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Abstract

Accurate estimates of tailings density and settigraee critical for successful design, operatiord alosure of
tailings storage facilities (TSFs). Limitations tife computational methods employed to determimseh
guantities are often overlooked, leading to inagturesults and potentially inadequate engineeatggigns.
This paper provides a brief discussion of the mathihat are commonly used to model tailings codatbn,
discusses relative accuracy of these methods, anlihes common pitfalls encountered in their use.
Engineering estimates of the commonly encountenagiseare presented for selected methods. Apjlitabf
various methods and specific recommendations acussed with regard to TSF geometries, tailingpgrtees,
filling rates, and the calculation accuracy regueats. The present study compares traditionallstmaln and
large-strain consolidation analyses, and evaludifésrences between one-dimensional and three-difopal
calculation approaches. Also, a comparison betveséimated (calculated) and actual tailings dessitbased
on mill production data and bathymetric surveygrsvided for an existing operational tailings fegi

Comparison between Small Strain and Large Strain M#hods

Small Strain Method

A traditional small strain method for calculatingtttements utilizes the approach that was origynall
developed by Terzaghi. This method often assutmegstihe compressibility is constant over the range
of stresses used in the analysis. The amount wiprEssion is typically determined based on the
change in void ratio:

Ty
Ae =C_log (—)
To (1)
where
Ae = void ratio
Cc = compression index of the soill
o1 = final vertical effective stress

00 = initial vertical effective stress
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C. is the slope of the vs. logs curve for normally consolidated soils. A “typitavs. logs curve for
tailings material is shown iRigure 1. Generally, the slope between two arbitrary oot theedog o
curve is not a constant value, which needs to bewatted for in the consolidation analysis. Tygdigal
tailings are deposited at relatively high void @aticorresponding to solid contents of 40% or &s$
effective stress magnitude close to zero. Ovee tiime tailings material will consolidate underatsn
weight with partial consolidation of tailings typity achieved while the height of the deposit il st
increasing. Tailings heights in excess of 100 d ahimate effective stresses at the base of the
impoundment of over 1,500 kPa are not uncommon.

Typically, small strain consolidation analyses assuhat the coefficient of consolidation (material
parameter required to calculate the time rate ofscldation) remains constant. The coefficient of
consolidation depends on the compressibility, vait, and permeability of a soil:

ook _ k
P T (2)
where
Cv = coefficient of consolidation
k = permeability
Yw = unit weight of water
m, = coefficient of volume compressibility
ay = coefficient of compressibility (change in vaidtio with respect to change in stress,
which is assumed constant for small strains)
€ = initial void ratio

In reality, the coefficient of consolidation maysgiay significant variation over the applicableesy
range. Consequently, the small strain consolidagipproach is likely to result in errors betweea th
actual and predicted settlement behavior when egpdi large strain problems.
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Figure 1: Example of a typicale vs. loge curve
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Large Strain Method

Both the compressibility and the permeability oilings deposits are likely to exhibit significant
changes when subjected to stress increases caysedtinuous tailings deposition.

Large strain analyses presented in this study as®d on the consolidation method proposed by
Gibson et al. (1967). The large strain method ne¥adhe constraints imposed on the compressibility
and permeability relationships by the small straethod. For large strain analyses, permeability an
compressibility relationships are typically expesssis arbitrary functions of the void ratio.

The large strain equations are relatively compénd are typically solved using computer programs
such as CONDES (Yao and Znidarcic 1997) or FSCONE®&WP Software 1999). In these computer
programs, the relationships between permeabildypmressibility, void ratio, and effective stresg ar
often expressed in closed form. For example,dhaionships used in FSCONSOL are:

e=A0'" + M ©)
k= Ce® (4)

whereg’ is the vertical effective stress and A, B, M, 8d@® are material parameters determined from
appropriate laboratory tests.

Assigning and Interpreting Laboratory Tests

Consolidation Testing

For small strain analyses, a traditional oedomegst (ASTM D2435) is often used to determine
material parameters. Oedometer tests are rekatimekpensive, and offered by most geotechnical
soils laboratories. A standard oedometer teseiopmed by applying a vertical load at the surfate

a confined sample and measuring deformation duhiegconsolidation process. The applied load is
increased (typically doubled) in every loading erent until reaching the maximum desired stress
level. The oedometer test providesvalue as a function of the applied vertical strégthough
typically only onec, value is selected for small strain analysis) ame @s. logs curve, from which a
compression indeXC. value, can be derived.

For large strain analyses, sufficient laboratoriadaust be collected to fit material parameter8BA,

M, C, and D in equations (3) and (4). Typicallyistrequires either a staged slurry consolidatest t

or a seepage induced consolidation test (SICTAjes€ tests are not standardized by ASTM, and may
require shipping samples to a specialized laboyat@vhile providing sufficient data to model themo
linear tailings behavior, these tests also haveadwantage over the standard oedometer test in
determining tailings parameters at low stresses. SIETA test is particularly well suited for
determining soil parameters at effective stressémi30 kPa.

A slurry consolidation test is typically performed a loose/low density tailings sample. Idealhg t
initial sample placed in the cell should be claséd initial in-situ (deposition) density, buttaie same
time prepared at a high enough density to avoidegggion. The first loading increment is typically
between 15 and 30 kPa. Once the sample has ocdaisalj a permeability test is performed. This
procedure is repeated, typically by doubling coidsdion loads until reaching maximum desired
vertical effective stress.



Proceedings Tailings and Mine Waste 2011
Vancouver, BC, November 6 to 9, 2011

A SICTA test is conducted similarly to the slurrgnsolidation test for effective stresses largentha
approximately 30 kPa. Consolidation parametelsvaer effective stresses, however, are determined
by inducing seepage flows in order to consoliddéie $ample. Material parameters are typically
determined via inverse-solution modeling procedurdhe SICTA test may be used to accurately
determine consolidation parameters for effectivessies below 10 kPa.

Material Sampling

Regardless of the selected laboratory test, itmiportant to obtain a representative sample of the
tailings material, and to prepare test specimensaatordance with the testing objectives.
Consolidation properties are a function of graresdistribution, particle shape, mineralogy, etn.
addition, the initial tailings void ratio and thentdency of tailings to segregate depend on thetsele
depositional method. Traditional dilute slurry dspiion often produces highly segregated tailings,
resulting in sandy material with relatively highndéy near the discharge points (beach sands) and
fine-grained, slowly consolidating, low densitylitags in the center of the TSF (tailings slimes).
Conversely, thickened tailings or paste have sicpnitly lower tendency to segregate, and are more
likely to result in uniform tailings properties aviae entire TSF footprint.

If tailings are prone to segregation, it is impatte determine the range of consolidation propsrtor
different tailings fractions, from beach sands adirigs slimes, and estimate their distribution and
relative proportion within the impoundment. Idgalltailings samples required to characterize
conditions at an existing facility are collectedddterent locations within the TSF (e.g. near beand

of beach, tailings pool). For a proposed or redyi new facility, this type of geotechnical
investigation may not be possible, while at antexgsfacility, the sampling program may be diffitul
to execute considering financial and logisticalstasints and/or conflicts with production.

Flume Testing

A representative sample of the tailings feed (casitpdailings sample) is often obtained from atpilo
plant or from a tailings discharge point (for anséirg facility). As noted previously, the segréga
potential for thickened tailings or paste samples/be minimal. For conventional slurry, however,
the segregation potential is often significant igqg further evaluation based on flume test resulA
flume test is performed by discharging compositenggs at a pre-defined solid content and flow yate
based on the operating and design parametersovwkio] the test, segregated tailings are sampled fro
various points along the flume at different dise@sérom the discharge point. These samples are the
subjected to classification and consolidation bestio obtain the representative range of material
parameters.

A flume test example displaying the depth of tgiralong a flume for various initial solid contergts
shown inFigure 2. In general, lower discharge densities (loweidsobntents) typically yield greater
tailings segregation. For example, a sample degubsit 35.5% solid contenFifure 2) displays a
relatively large quantity of material at relativdligh deposition angle near the discharge poiotear
indication of segregating tailings. Grain sizetrilimitions for the flume deposits sampled near the
discharge point and at the distal end of the fl{figure 3) demonstrate a relatively high segregation
potential. In this particular case, a compositgfeample with 73% fines produced material contgini
43% fines near the discharge point and materidd W0% fines at the end of the flume.
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Figure 3: Grain size distribution curves for segregted tailings samples taken from flume test

sediment. Flume test performed using a 35.5% sobdeed.

A SICTA test was performed on the feed sample, slitinry consolidation tests conducted on the near-
discharge and end-of-flume (distal) samples. Malt@arameters for these samples are summarized in
Table 1 with the corresponding compressibility and perniégicurves shown inFigures 4 and 5

respectively.

Table 1: Material parameters for FSCONSOL input

Sample

A B M C (m/s)

Discharge Point 0.85 -0.13 0.19 8.6E-0Y

End of Flume 2.42 -0.16| 0.041 5.4E-09

Feed

2.78 -0.07| -1.15] 6.7E-08
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Figure 4: Best fit void ratio vs. effective stresgurves from SICTA and slurry consolidation

tests. “X” marks points from laboratory tests. Lines are best fit curves utilizing material
parameters shown in Table 1

33 I I I [ T T TTT I I I I
31 +H Near Discharge Point
2.9 4 e Distal End of Flume
27 14 = = =TFeed Sample
2.5
23
e 2.1
g= 1.9
& 1.7 -
=15 vy <
- 1.3 R - <
1.1 o F pEds B
0? X e T ’__,./
0. - - __“*L"
0.5 e
1.00E-09 1.00E-08 1.00E-07 1.00E-06
Permeability (m/s)
Figure 5: Best fit void ratio vs. permeability curves from SICTA and slurry consolidation

tests. “X” marks points from laboratory tests. Lines are best fit curves utilizing material
parameters shown in Table 1

Figures 4 and 5indicate that tailings segregation may lead tgdadifferences in material properties
between beach (near-discharge) and distal (entlxofel) tailings. The distal tailings void ratiotae
vertical effective stress of 10 kPa is approximatelo times larger than the beach tailings voidorat
egista=1.72, &eact=0.82 Figure 4). The difference in permeability between beact distal tailings
samples at the same stress level exceeds one afrceagnitude Figure 5). Finer grained distal
tailings are likely to exhibit higher compressityili(higher settlements), higher void ratio (lower
density), and lower permeability (slower consolidatrates).

Column Settling

At low solids contents, the tailings behavior igeof influenced by sedimentation. Only after the
tailings attain sufficient consistency, preventretative movement between different size parti¢les
preventing segregation), may tailings settlemesetsnodeled using large strain consolidation theory.
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Column settling tests are commonly performed teemheine an appropriate initial void ratio for the
consolidation analysis. A column settling teslizegs settlement of a dilute tailings sample poured
graduated cylinder to estimate segregation poteatid estimate consolidation characteristics at low
effective stresses. The height of the column isitoced and recorded until the settlement is
completed. A grain size distribution of the taggnsamples collected from the top and the bottom of
the settling column may be used as a rough estiofdble segregation potential.

Figure 6 shows the results of a column settling test. Afote, different tailings types behave
significantly different. The near-discharge (beasample reached a higher equilibrium density (void
ratio of 1.2) than the end-of-flume (distal) sam@leid ratio of 2.9). In addition, the consolidatiof
the near-discharge sample was significantly fag§telumn settling tests for both samples were itatla
with approximately the same initial height and gsiine same boundary conditions.

Comparison of Calculated Densities and ConsolidatioTime

The largest disadvantage of small strain methodsaisit is relatively cumbersome to account fa th
non-constant material properties. To illustrates ghoint, a small strain model was developed to
determine settlement of a 1 m thick layer of tgéirwhen gradually loaded to 500 kPa.

The ranges of, andC; values for the feed and distal (end-of-flume) skesmpvere estimated from the
SICTA and slurry consolidation tests, and are preskinTable 2 Table 3illustrates the variance in
calculated settlements for the 1 m thick tailireygelr at the base of the TSF.
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Figure 6: Example of column settling test results
Table 2: Range ofc, and C. values derived from SICTA and slurry consolidationtests
_ Max c, Min c,
Sample Max C. Min C,
(cnf/sec) | (cnf/sec)
Feed Sample | 0.53 0.34 2.0E-02 9.5E-04
End of Flume | 0.41 0.22 2.0E-01 5.1E-03
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Table 3: Range of calculated settlements for 1 migk layer using small strain calculations
Maximum Minimum
Sample Compression | Compression
(m) (m)
Feed Sample 0.35 0.19
End of Flume 0.37 0.24

Comparison of 1D and 3D Methods

Theoretical Preliminaries

Programs used to model large strain consolidatypically provide solution to a non-linear second
order partial differential equation (Gibson etl#867). These programs provide one-dimensionag-tim
dependent solutions of void ratio distribution {@otontent distributions), layer thickness, pore
pressures, and degree of consolidation. For 1Dysew the TSF capacity can be calculated using the
following procedure (e.g. Gjerapic et al. 2008):

Input material parameters and TSF geometry intartbdeling software.

Discretize the TSF into several columns of varymegght. Each column has a base area selected
such that the sum of the base areas of each camutiiplied by the height of each respective
column will produce a volume closely approximatitigat of the actual TSF. A schematic
showing a simplified TSF discretization is showrigure 7.

Use mine planning data to determine the averagdjagsiinflow (typically equal to production
rate expressed in dry tonnes per day). Divideptibeuction rate (in cubic meters per day) by the
area of the first column, /Ato determine the first filling rate,gas illustrated irFigure 7. Fill

the TSF at this rate until the elevation of taiiimgaches the base of the second column, H

Increase the area to include the first and secohdrmns, A. Recalculate filling rate using the
larger area (i.e. determine the filling rate), @nd continue filling until reaching the basetlod
third column at elevation 4 Repeat this step, increasing the area (i.eydplohg rates g and
Qs Over areas Aand A) until the top of the TSF is reached.

Calculate the TSF capacity by multiplying the tagé production rate with the filling time.

Calculate the average density of tailings by diwigihe TSF capacity determined in the previous
step with the TSF volume.

Other outputs (e.g. pore pressure, degree of cdasioin) can typically be imported into a
spreadsheet from the modeling software for furdmalysis.

Discretized Sides / 1
Actual TSF Sides

Figure 7: Example of discretized TSF
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The 1D method to determine TSF capacity is alserrefl to as an upper bound method (Gjerapic et al.
2008) because it implicitly assumes that the smfethe TSF undergo the same deformation as the
tailings material in the center of the TSF at tame elevation. Typically, foundation soils are muc
less compressible than the tailings. As a rethdt,1D model typically over-estimates foundatioil so
settlements. Consequently, the time required Hothie TSF is also overestimated, resulting in
potentially unrealistic estimates of TSF capacitg average tailings dry densitfigure 8 illustrates
compression of the TSF foundation soils introduggthe 1D method.
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Figure 8: TSF foundation settlements in 1D model

To eliminate the error introduced by compressildf#-boundaries, a 3D approach can be implemented.
An approach for eliminating calculation errors eaidy compressible TSF boundaries has been
developed by Gjerapic et al. (2008). In summargeries of 1D large strain models is developed fo
individual columns (from deep to shallow TSF areasprcing incompressible boundaries at the base
of each column. In addition, adjustments are madélling rates and filling times of individual
columns in order to compensate for settlementsraoguduring filling in adjacent columns.

The error caused by compressible boundaries isieifun of the TSF geometry, material properties,
boundary conditions, and filling ratelable 4 compares the results of analyses performed ustiy b
1D and 3D methods for two different TSF&igures 9 and 10show filling curves for these two
impoundments. Figure 10 demonstrates that the error produced by usinglidemethod (i.e. by
implicitly assuming compressible boundaries) maysigaificant. The difference between 1D and 3D
method results in an error of 94.6% for TSF “B” rs&e0.

Table 4: Error due to compressible boundaries (1D malysis)
TSE 1D Capacity| 3D  Capacity % Error
(years) (years)
A 4.8 4.4 8.6

B 30.0 154 94.6
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Figure 10:  Filling curve for TSF “B” (see Table 4)

Errors in Mass Conservation

One source of errors that is often overlooked & ¢bmputer program itself. In some cases, the
computer program may exhibit difficulties in congieg to a correct solution potentially resultingan
mass conservation error, i.e. the mass conservat@y not be maintained (e.g. mass may be lost)
throughout the calculation process. The convergearmd mass conservation errors appear to vary
between different programs. Preliminary studietidate that higher rates of rise, more compressible
tailings, and slower consolidating may increasentlagnitude of the mass conservation error.

‘h\

Top of Tailings Elevation (1)

To illustrate the magnitude of this error, a 1Dykastrain calculation was performed on two theoabti
TSFs. One of the TSFs was relatively flat-bottomeidh an average rate of rise of 0.3 m/yr. The
second TSF was cone-shaped, with an average raseaff 2.7 m/yr.

To estimate the mass conservation error, one miaylate the average dry density of tailings in two
different ways.

Method 1: The average impoundment density is caledl using the 1D procedure described in the
previous section. In summary, the time requirediltkdhe impoundment is multiplied by the filling
rate to determine total mass of solids residinthemimpoundment. The average dry density of wgdin

is determined by dividing the total mass of soiidth the TSF volume at the end of deposition.
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Method 2: The second method is based on integrétimgoid ratio profile generated by the modeling

software using the stage curve (elevation-areamelwelationship) for a given tailings impoundment.

In effect, the TSF is divided into horizontal sbcée.g. 1 m high). Model output is then used to
determine tailings density within each slice. Hinahe average density is determined by averaging
the density over all slices, the average tailingasity effectively calculated as a weighted average
(weighted by volume of the individual slices).

If the compressible boundary effect discussed & ghevious section is relatively negligible, both
Method 1 and Method 2 should yield the same avedagsity. The difference between two methods,
however, is an indication that a 3D analysis mapdessary, or that there is a mass conservation er
caused by mesh discretization (see e.g. GjerapiZaimarcic 2007), or some other error.

Table 5 compares mass conservation error estimates basédecabove methods. As expected, the
mass conservation error is smaller for the TSFletihg the lower rate of rise.

Generally, Method 2 produces more realistic reseltg. one would expect lower tailings density for
the TSF exhibiting the higher rate of rise becaadmgs have less time to consolidate (beforetB&
capacity is reached). While the densities caledldtased on void ratio profile integration (Mettt)d
are consistent with the expected trend, the desstalculated using filling times (Method 1) ard.no
In addition, Method 2 is more likely to result iarcservative average density estimates.

Table 5: Difference in calculated tailings densitglue to software error
Average Rate Average Dry Density Average Dry Density
TSF of Rise Method 1 Method 2 % Error
Shape
(mfyr) (tonnes/m) (tonnes/m)
Flat 0.3 1.44 1.34 7.6
Cone 2.7 1.63 1.23 27.7

Comparison between Calculated and Measured Densise- Field Study

In order to verify the accuracy of the consolidatemalyses, the authors compared calculated and in-
situ average densities for an operating TSF. Thh&tu tailings volume was calculated in AutoCAD
using the as-built topography for the empty TSF armhthymetric survey defining the top of tailings.
The mass of deposited tailings was estimated uiagdaily production rates provided by the TSF
operator. The average TSF in-situ densities weea talculated by dividing the estimated mass with
the in-situ tailings volume. Three comparisons evarade at 5, 7, and 12 months after the TSF
commenced operation.

Calculated densities based on a 3D large strainelwere used for comparison. The 3D model
incorporated two different tailings materials (ssgated and un-segregated tailings). The volume
distribution of the two selected tailings types veatimated using the flume tests ($egure 2) and
best-guess estimates for the operational percditssof the tailings at the discharge points. A
comparison between average densities based otuimgiasurements and calculated values based on
the 3D consolidation model is shownTable 6.

The calculated densities were lower than the medstensities by 11.9 to 12.5%. The consistency of
the calculated difference indicates the analysithous were well suited for the tailings type and=TS
site under consideration. The difference betwéenin-situ data and values predicted by a numerical
model is likely due to engineering conservatismliggpto the analysis. Specifically, the division
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between segregated and un-segregated tailings m@stain. The uncertainty was patrtially due to
difficulty extrapolating flume tests to the fullae TSF, and partially due to uncertainty regardhng
solids content of the operational tailings discleargHence, the prediction Trable 6 can be relatively
easily corrected by assigning larger percentageeoimpoundment to un-segregated (coarser) tailings

Table 6: Comparison of calculated and measured avage dry density of tailings
Cumulative TSH Average In-Situ Dry Calculated  Average
Filling Time Density Dry Density % Difference
(months) (tonnes/m) (tonnes/m)
5 1.22 1.08 -11.9
7 1.21 1.06 -12.5
12 1.17 1.03 -12.1

Conclusions and Recommendations

The basis of a defensible settlement model for & E&rts with performing laboratory tests on
representative tailings materials. Laboratorystested to be designed and conducted in a manner to
provide the range of the consolidation parameteveging the in-situ tailings behavior.

One of the primary purposes of a TSF settlementaiisdto estimate TSF capacity. The assumption
that the tailings will not segregate may lead teeahstic TSF capacity estimates. A justification the
assumption that tailings will not segregate shdndatonfirmed by laboratory testing.

While non-segregating tailings are typically beaidi from a TSF capacity standpoint, such tailings
may not be desirable if coarser material is reguioe constructing future raises of the TSF dam.

Small strain analyses may be cost-effective anslorebly accurate for old desiccated tailings deposi
that are being subjected to additional loads (@uging closure). However, small strain analyses ar
not recommended for new, operational, or recentyed TSFs.

1D large strain analyses are often the most apatepmodeling tool for conceptual planning or trade
off studies. The 1D large strain analyses are raoceirate than small strain methods, while reqgirin
relatively small additional effort to perform.

3D large strain analyses are preferred for feasibédnd detailed level engineering work due to
potentially large errors caused by compressibladation boundaries, the assumption that is implicit
applied when using 1D large strain analyses.

The mass conservation error should be evaluatecbdtin 1D and 3D large strain consolidation
analyses. If survey data is available, settlemerdels can be calibrated to provide better premhotif
future tailings behavior and ultimate TSF capacity incorporating operational details into the
modeling process, the predicted tailings behawolikiely to exhibit favorable agreement with field
observations.
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