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Rehabilitation of tailings impoundments for final closure is one of
the most challenging aspects facing engineers, as not only does the
potential for producing leachate pose a challenge to the rehabilita-
tion designer, but also other aspects such as stability and settlement
must be considered. The water balance of a tailings impoundment is
unique in the sense that it usually hosts a pond that in turn causes a
phreatic surface in the impoundment. The position of the phreatic
surface defines the saturated and unsaturated zones in the impound-
ment, which of course varies spatially and temporally. Predictive
modeling for this hydrologic system becomes difficult, as numerical
models capable of analyzing the combined saturated/unsaturated
zones are not adequately refined to accurately solve the flux boundary
problemfor infiltration at the surface of the tailings.

This article describes the use of a net
infiltration flux boundary function to
bridge the gap between rigorous surface
flux boundary cal culations and multidi-
mensional seepage analysismodels. An
evaluation of theflux boundary function
was done with the aid of a full 3-D
numerical model SVFluxl, developed
by SoilVision SystemsLtd., andthearticle
describeshow theuseof theflux boundary
function alowed the 3-D mode to be
simplified, without sacrificing accuracy.

Introduction

The gold tailings impoundment de-
scribed in this article is located in
Queendand, Australia. The climate is
semi-arid, with an annual rainfall of 702
mm, faling mostly as high intensity
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showers between November and March
each year. The potential evaporation of
1650 mm per year results in the annual
climatic water balance to be negative.
The tailings impoundment was con-
structed in a stream valley by means of
hydraulically placed tailings behind an
engineered embankment. The embank-
ment of 5.8 km long encircles 70% of
the impoundment and the overal tail-
ings area consist of 310 ha which in-
cludes a pool of approximately 100 ha.
An additional 104 hacatchment impacts
on the tailings impoundment due to the
impoundment being constructed against
alocal hill. Theembankment height and
subsequent tailings depth varies be-
tween 32 m at its deepest to lessthan 1
m at its shallowest (Rykaart, 2001).

Distribution of Surface Flux
Boundary Conditions on the
Tailings Impoundment Surface
Both a saturated and an unsaturated
zone exist in the tailings impoundment
due to the presence of the pool. The
established phreatic surface has a shape
that is governed by the tailings proper-
ties, and the exit location is determined
by the presenceof drainsinthe embank-
ment walls. If onethus considersatypi-
cal cross-section at any location through
the tailings impoundment (Figure 1(a))
there would be an unsaturated zone of
tailings which varies in thickness from
the embankment end to the pool end.
The top tailings impoundment sur-
face (beach profile) aong this typical
cross-section would be subject to all the
usual water balance components of pre-
cipitation (P), evapotranspiration (ET),
infiltration (1), runoff (R), recharge (Re),
and seepage (S). It would however be
expected that there would be a spatial
variationin themagnitude of these com-
ponents as one move between the em-
bankment and the pool. The reason for
thisisthe availability of moistureinthe
profile, which is governed by the pres-
enceof thephreaticlevel (Staley, 1957).
Therefore, at a point close to the em-
bankment one would expect evapora-
tion to be aminimum, and as one moves
towardsthe pool the evaporation should
increase until it reaches a maximum
(potential evaporation) at the pool edge.
Similarly one would expect infiltration
to be a maximum close to the embank-
ment, decreasing towardsthe pool. This



issimplistically illustrated by the graph
in Figure 1(b).

Surface Flux Boundary
Modeling

Estimating tailings impoundment water
balances has always been an important
issue, be it for operational- or closure
water management. Most of the satu-
rated zone water balance components
are relatively well understood and can
be estimated or measured with relative
ease and with a high degree of confi-
dence. However, the same cannot be
said for the surface flux boundary com-
ponentsabovethe unsaturated zone. The
measurement of these fluxesisdifficult,

(Feddeset al., 1984), HYDRUS (Simu-
nek et al., 1998), and SWIM (Ross,
1990), to name but the few most well
known.

Thesemodelsall attempt to cal culate
the surface flux boundary components
using numerous methods and assump-
tions. The most important single com-
ponent is calculation of evaporation,
and one rigorous mechanistic method to
calculatethisisusing the modified Pen-
man formulation as proposed by Wilson
et al. (1994). The only known model
that currently usesthe modified Penman
formulation is SoilCover, and that
makes it an appropriate tool to use.

Due to the detailed field data re-

Pool |

Saturated tailings %

Max———~~\ ‘/' Max
~
~
(b) >

Evaporation

Mln__/

~
\\
= = =~ = J Min

Infiltratio

Figure 1. (a) Typical cross-section through a tailings impoundment,
(b) Spatial distribution of surface fluxes of infiltration and evaporation.

expensive and time consuming, and asa
result engineerslook towards numerical
modelling to provide the answers. Im-
portant advances have been madeinthis
regard, with the development of codes
such as SoilCover (SoilCover, 1997),
HEL P (Schroeder etal., 1994), UNSAT-
H (Fayer & Jones, 1990), SWACROP

quired for use of amodel such as Soil-
Cover, and the fact that it is only a
1-Dimensional (1-D) model, the surface
flux boundary condition is often over-
simplified using coarse recharge num-
bers when complex problems such as
the tailings impoundment described
here are modelled. It is common prac-

Table 1. Soil water characteristic curve properties for the three chosen
tailings types used in the SoilCover modelling.

Tailingstype Os AEV Y
Coarse 38% 2.5 kPa 8.0 kPa
Intermediate 2% 3.2kPa 10.0 kPa
Fine 44% 6.0 kPa 70.0 kPa
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tice to solve these water balance prob-
lems using multidimensional satu-
rated/unsaturated flow seepage analysis
models. However, these models do not
allow for the calculation of the surface
flux boundary conditions, but require
some form of estimated recharge input.
To obtain thisrecharge val ue the model -
ler will calibrate towards a known pa-
rameter, mostly being a phreatic level,
and as such the most suitable recharge
value might not represent the surface
flux boundary situation correctly.

To overcome this problem, and thus
bridge the gap between the two model-
ling systems, a system has been devel-
oped that allows for the calculation of
flux boundary functions that best de-
scribe the surface flux boundary condi-
tions for any tailings impoundment
cross-section. These flux boundary
functions can then be used as an actual
boundary condition in regiona 2-Di-
mensional (2-D) or 3-Dimensional (3-
D) numerical modelling (Rykaart et al.,
2001).

Procedure for Calculating the
Surface Flux Boundary
Functions

The calculation of the surface flux
boundary functions rests on a principle
of selecting a generalized tailings im-
poundment cross-section and solving
the actual surface flux boundary condi-
tions along this cross section with the
SoilCover model.

The generalized cross-section top
physical boundary consists of the tail-
ingsimpoundment beach profile. Dueto
the hydraulic deposition of tailings par-
ticle segregation takes place and an ex-
ponential expression can be developed
to define the shape thereof. Accurate
survey data and physical tailings prop-
erty testing can be used to verify this
function.

The phreatic surface, which location
is determined by the tailings properties
aswell asthe presence of any drainsand
the pond elevation, determines the base
of the unsaturated zone that has to be
modeled. Using observational tech-
nigques via piezometersit is possible to
develop a mathematical function that
will describe the shape of this boundary
(Rykaart et al., 2001).
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In order to conduct Soil Cover mod-
elling on the generalised tailings im-
poundment cross-section described
above, the section is divided into a
number of zones (thewidth of each zone
is determined based on the section
shape). For the study described here 13
zones, each 50 mwide was selected. An
individual SoilCover model would then
be run for each zone, and by integrating
the computed surface flux boundary
conditions over the entiretailings cross-
section a good estimate of the cumula-
tive result would be obtained. This
approach thus allowsfor a2-D solution
using the 1-D SoilCover model
(Rykaart et al., 2001).

The material properties required for
the SoilCover modelling was deter-
mined from an extensivefield and labo-
ratory testing program, consisting of 66
grain sizedistribution- and 25 soil water
characteristic curve tests. The tailings
varies from well graded sands (SW)
(Unified Soil Classification System,
Holtz & Kovacs (1981)), with an aver-
age Dsp of 0.26 mm, tofinesands (ML),
and an average Dsp of 0.03 mm
(Rykaart, 2001). The soil water charac-
teristic curves indicated a saturated
volumetric water content (s) ranging be-
tween 34 and 56%, an Air-Entry Value
(AEV) ranging between 1.5 and 12 kPa
and a residual suction (r) ranging be-
tween 3.5 and 700 kPa (Rykaart, 2001).
The data base of tested tailings proper-
ties was used to define three main tail-
ings types for modelling purposes;
coarse, intermediate and fine. Using a
single averaged materia type for the
entire tailings impoundment cross-sec-
tion would not be appropriate as meas-
ured data had shown that the tailings
becomes progressively finer as one
moves away from the embankment to-
wards the beach (due to natural particle
segregation). The choice of three mate-
rial types was also based on work done
by Kealy & Busch (1971), where they
modelled seepage from mill-tailings,
and found that three tailings types best
describe the model.

The three soil water characteristic
curves for these tailings types were re-
spectively selected based on the 75, 50
and 25%-tile values of the s, AEV and
wr measured values (Table 1). The
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Figure 2. Combined spatial evapotranspiration and net infiltration distribution
along the generalised tailings impoundment cross-section.

Figure 3. Representation of SYFIuxTM finite element results of pressure head at
steady state (pressure, u (kPa); dimensions (m)).

steepness of the curves caused model-
ling instability and these curves had to
be flattened in the high matric suction
range.

Where the transitions between these
tailings types down the beach profile
would be was determined by solving of
the quasi-2-D Soil Cover model. For the

generalised tailings impoundment
cross-sectioninthisstudy afinal tailings
zone ratio of 5:5:3 was adopted as a
good transition for the tailings types.
This means that for the first five of the
13, 50 m wide modelled zones, coarse
tailings was used, the next five interme-
diate tailings, and the final three zones
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Figure 4. Typical flux boundary function for one of the zones, presenting monthly

distribution of net infiltration.

were modelled with fine tailings (250
m: 250 m: 150 mfor this650 m section).

To define the vertical saturated hy-
draulic conductivity, ks (m/s), on the
tailings beach profile for each of the
zones, a theoretical function for satu-
rated hydraulic conductivity was devel-
oped. This function was verified using
measured field data consisting of 29
laboratory saturated permeability tests,
62 Guel ph permeameter tests, 8 double-
ring infiltrometer tests and 14 rainfall
simulator tests (Rykaart, 2001).

The function is described by the fol-
lowing expression:

[Eq.1]

ks=1.94x 107
Where H (m) is the distance along the
beach profile as measured from the em-
bankment, and e isthe base of the natu-
ral log. Any vertical tailings profile is
not homogeneous, and the physical and
hydraulic properties of each of the hori-
zontal tailings layers can vary signifi-
cantly. However, physical tailings char-
acterisation and model calibration
supported the assumption that for the
purpose of themodelling described here
homogeneous vertical profiles would
suffice.

5 .(-0.00977.H)

The Flux Boundary Functions

Solving of the individual SoilCover
simulations, using each of the chosen
tailing types, aswell asthefinal optimal

combined solution, each presentsdiffer-
ent spatial flux boundary functions for
the surface flux boundary components.
Figure 2 presentsthe evapotranspiration
ratio, AEr combined with the net infil-
tration ratio, Nlr. The evapotranspira-
tion ratio essentially presents the rela-
tionship between actual- and potential
evaporation, andthenetinfiltrationratio
(NIR) is used to present the net infiltra-
tion (NI) data on the same basis as the
evapotranspiration ratio (Rykaart et al.,
2001). Theseratios are defined as:
[Eq. 2]

AE, = AE:

AE

Where AEz = the individual zonal
evaporation, and AEmax = maximumin-
dividual zonal evaporation.

[Eq. 3]

NI = L1 (NI, =Nl

' _([Nlmax] +[N|min])
In equation 3, NIz = the zonal net infil-
tration for each of the 13 modelled
zones, Nlmax =maximum individual zo-
nal net infiltration, and Nlmin = mini-
mum individual zonal net infiltration.
The NI isdefined as:

[Eq. 4]

NI =P-R-ET

It is evident that the evapotranspiration
ratio is the least close to the embank-
ment and gradually increasesto a value
of 1, near the edge of the pool. Thisis
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consistent with the proposed hypothesis
inFigure 1(b). Similarly the net infiltra-
tion ratio trends in Figure 2 follow the
spatial infiltration hypothesis, with the
maximum net infiltration occurring at
the embankment end, and the least hap-
pening at the pool end of the tailings
impoundment.

The application of the above flux
boundary functionsallowsfor thecal cu-
lation of awater balance for the gener-
alised tailings impoundment
cross-section. Expressing al data in
terms of annual precipitation, suggests
that 40% runoff occurs, 114% eva
potranspiration, and 55% net infiltra-
tion. The negative net infiltration
indicates a net negative water balance
from the system, which in this case
would imply the lowering of the phrea
tic level in the long-term.

3-D Seepage Modeling

In order to prove that the spatial flux
boundary functions presented in Figure
2 arein fact areasonable approximation
of the actual surfaceflux boundary con-
ditions, it had to be used as an input in
multidimensional seepage analysis
models, and the seepage rates from the
drains of the tailings impoundment had
tobe predicted. If the seepagerateswere
in fact a good match the flux boundary
functions could be considered to have
fulfilled their function. Modeling of
seepage in the tailings impoundment
presented a unique challenge. Firstly,
the complexity of the model dictated
that a3-D seepagemodel beused. A 2-D
cross-section of the tailings impound-
ment would not capture the essence of
the problem nor would it yield repre-
sentative flow rates. The actual 3-D
modeling of theflow regimethrough the
tailings impoundment presented a sig-
nificant challenge in itself. The model
requirementsincluded complex, irregu-
lar geometry, unsaturated flow, irregular
flux sections, and highly complex
boundary conditions. For practical pur-
posesthedevel opment of the 3-D model
was also required to be able to be done
within a reasonable time period. The
SVFluxO (SailVision Systems, 2001)
model developed by SoilVision Sys
tems Ltd. was selected based on its abil-
ity to model complex, highly irregular
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3-D problems with a relatively short
learning curve.

3-D Model Soil Properties and
Boundary Conditions
The selected material properties were
identical to those used in developing the
surface flux boundary functions de-
scribed in earlier sections of thisarticle,
resulting in the use of three soil-water
characteristic curvesand asaturated sur-
face hydraulic conductivity function.
Detailed survey data was present for
the base and surface topography of the
problem and would have to be used to
describe the model. The survey datare-
sulted in agrid of 2000 points. Further-
more, 13 zones had been isolated
containing flux boundary conditions.
However, the detailed data was simpli-
fiedtoageometry grid of 120 pointsand
four flux zonesto allow solution of the
model within a reasonable time frame.
The simplification of the geometry grid
allowed reasonable representation of
the model topology. The flux zones
were averaged in away asto allow the
total volume of flux to remain the same.
SVFuxO alowed the flux boundary
conditions to be entered as free-form
equations for each soil region. A water
table formed the bottom boundary con-
dition and was entered according to ac-
tual piezometer data.

3-D Model Solution
A steady state model was first run to
provide initial conditions for the tran-
sient state model. The automatic mesh
generation and refinement of SV Flux[J
alowed a steady state solution in 19
seconds on aPlll 866 with 2946 nodes,
1417 cells, a single element error of
9.35e-5m and a maximum problem er-
ror of 0.001 m. The steady-state model
solution may be seenin Figure 3.
Thetransient state model wasrun for
aperiod of 121 days (the same period as
for developing the flux boundary func-
tions). The flux boundary functions
were added on the top boundary to
simulate the combined effects of pre-
cipitation and evaporation, i.e. net infil-
tration. The transient model solved in a
period of 13 minutes on aPlll 866. An
example of the flux boundary function
for one of the zones is presented in
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Figure 4.

The combined flux boundary func-
tions caused anet loss of water from the
system over the four-month period.
Flow upward through the unsaturated
zone is significant, as the net flow is
negative. The negative flux boundary
wascountered by thewater source of the
pond at the center of the tailings (the
level of which was varied according to
a function describing actual measured
pond levels). Seven seepage flux sur-
faces were placed in the 3-D model to
monitor seepage outflow from the tail-
ings impoundment. A total volume of
water exited the problem over a period
of four monthswith an averageflow rate
of 7.6 L/s. Actua seepage flow rates
from the tailings impoundment meas-
ured over the 4 months suggests an av-
erage seepage rate of 10.8 L/s (Rykaart,
2001). Considering the inaccuraciesin-
volved in the actual seepage measure-
ments, which includes an estimated
15% overestimation due to surface run-
off intercepted in the seepage drains,
combined with the complexity of the
problem as a whole, the flux boundary
function seems to provide an excellent
solution for the problem.

Summary

The use of aflux boundary function to
describe and predict the surface flux
boundary conditionsthrough thetop un-
saturated tailings cross-section in itself
is a great benefit for the tailings engi-
neer. The combined advantage of using
this function as a direct input, into 3-D
seepage modeling software to assist in
long-term water balance calculations
makes it aworthwhile effort altogether.
Another great benefit of thisstudy isthe
way the 3-D model could be simplified
using the sameboundary conditionsand
material properties used in developing
the flux boundary function, effectively
eliminating the guesswork normally as-
sociated with setting up complex 3-D
problems. This could all be done with-
out sacrificing accuracy. Finally, no 3-D
modeling is ever easy, and the tool used
invariably affects the reliability of the
results. The authors used SVFlux[ due
toitsrelatively short learning curve, and
found it to be highly effective, as an
engineering tool.
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