plants.” " and other publications (Refs. 10 aad 11)

For small retention dams built on isolated streams
in arcas where falure would neither jeopardize
human life nor create damag o property or the envi
ronment beyond the sponsor’s fegal liabilities and -
nancial capabilities. less conservative flood design
criteria may be used in the design. However, the
selection of the design flood needs to be at least
compatible with the guidelines set forth by the Corps
of Engineers (Rel. 12)

If decant or other reclaim sysiems have not been
designed specifically to pass the design flood. other
measures need to be taken, Those other migasures
may be one or @ combination of the following

4. Storing the whole volume of flood runoff
Sutficient frecboard should always be available 1o
prn\ldc the necessary storage capacity without over-
topping the dam

b. Providing a spillway or diversion channels to
convey runoff water safely past the dam

Bevause of the toxic pature of the impounded ma
terial, a is preferred

Determination of the freeboard necessary at any
time to store Tlood runoff will require information on
pond storage versus elevation, anticipated embank -
ment settlement versus tme. and the effective heigh
of wind-generated waves. Procedures tor determining
the minimum freeboard wre presented in Reference
10, 1t 1s important that the embankment construction
schedule ensure that this required freebourd is always
availahle

Adequate slope protection is needed to guard the
embanknient against wind and water eroston. weath-
ering. and (ce damage, Methods for protecting slopes
include dumped riprap, precast and cast-in-place con
crete pavements, bituminous pavement, soil cement,
sodding. and planting. The necessary upstream slope
protection depends on the expected wind velocity and
duration and the size and configuration of the reser-
vorr at the water-surface clevation. The necessary
downstream protection depends on the expected ero-
ston of surface runoff and wind erosion. References
1 ¢nd 13 provide methods and critenia for the selec-
tion and design of slope protections

2.2 Stability Analysis

Siope failure occurs when an outer portion of an
embankment slides downward and outward with re-
spect to the remaining part of the embankment. The
shide generally occurs aleng a fairly well-defined slip
smface. Stability analyses involve comparing the
shearing stresses along potential failure surfaces with

the available shearing resistance along those surfaces
The ratio of the available shear strength to developed
maximum sheer stress gives the tactor of safety

2.2.1 Methods of Stability Analysis

2.2 1.1 Sraric Swabitity Analvsiy

There are many methods using the limiting equilib-
rium approach. Deailed discussion can be found in
various publications (Refs. 14161 These methods
may be conveniently grouped inwo three categories

a. Friction Crrecle Method. This method considers
the ennire shiding block as a ngid free body and
makes assampuons regarding the distribution ol nor-
mal stresses along the faillure surface. This method
can only be used to evaluate failure surfaces that are
circles or smgle straight lines. The loganthmic spiral
method is a different version of this method

b. Method of Shees, This method divides the free
body into many vertical stices, and the equilibrium of
cach slice i1s considered. The best known and most
widely used verstons of this method are the Swedish
Circle Method, Maodified Swedish Method,
Simplifiecd Bishop Method, and Morgenstern-Price
Method

¢. Wedge Method. This method is used whenever
the failure surface can be satisfactonly approximated
by a series of straight lines—usually two or three
lines

The method of shices offers the best approach for
obtaining a reasonably accurate solution for any
shape of fatlure surface (Refs. 17 and 18). While the
triction circle method can provide solutions in
homogeneous soil, it 1s difficult to apply these ap-
proaches with confidence when the soil s stratified or
zoned. The wedge method can provide reasonable so-
lutions for situations where the failure surfaces are
composed of straight Lines

Computer solutions to the method of shces have
been developed (Ref. [8). By using computers. many
more assumed conditions and failure surfaces can be
iried. The effects of possibie vanations in material
properties can also be evaluated. The computed re-
sults need to be checked with respect to their rea
sonableness and compatibility with the design proce-
dures and critena

2.2.1.2 Seismic Stabiliry Analvsis

In arcas where embankments are subjected to seis-
mic disturbances, analyses should be made of the
seismic effects on the dams. Seismic vibrations can
cause hiquefaction of saturated or nearly saturated
loose ‘ands and sensitive silts (Ref 1), The dynamic
shearing stresses induced dunng the seismic events
can cause excessive deformation or distortion of the
embankment—even shear falure (Refs. 19 and 20)
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ing parameters used in ihe analyses all need to be
considered in choosing the factor of safety The
minimum factor of safety aggested in the regulatory
position of this guide presumes that the stability
analysis has been sufficient to locate the critical fail
ure surface and that parameters used in the analysis
are known, with reasonable certainty, to be represen-
tative of actual conditions of the dam and its founda-
tion. Otherwise, higher factors oi safety would be re-
quired.

2.2.3 Settlement Analyses

If the foundations beneatn an embankment consist
of layers of compressible soils or weathered rock or if
the bedrock profile is very irregular, differential set-
tlements could result from uneven loading or variable
thicknesses in the compressible site conditions. These
differential settlements may cause longitudinal or
transverse cracks in the dam that could lead to sub-
surface erosion and dam failure by pipy

The magnitude of the anticipated settlo.nent can be
estimated from the results of laboratory consolidation
tests on samples recovered from the compres ible
foundaiton strata and remolded embankment mate-
rials. The rate of seitlement can also be estimated
However, the potential error in estimating the time
for settlement to occur 1s appreciable, since settle-
ment is influencea by soil drainage that 1= controlled
by minute geological details that may not be detected
during the foundation investigation. All predictions
on the rate and magnitude of settlement and the
change in pore water pressures need to be checked by
field instrumentation. Predictions based on laboratory
data can be modified by actual measurements to pro-
vide reasonably accurate long-term estimates

If compressible soils are thick, it may be necessary
to design the dam to absorb the anticipated differen-
tial settlements. If considerable total sertlement is
expected, the dam must be built higher to allow for
the settlement

7.2.4 Seepage Analyses

Secpage analyses evaluate the effects of secpage

on the stability of the tailing dams and the rate of

seepage through and beneath the dam and basin area
It is importan: that seepage pressures be controlled so
that quick conditions and piping do not develop. Spe-
cial design features such as impervious cores,
cutofts, impervious liners, a secondary collection
system, etc., are needed to maintain the guality and
quantity of seepage from the retention system within
tolerable limits of water supply and pollution control
regquirements

Seepage analyses—usually based on the steady
flow of an incompressible fluid through a porous
medium—may use the graphical method of plotting
flow nets, electric analogs, model studies, or
mathematical solutions by digital comput:r using
either finite-element or finite-difference methods.

The graphical method of plotting flow nets is ¢eco-
nomically and easily performed, and it gives suffi-
cient'y accurate results for many seepage problems.

3 CONSTRUCTION METHODS

Construction methods for mull tailing dams are
closely reiated to the planning and operation of the
mill. Where a tailing embankment 1s constructed in a
single stage of natural borrow matenals or overbur-
den and waste rock, conventional procedures for
earth and rock-fill dams caw be used

Where a tailing dam is constructed in stages, one
of the following three methods is used: (a) upstream
method. (b) downstream method, or (¢) centerline
methc !

The upstream construction method is the oldest
used by the mining industry and is a naturally de-
veloped procedure for disposing of the tailing as eco-
nomically as possible. An initial starter dike 18 con-
structed at the downstream toe of the ultimate dam
with borrow materials. The crest of the dam is raised
by placing fill matenials in successive dikes located
on the upstream side of the initial starter dike. The
centerling of the embankment crest is shifted toward
the upstream pond area as the height of the dam in-
creases. The downstream toe of ecach subsequent dike
is supported on the top of the previous dike, with the
upstreai . portion of the dike placed over finer tailings
(slimes) within the impoundment. These slimes,
placed hydraulically, have a relatively low shear
streng h and remain in a loose and saturated state for
many years after deposition (Ref. 25). As the height
of the dam increases, the potential farture is locat
at an increasingly greater distance from th
downstream face and through the slimes. As a resubt
the outside shell contributes less to stability as the
height increases. The retained slimes are sutficiently
loose and saturated that they could be liquefied to
cause the failure of the dam if subjected to seismic
shock or blasting.

With the downstream construction method. an ini-
tial starter dike s constructed at the upstream toe of
the ultimate dam. The crest of the dam is raised by
placing fill matenals in successive dikes located on
the downstream side of the starter dike. The cen-
terline of the dam crest is shifted downstream as the
dam is raised. Each subsequent stage of dike con-
struction 1s supported on the top of the downstream
slope of the previous section. All of the embankment
section lies ouside the boundaries of the sediment
tailings. Materials incorporated in subsequent stages
of the embankments may consist ¢f the coarse mine
waste or borrow materials from nearby pits.
Downstream construction permits controlled place-
ment and compaction to achieve higher shear
strength. It also permits the incorporation of drainage
facilities to control the piezometric pressures within
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the embankment. Thus the dam can be designed and
subsequently constructed to whatever degree of com-
petency may be required, including resistance to
setsmic and blasting shocks

The centerline merhod 1s intermediate between the
previous two construction methods. The crest of the
embankment is maintwined in approximately the same
horizontal position as the embaakment is raised to its
tinal height. The dam is raised by spreading and
compacting successive layers of materials on the
crest, on the upstream sioulder, and on the
downstream slope. The centerline method permits the
downstream half of the tailing dam to be designed
and constructed to conventionally acceptable en-
gineering standards. however, certain portions of ap-
stream slopes rest over the shimes and are therefore
vulnerable to slope failure aad seismic liquetaction

These three construction methods lead to substan-
ttally different embankment cross sections and pro-
duce different embankment material characteristics
Consequently . the embankment stability conditions
are affected. In the upstream and centerline methods
of construction, the stabiliy of the ultimate dam 1s
dependent, to a large degree, on the shear strength
charactenstics of tailings deposited apstream of the
dam. The shear strength is governed by the gradation
and density of the solids, the consistency of the
slurry. and the distnbution of the pore water pres-
sures within the deposit. When initially deposited,
the tailings have very low shear strength. The
strength theoretically increases with time as drainage
and consolidation take place under the weight of
overlying materials. However, because of the very
tine pradation of the tathings and the random nature
of deposition, large vaniations in permeability and
pore water pressure exist within the tatlings, and the
strength may not increase adequately to ensure the
stability of the final slope (Ref. 26)

Downstream construction i1s the only method
wherein all embankment sections he outside the tail-
ing boundaries. thereby permitting controlled place-
ment and compaction of fill and incorporation of
drainage facilities. Thus, for a given height and a
given dewnstream fill slope, a tmling dam con-
structed using the downstream method will have a
higher factor of safety than a tailing dam constructed
by either the upstream method or the centerline
meths

Because the most important purpose of the tailing
dam structure 1s te contain the radioactive waste ma-
terials and the performance of hydraulically con-
structed dams and tatling dams has been unsatistac-
tory (Refs. 6, 8. and 27), the downstream methed
agpears 10 be the best of the stage construction

methods to ensure the safety function of the tailing
dams, especially in seismically active arcas

4. INSPECTION AND MAINTENANCE

Different conditions can develop throughout the
whole active life of the retention sysiem and could
include unanticipated seepage conditions and changes
in material characteristics. Such changes can drasti-
cally change the conditions governing the stability of
a dam from those provideu for in the original design
Therefore, a continuous program of inspection of the
retention system 18 needed, beginning with the start
of construction, through the tailing disposal, and con-
tinutng after abandonment of the completed system.

The main objectives of such a program are to as-
certain:

a. Whether the dam and its foundation are bohav
ing as anticipated in the design, whether there are any
unusual movements, settlements. cracks, erosions,
sloughs, or leakages, and whether the waste and bor-
row materials being placed in the dam have the
characteristics assumed in the design;

b. Whether the tailing pond levels are rising as an-
tcipated and whether the rate of dam construction is
sufficiently raptd to keep the crest above rising pond:
and

¢. Whether embankment drainage is adequate.
whether the capacity of diversion channels is
adequate to pass experienced and anticipated runoffs,
whether embankment sotl is becoming saturated by
seepage, whether piping or subsurface erosion is oc-
curring in the tatling dam, and whether there is any
unusual release of radivactive materials

It ts necessary that inspection be performed on
regular basis and that it nclude visual inspection of
the abutments. A checklist similar to that used in
water retention dams meay be used to help the inspec
tor in performing such a visual inspection

Instrumentation needs to be nstalled to memitor dam
and basin performances at regularly scheduled inter-
vals. Instruments commonly used include piezomet-
ers to measure hydrostatic and pore pressure levels;
weirs or flumes ro jneasure seepage flows; wells to
permit monitoringz of water quality; and slope indi-
cators, inclincgicters, and settlement points to meas-
ure horizontal and vertical movements. The in-
strumentatior should be simple, robust. rugged, reli-
able, and casy to read, repair, and maintain. It is im
portant that recorded data from instrumentation and
mspections be evaluated by competent personnel with
delegated authority to take prompt action if remedial
treatment is needed to maintain the safe operation of

the retention system. .
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C. REGULATORY POSITION

The following criteria reflect the latest general ap-
proaches approved by NRC * Information related to
the investigation, engineering design, proposed con-
struction, instrumentation, and performance of the re-
teation system should be presented in accordance
with the applicable portion of Section 2.5 6 of Regu-
latory Guide 1.70, * Standard Format and Content of
Safety Analysis Reports for Nuclear Power Plants ™
It an applicart wishes 1o use new information that
may be developed in the future or to use an alterna-
tive method, NRC' will review the proposal and will
approve its use, if ¢ is found acceptable

1. BASIC DESIGN CRITERIA

a. Stability of the retention system. including the
tailing dam. foundation, and abutments, should be
ensured under all conditions of construction and
operation

b. The magnitude of total and differential settle-
ment should be within tolerable limits that will not
result in harmful cracking and dam instabiliy

¢. Seepage through the embankment, foundation
abatments. and basin area should be controlled to
prevent excessive uplift pressures, piping, sloughing.,
and erosion of matenals by loss into cracks, joints,
and cavities. The guality and quantity of seepage
should be limited to the extent that the concentration
of radicactive materials and other toxic materials at the
site boundary 1s within the himits specified in appli-
cable Federal and State regulations

d. Freeboard should be sufficient at all times to
prevent overtopping by wind-generated waves and
should include an allowance for settlement of the
foundation and dam. Adequate slope protection
should be provided for the embankment against wind
and water erosion, weathering, and ice damage

¢. Either the surcharge capacity of the retention
system should be sufficient to store runofts over s
service life or there should be an emergency dis-
charge capacity capable of passing the probable
maximum flood. The emergency discharge capacity
may be obtained by constructing a spillway or by
other means. The surcharge capacity should be
adeyuate to store a probable maximum flood series?
preveded or followed by a 100-year flood, assuming 2

* The Nuclear Regulidtory Commission announced in the Fedoral
Register of june 3, 1976, (41 FR 224131) 1ts intent 1o prepare a
genetic environmental impact statement (GEIS) on uranium mill
ing operations. Management practices for waanium mill tailings
may be subject to revision in accordance with the conclusions of
that statement and any related rule making

"Probable maximum flood series as used hercin comprises two
floods: the Probable Maximum Flood and the flood equivalent to
about 40% of the PMF and about 3 to | days prior 1o the occur
rence of the main flood

3117

pool elevation equivalent to the average annual
runoft,

2. METHODS OF ANALYSIS

a. The probable maximum flcod should be deter-
mined in accordance with applicable portions of Reg-
ulatory Guide 1.59, ""Design Basis Floods for Nu-
clear Power Plants. ™'

b. The static stability of the embankment should
be analyzed using commonly accepted detailed stabil-
ity methods. Appropriate static soil and rock prop-
erties established on tested representative samples
over anticipated in-situ and placement conditions
should be used in the analyses. Results of a manual
check on computer stability analysis results should be
presented to jllustrate adopted design procedures and
criteria

¢. Conventional pscudostatic analysis may be con-
stdered acceprable if the seismic ceefficient appro-
priately reflects the geologic and seismologic condi-
t2ons of the site and if the materials are not subject to
significant loss of strength under dynamic loads
Liguefaction potential and the dynamic stability of
the tailing dam and foundation should be assessed
using appropriate state-of-the-art methods. The extent
of the required dynamic analyses will be determined
in accordance with Reference 24. Appropriate
dynamic material propertics established on represen-
tative materiais through adequate field and laboratory
testing should be used in the analyses

d. The loading conditions to be evaluated in dam

stability analyses and corresponding minimum fac-
tors of safety are:

Minimum Shear

Loading Condition Factor of Safety  Strength
End of constrction 1.3 UL and CD
Partial pool with steady

seepage | CU o CD
Maximum pool with steady

Seepage .S CUor CD
Earthquake (10 combination with

the above coaditions) 1 0*

¢. The rate and magnitude of settlement should be
estimated on the basis of appropnate laboratory test
results.

f. Scepage analyses may be based on a graphical
method, model studies, or mathematical solutions
using appropriate soil and rock parameters.

‘Factor of safety is for pseudostatic stability analysis. In addition,
higuefaction and excessive deformation should be assessed

"Use shear streagth for case analyzed without earthquake
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