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Mined out open-pits -are presently undér consideration

as disposal sites for wranium will tailings. In this method

of tailings management, the escape of comntaminated liguid

into~an:-adjacents=

-»1ings solutions on ground water undé¥ séeveral operating

f conditions. The slope stability of a clay liner was analyzed

at three stages of operation: 1) near the beginning of

constructlon, 2) when the plt 1s partlally fllled Wlth

and unlined pits were COﬁsidered in the fluid'flow modeling.

Finally, the seepage of tailifigs solutions through the clay

liner was analyzed.

Results of the slope stability analysis showed that it
would be necessary to construct the clay liner as a modified
form of engineered embankment. This embankment would be
similar in construction to that of an earthfill dam. It

could be constructed on a 1:1 slope provided the tailings




slurry were managed properly. I!t would be necessary to

~the.embankment.and:

would~have to:-be located adja to theée embatikment.

Potential leakage and aquifer contamination was modeled
for lined and unlined pits of various designs. Sulfate, and
possibly U and Th, are the most likely contaminants.

Results from the model showed the clay and soil cement lined

i pit to be most effective in containing the pollutants.




stockage des résidus de.traitemen

ne-carrlere*a=cle.

Les anciennes carriéres & ciel ouvert.sont actue

considérées comme sites possibles pour le stockage des

résidus de traitement du minerai d'uranium. Dans cette
technique le stockage des résidus, le principal probléme

d'environnement est une fuite de liquide contaminé da

couche aguifére adjacante.. ILa mét

€té utilisée pour analyser la stabilité structurale d'un

revétement d%argile le long d'un haut mﬁr e£ des modéles
d'écoulemeﬂt de fluides ont é&té utilisés'pour étudiex
l'effet des solutions de queue de traitement sur 1'eau du

sol dans différentes conditions unératoires. La pente de
stabilité du revétement d'argile a été analysée aux trois
stddes de l'opéigiidﬁ: (L) au début dé Ia céhéffﬁéfidﬁ? (2)
quand la carriére est partiellement remplie de résidus, (3)

a la fin de la construction. Des carriéres avec ou sans
revétement ont été prises en considération dans le moddle
d'écoulement des fluides. Enfin, le suintement des solutions

de queue de traitement a travers le rev@tement d'argile a

été étudié.




Les résultats de l'analyse de la pente de stabilité ont

montré qu'il serait necessaire de construire un revétement

d'argyile suivant la forme modifide d'une digue. La construction

de cette digue serait identique < celle d'un barrage de
terre. Elle pourrait étre construite avec une pente de 1l:1l
en admettant que la pdte de résidus soit gérée correctement.

Il serait necessaire de maintenir un dénivelé entre le haut
du barrage et les résidus d'au plus de 4 m. Une plage de
sable partiellement deshydraté devrait jouxter la digue.

La fuite potentielle et la contamination de la couche

aquifére ont été modelées avec differents schémas de carriéres

avec ou sans revétement. Les contaminants les plus probables
v

sont les sulfates et les possibles:

U et Th. Les résultats

du modéle ont montré que la carriére avec revétement d'argile

et de ciment de sol est la plus efficace pour contenir les
polluants.



Introduction

alternative. t

recent past. In the 1950s. and -60sy;. t 'fn‘g_s;..’ were often
piled on the surface and left to aryll‘,w
i

«

sheet runoff widely dispersed these tailings with their low

d. erosion and

concentrations of radicactive components. Another common
method of containment was the construction of a ring dike
made from the sandy portion of the tailings. Clay slime and
contaminated water were impouhded %&Eﬁfn the rih&ﬂaikes.
Often the dikes were poorly designed &hd- constructed; they
were located on the flood plains of majo; streams and their
reservoirs were unlined. Failure of several of these dikes
led to the uncontrolled surface discharge of tailings.
Although dikes have remained intact at most tailings impoundments,
groundwater contamination occurred by seepage-through- the
floor of the reservoir. More recently, high earth f£ill
embankments have been constructed across natural drainage
basins to impound slurried tailings within lined reservoirs.
While dams provide short-term (tens to perhaps hundreds of
years) protection against erosion of tailings, the natural
slream course will eventually breach the embankment and cut
intricate and progressively deepening channels through the
tailings. Even in the short-“erm there is the risk of

catastrophic failure of a poorly constructed or earthquake




damaged embankment. It is generzlly agreed that below grade

stream erosion.

Little is known about the potential impacts of below

grade disposal of tailings on groundwater. The purpose of
this study is to analyze the stability of a clay liner on a
steep slope and to determine its effectiveness in sealing

off contaminated, acidic (pH <2) liquid waste from surrounding

aquifers.




Slope Stability Analysis

design with a 1:2 highwall slope-<is sim oﬂé“éﬁillngﬁ

management alternative being considered by United Nuclear

Corporation2 for their proposed Morton Ranch uranium mill
near Glenrock, Wyoming. ORNL proposed the 1:1 highwall
s slope which is more stable and may require*a,smaiiervv01HMé

of material for the clay liner.

Table I lists the engineering properties obtained from

triaxial shear tests on undisturbed lithologic units in the
. Ft. Union Formation and on remolded (Proctor mold) soils.
These data were supplied by Dames and Moore, consultants to
United Nuclear Corporation. Saturated samples of the Ft.
Union were tested under consolidated-drained conditions.

The moisture content of remolded soils was on the wet side

of optimum and samples were tested under consolidated-
undrained conditions. Engineering properties for the tailings

were assumed to be like that of Exxon's nearby Highland

Mill.

The Modified Bishop method3lwas utilized for slope
stability analysis. Table II lists the factors of safety
for critical failure arcs under s+atic and maximum probable
earthquake loading conditions, (acceleration equal to 8% of

gravity), with and without liquefaction of the tailings.




B. PARTIALLY:BACKFILLED ORE PIT WITH A
1:2 HIGHWALL SLOPE.

v -

LEGEND

SEMICONSOLIDATED-
ET. UNION FORMATION

(EOCENE)

BACKFILL ' ALEINGS
7 UNCLASSIFIED

(meters)

FIGURE .l: CLAY LINER DESIGNS USED IN COMPUTER CODE
FOR SLOPE STABILITY ANALYSIS BY THE
MODIFIED BISHQP METHQD
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TABLE I: SHEAR STREMGTH PROPERTIES USED
IN SLOPE STABILITY ANALYSIS

E TRIAXIAL SPEC;F]C WEIGHT PASEXEESION

B NO. MATERTAL SHEAR TEST GM/CM (PCF) X 10° (FPSF)
)

i 1 DENSE SANDSTONE cn® 2.0 (125  47.9 (1000D
| 2 STIFF SHALE CD 2.1 (130)  21.5 (450
? 3 DENSE SANDSTONE cD 2.0 (125) 47.9 (1000
| 4 STIFF SHALE cD 2.1 (130)  21.5 (450)
| 5  CLAY LINER cu® 2.0 (125) 9.6 (200
i 6  TAILINGS® NONE 2.0 (125) 7.2 (150)
1 7 UNCLASSIFIED cu 1.9 (120) 12.0 (250D

ot ASHEAR STRENGTH OBTAINED FOR TAILINGS AT EXXON'S NEARBY HIGHLAND MIL

B CONSOLIDATED-DRAINED SAMPLE
c

CONSOLIDATED-UNDRAINED SAMPLE
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TABLE II: RESULTS OF SLOPE STABILITY ANALYSIS FOR A
TAILINGS PIT AT VARIOUS STAGES OF OPERATION

A. FAILURE SURFACES PASS THROUGH HIGHWALL AS WELL AS THROUGH LIMNER AND T/

HORIZONTAL DIMENSION HEIGHT
=N _OF LINER (M) OF
| SLOPE STEEPNESS STAGE OF S TOP AT BASE FREEBOARD
CHWALL  CLAY LINER DEVELOPMENT SURFACE OF TAILINGS M)
. NAS END OF EXCAVATION  NA NA NA
1:1 START OF TAILINGS 6.1 6.1 3.0
EMPLACEMENT
1:1 PARTIAL POOL 6.1 6.1 6.1
1:1 PARTIAL POOL 6.1 6.1 3.0
NA END OF EXCAVATION NA NA CNA 0.91
1:1 START OF TAILINGS 17.0 18.3 3.0 0.
EMPLACEMENT
‘““Ev 1:1 PARTIAL POOL 12.1 18.3 3.0 1.

| 'MINIMUM ACCEPTABLE FACTORS OF SAFETY

i




TABLE

B. ASSUMED FAILURE SURFACES PASS THROUGH
NOT THROUGH THE HIGHWALL.

(CONT.)D:

CLAY LINER AND TATLINGS

|
BUT %
\

FACTORS OF SAFETY

STATIC EARTHQUAKE
HORTZONTAL DIMENS ION HE1GHT

B OF LINER (M) oF L1QUEFACTION L IQUEFACTION
' SLOPE STEEPNESS STAGE OF AT TOP AT BASE FREEBOARD  OF TAILINGS OF TAILINGS
 HIGHWALL  CLAY LINER DEVE LOPMENT SURFACE OF TAILINGS (M) NO YES NO  YES
i:10 1:1 ALL STAGES 6.1 6.1 3.0 0.86 — — —
12.2 12.2 3.0 1.42 1.05 0.92 0.66

FULL POOL 6.1 18.3 3.0 1.30 0.99 0.95 ——-

1:2F 101 PARTIAL POOL 12.2 18.3 6.1 1.04 —— —— —
PARTIAL POQL 12.2 18.3 L.g 1.22 - - --
PARTIAL POOL 12.2 18.3 3.7 1. 44 1.19 1.22 0.94
PARTIAL POOL 12.2 18.3 3.0 1.51 1.31  1.31 1.04

4; (A) NOT APPLICABLE
: (B) HORIZONTAL ACCELERATIOMN
' THE POWDER RIVER BASIM).

v (C) ASSUMED COHESIVE STRENGTHS WERE GREATER BY A FACTOR OF 2 THAN AS INDICATED IN TABLE I.
i (D) CRITICAL FAILURE SURFACES INCLUDE SEPARATION AT THE BOUMDARY BETWEEN HIGHWALL. g

“LINER.

IS 8% OF GRAVITY (MAXIMUM CREDIBLE EARTHQUAKE FOR

(E) CRITICAL FAILURE SURFACES LIE ENTIRELY WITHIN CLAY LINER AND TAILINGS.




A

1. the shear strengths of rcck in the highwall (Table
1) are accepted at face value, the slope stability analyses
show the designs to be inadeguate under all conditions
ranging from an empty to partially filled pit based on
Muclear Regulatory Commission's minimum acceptable factors
of safety of 1.3 and 1.0 for static and earthquake loading,
re5pectively.4 tHlowever, the rcsults of the analyses conflict
with practical cxperience at the Morton Ranch site wherc
an open pit highwall stands on a 1:2 slopc with no apparent
ecvidence of massive slope faillure. Murdock5 states that
this perplexing result is not uncommon when standard methods
of slope stability analysis are applied to cut slopes. TForx
example, the shear strength of TFt. Union strata in the
highwall may have been underestimated. The factor of
safety approaches unity for a 1:2 slope at the end of euca-
vation, if cohesive strengths are assumed to be greater by a
factor of two than those listed in Table I. Partially
saturated strata above the water table may have considerably
more strength (due to surface tension) than their saturated
counterparts.6 Such strength is difficult to quantify
because it varies with the degree of saturation as well as
particle size distribution and clay content. Furthermore,
if shale units dry out too much, shrinkage cracks will

weaken the strata along the highwall.
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the results of slope stability

analysis for the clay liner based on the assumption that the

Surface may include.the-lif




not: pass; near the 1 ghwall intetface. The steeper

,slopevangle for the intert - toge s Wit groatcr clay

Allqueﬁaétloh would

» the critical




The above slope stablllty ana1151s suggests that a clay

ing shell with

6 mvat the top of

a 12 highwall élope or 12 m for a 1:1 highwall slope, 3)
b

along: the uncoenfined slope W

compact cilay

to design speEi

- _S@epdge
through tHe Iimner to d¥ain away without building up pore

pressure.




Mod@lln




The value of # 1s assumed to be 1.25 cm/hr (0.5 inches/hr.),

corresponding to a drainage rate ‘ypical of sandy soils.lo'll

The clay lined pit model assumes that the hydraulic
head in the pit is the main driving mechanism for drainage.
The leakage rate decreases exponentially with the decline in

head. The mass flux g(t) from the pit at time t is given

by:
qlt) = Ci D, M, exp [—Act]
where Ci = initial waste concentration
n Kj A]
D =.u
o =1 [
. ’ j

n = number of sections of clay liner
Kj = hydraulic conductivity of section j
Aj = area of section j

Qj = fluid path length through section j
H, = initial hydraulic head

Ac = DC/(area over which head is dissipated)

If failure occurs in the clay liner, the model predicts that
the level of resulting contamination would be between the model

results for the lined and unlined pits.




Dispersion in the Aquifer

Fluid movement in the aquifer is assumed to-conform to
'>Darcy's 15&. Vertical averaging of the concentration allows

‘51mp11f1catlon of the dlspers1on calculatlons by modellng

the movement only 'in the x:ahd y directions., 'Thevihitial

occurring due to the increased plume size. o

ES

1

&

Several assumptlons were used in modellng the dralnageT

and dlsper51on of wastes. (1) The aquifer is homogeneous in

smfluld flow propertles. Chemlcal 1nteractlons are

L

are listed in Table IITI.



TABLE L[[: FLUID FLOW MODEL PARAMETERS® %717
PARAMETER MAGN [ TUDE
AVERAGE HORIZONTAL AREA OF PIT 259 x 10°M% (2.57 % 10° F1%)
INITIAL HEIGHT OF TAILINGS ABQVE 18 ™ (60 FT)
WATER TABLE
INITIAL WEIGHT % WATER IN TAILINGS Sh
ESTIMATED POROSITY OF TAILINGS AFTER 30%
EVAPORATION
HYDRAULIC CONDUCTIVITY 5 1
WALL. ABOVE WATER TABLE J421 %1007 M/YR (L1388 X 10 FT/YR)
WALL BELOW WATER TABLE 2 K 1078 M/YR (L7 % 1078 FT/vRD
" FLOOR OF PIT C(CLAY ONLY) 2 0% 1077 M/YR (.7 % 10 YFT/YR)
LONGITUDIMNAL DISPERSIVITY 21 M (70 FT)
TRANSVERSE DISPERSIVITY .3 M (14 F7)
POROSITY OF AQUIFER 25%
AQUIFER THICKNESS 12 M (4o FT)
POTENTIAL GROUNDWATER VELOCITY 3 M/YR (9.8 FT/YR)
EVAPORATION RATE 1.07 M/YR (42 IN/YR)
RAINFALL RATE 0.30 M/YR (12 IN/YR)




In general, the numerical assumptions used in the model
are in the conservative range of values. Since chemical
interactions are not considered quantiﬁatively in the fluid
flow model, the results are conservative and must be con-
sidered in terms of the probable behavior of the ions in the
agquifer. Orientation of the pit at some angle to the principal
direction of groundwater flow would shorten the effect
travel path across the pit, producing results similar to
those shown in Figure 2. However, the assumption that the
aquifer 1s homogeneous is more likély to produce results
which are too low. The presence of structural features,
such as buried stream channels, would act to confine the

.wflow, reduce the total dispersion and result in less dilution.

FPluid Dispersion Results

Results were calculated for various clay liner thick-
nesses across the floor of the pit and permeabilities, and
for the more generalized cases of flow and pit design.
Table IV gives the calculated concentration of those waste

constituents which at some point exceed drinking water

standards.

Figures 2 and 3 show the effect of clay liner thickness
on the ionic concentration in the agquifer, under various

conditions of pit orientation and groundwater velocity.
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TABLE 1IV: CONCENTRATIONS OF SELECTED IONS
UNDER VARIOUS WASTE PIT DESIGHNS
ASSUMING ONLY HYDRAULIC DISPERSION

FPA
.OM LINER DRINKING
INITIAL WASTE UNLINED .9M THICK WITH 9M WATER
DESIGN COMCENTRATION PIT LINER SOIL CEMENT LINER STANDARDS
DISTANCE FRQM PIT - 10,000 M 10,000 M 10,000 M 1000M -
GENERAL CASE (c/cI) 1 .127 .087 .043 .257 -—-
SO, (MG/L)D 7350 . 936 638 316 1559 250
SE (MG/L) .02 .003 .002 L0004 ,005 .01
U HMG/L) 5.1 0.6 0.4 0.2 1.3 .4
a (PCI/L) 84,300 10,731 7317 3625 21,665 15
B (PCI/L) 73,650 9,376 6393 3167 18,928 1000

f

OF CLAY + SOIL CEMENT :—15 CONDUCTIVITY OF CLAY

“HYDRAULIC CONDUCTIVITY 10
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Since the drainage rate decreases exponentially, extending
the draining time by increasing liner thickness ha;rlessﬂw
effect at long timerintervals. At Morton Ranch, the time
span is long due to the low groundwater velocity and large
pit, hence the increase in clay liner thickness has less

effect than in the other theoretical cases studied.

The results indicated in the tables and figures must be

considered in terms of the geochemistry of the aquifer-waste

system. The aquifer at Morton Ranch is a clayey sandstone
with low concentrations of carbonates and metal oxides. The

initial pH of the wastes is 1.8, which would increase to an

aquifer pH of approximately 6 to 8.14 Characteristic values

of Eh for shallow aquifers range from +200 to +400 mV8

.« (O0xidizing environment). Under these conditions, the follow- TR

ing conclusions may be drawn:;5’16’l7 (1) sulfate is likely

to remain mobile due to the high solubility of its sa};gils
(2) Se will precipitate out as metallic Seo, (3) U will be

soluble in the +6 oxidation state, and (4) « and § emissions

are likely to be reduced through removal of both 226Ra (by

precipitation as a sulfate) and 230Th by precipitation (as
hydroxide). Fixation by reaction with clay constituents may
also occur. However, the 230Th may not undergo fixation if
complex formation occurs.19 More field data is necessary to

determine the extent of ionic migration and the magnitude of

the Th problem.



Conclusions

Slope stability of the clay liner along the highwall
can be achieved but only through careful design and con-
struction and the use of a large volume of construétion
material. The liner and its protective shell should be at
least 12 m thick, the freeboard should be no greater than 4
m, a filter may be required between the liner and highwall,
soll cement may be required on the inside of the liner, and
a partially dewatered tailings derived sand beach should
completely encircle the inside of the clay liner.

Such a structure would be, in essence, an engineered
embankment like an earthfill dam but without a "downstream"
shell and a steeper "upstream” shell. The steep upstream
shell is made possible only because the freeboard height
would be carefully controlled. By contrast, a traditional
embankment dam would be built in stages so that the freeboard
would vary from 3 to 12 m, thus requiring a gentler slope.

Because the clay liner would completely encircle the
tailings, it could be considered as a below grade form of
the more traditional "ring-dike" method of tailings containment.
The proposed below grade "ring-dike" would be an engineered
embankment with a steep sloped inner shell. The rock behind
the highwall makes the outer shell unnecessary.

In summary, the proposed construction along the highwall
of an open pit is nothing more than an engineered embankment
with two uniquely appropriate design features: 1) a steep
sloped inner shell made possible by careful control of free-

board, and 2) the absence'of an outer shell, its purpose

: being,fulfilled by in-place rock behind the highwall.




In general, tailings dispossl design 1s complicated by

the effect of groundwater :Ilow parameters, the large time

span involved, the size of the waste pits being considered

and the chemical characteristics of the waste. The effective-

ness of various design changes, such as clav liner thick-

ness, can only be determined if these factors are considered.

In the Morton Ranch case, with large pit areas and low

groundwater velocities, large increases in clay liner thicknesses

are necessary to reduce the amount of leakage by any substantial

amount. The alternative solution of reducing the permeability

of the liner by addition of soil cément (assuming it will be

acid resistant) allows for thinner liners. Such liners

reduce potential leakage much more efficiently than uncemented
.« liners of the same thickness or unlined pits with wastes

placed above the water table.
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