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Abstract

In thickened tailings technology, tailings are d&ifeal at solids concentrations sufficient to présagregation
and allow for formation of gently sloped stacksstdeposition, thickened tailings are known to gatiength
through a combination of hindered settling, degiooa and consolidation. Recently, it is understdlodt the
shear strength and geotechnical stability of theksts dependent on the degree of desiccationyamgltime for
a given layer, as well as consolidation historyimyrsubsequent deposition. This paper presents some
preliminary investigations into how best to reproeluhis stress history for element testing. Thedmiatory
methods for simulating stress history of thicketeglings layers are introduced for preparing saspbe testing
in an NGI type simple shear apparatus. In the firethod, tailings are reconstituted in the simpieas mold,
desiccated to different degrees, and re-wettedréefbearing. The second method consists of simgldlie
thickened tailings deposition in a column, followy sample extraction using a shearing thin-wathgar. In
the third method, a flume is employed to simulagemovement of thickened tailings layers from thpasition
point down the beach. The third method is interndegissess whether the movement of tailings dowréaeh
constitutes an important part of stress history, iafluences the evolution of the fabric. This paEommends
the most appropriate method for preparing samplessess the geotechnical behaviour of thickenkug It
is concluded that desiccation to the shrinkagetlonuld significantly increase the monotonic shetaength of
hard rock mine tailings; however, with continuingsttcation beyond the shrinkage limadditional
monotonic strength gain is minimal.

I ntroduction

From the early 1970’s when thickened tailings tetbgy was first proposed by Robinsky (1970), the
technology has been increasingly used for a varsdétyypes of mining. Thickened tailings are
deposited at a density sufficient to allow for fbemation of gently sloped stacks, therefore avggdi
reducing reliance on dams for containment and #s®@ated risk of catastrophic failure. However,
many regulators are concerned with remobilizatibrthese unbounded tailings stacks due to cyclic
loading or heavy rains. Therefore, the monotonid eyclic behaviour of these tailings stacks are of
significant interest to mining operators.

Thickened tailings gain shear strength post-dejposthrough a combination of settling,desiccation,

and self-weight consolidation under subsequentrsapé deposition (Simms et al 2007, Simms and
Grabinsky, 2004) . Figure 1 presents a possiblemel stress history of a thickened tailings layer,
which initially shrinks due to drying and increagimatric suction, is subsequently rewetted by an
additional layer, and then undergoes consolidaiendeposition continues. In order to accurately
investigate the monotonic or cyclic behaviour atkiened tailings layers, an appropriate method to
simulate the stress history experienced in thel fielneeded. This paper investigates three labgrato

methods to simulate tailings deposition and assetiatress history, and compare the thickened
tailings monotonic response between these threbaudst The effect of the over consolidation ratio

induced by desiccation history on the monotonipoese of thickened tailings layers is also presente

It should be noted that this paper continues the &f study performed by Al-Tarhouni et al. (2011)

and Kim et al. (2011).
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Figure 1:  Volume-stresshistory of athickened tailings layer

Suction Stress Charactristics Curve (SSCC)

For investigating the stress history of thickenatings stack deposition, it is required to utiliae
method explaining the stress conditions in unstdraoils.

There are a number of recognized approaches farideg the state of stress in unsaturated soil,
including:
" The modified effective stress approach, which sbaited to the work of Bishop (1959)

. The independent stress state variable approackhvigattributed to the work of Fredlund and
Morgenstern (1977);

. Modified stress variable approaches adopted by @auof researchers for stress—strain
analyses.

Bishop’s effective stress approach contains a nemtifiirm of the saturated effective stress equation:
(Bishop, 1959)

0'=(0-U) +X(Ua-t) (1)
The “effective stress parametex”is generally consideretb vary between zero and unity as a
function of the degree dfaturation. The difference betweerand y is the net normadtress and the
difference betweengand y, is matric suction (Bishop, 1959Fxperiments show that for a variety of
soils there is a relationship between the soil wett@racteristic curve (SWCC), plotting suctionseer
saturation, and the suction stress characteristiecec(SSCC), plotting the equivalent effective sére
versus saturatiofLu et al., 201Q)Lu and Likos (2006) proposed a form of suction sgréhat is
consistent with Terzaghi’s effective stress:

0'= (0 - y-0° 2

Whereo®= - (s- Uy) X S, where S is degree of saturation.
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Lu et al. (2010) also used the same approach resept the suction stress based on Van-Genuthcan
parameters. Figure 2 shows a typical comparis@Ve€C and SSCC for a typical soll.
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Figure2: A typical comparison of SWCC and SSCC (after Ning Lu et al., 2010)

The method proposed by Lu et al. (2010) is employed in this research to obtain the SSCC for
gold tailingsin order to investigate the stress-history of thethickened tailings stacks.

Materials

The tested tailings were collected from the Bulydnhgold mine located in Tanzania. The tailings
were transported from the mine submerged in waltedfplastic bags, in order to minimize oxidation
of the minerals and acid rock drainage. Althoulgé tailings were shipped at the pumping water
content (38%), it was found that due to settlingrmytransport, the water content reduced to around
30% and it was necessary to remix the tailings witghbleed water produced by settling in ordeeto r
produce tailings with a water content of 38%. Epecific gravity of the tailings was 2.89; the Lidju
Limit (LL), Plastic Limit (PL), and shrinkage limitvere 22.5%, 20%, and 18% respectively.
According to Unified Soil Classification Systemettailings were classified as silt with low plasgtic
(ML).

Fisseha et al. (2010) used a variety of method®rder to obtain the soil water charactristics eurv
(water retention curve) of Bulyanhulu gold tailingsgure 3 presents the SWCC of Bulyanhulu gold
tailings based on gravimetric water content (GW@J) degree of saturation obtained by Fisseha et al.
(2010).

In order to determinethe stress history of the gold tailings stack, the equivalent effective stress of
the tested tailings during desiccation is required. Using equation 2, the SSCC of the gold tailings
is obtained and compared with SWCC in Figure 4. It is clear that with decreasing the degree of
saturation during desiccation, both matric suction and suction stress increase. However, the
amount of increaseis not equivalent below Sr = 0.8 (GWC = 22%). In fact, between Sr = 0.8 and
Sr =042 (GWC = 22% and GWC = 11%), the suction stress does not increase as the matric
suction increases. As expected, the trend in the suction stress after the AEV (air entry value) is
not the same as the suction stress before the AEV. In other words, before the AEV (~80kPa) the
suction stress is almost equal to matric suction; while after the AEV, it is lower than the matric
suction. However, the suction stress continues to increase despite the decrease in degree of
saturation.
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Figure3: Measured Soil water charactristics curve of gold tailings (Fisseha et al., 2010)

1000 ¢

=
=

——SWCC

=

—&—33CC

Matric Sction or Suction Stress (kPa)

_—

0.1 A
0 0.2 0.4 0.6 0.8 1

Degree of Saturation

Figure4:  Thecomparison of SWCC and SSCC for gold tailingsM ethdology
M ethdology

Three different sample preperation methods areqs@g in this paper. The first method is simply to
reconstite samples at the pumping water conterthensimple shear test mold, before drying and
consolidation. The second method involves sammgll-scale simulations of multilayer deposition.

In the third method, a flume test is performed eosider the effect of thickened tailings deposition
movement on the montonic response of thickeneihdail In other words, the third method is focused
on whether the movement of tailings down the beaxistitutes an important role in the shear strength
of thickened tailings layers.

The reconstituted samples and samples extracted deposition simulation are tested usingjraple
shear apparatus. The simple shear apparatus erdpiay¢his study was the NGI (Norwegian
Geotechnical Institute) type. The apparatus congitta shear load frame, a vertical single acting a
piston, a horizontal double acting air piston, astant speed motor drive, load cells, Electronic-
Pneumatic Transducer (EPT), and Linear Variableplagement Transducers (LVDT). In the
apparatus the sample is contained within a steel rginforced rubber membrane in order to constrain
the lateral deformation. The constant volume caowlits obtained during shear loading by keeping the
height of the sample constant using a clamping er@sm. In order to achieve the constant volume
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condition, the specimen diameter is kept constantthe reinforced membrane and any vertical
displacement is restricted by clamping the top bottom loading cap against vertical movement.
Figure 5 shows a schematic diagram of the simpéarshpparatus used in this study. It has been
illustrated that the decrease or increase of \@rstress in a constant volume simple shear test is
typically equivalent to the increase (or decreas@&xcess pore water pressures in an undrainedriest
this case, the change in applied vertical stressben shown to be equivalent to the excess pore
pressure Au=c'yc - 6'y), which would have been measured in a truly umeiditest (Dyvik et al.,
1987). Al-Tarhouni et al. (2011) showed that tg#nin the pseudo-saturated range, in which the
matric suction is zero but the sample containsatuded air phase, show similar behaviour withyfull
saturated tailings. In other words, whether theytasted in this pseudo-saturated state, or tested
their degree of saturation has increased by comgetiie sample to a water reservoir, they exhibit
essentially identical response to shearing.

Figure5: A schematic diagram of the simple shear apparatus (Al-Tarhouni, 2008)

First method: reconstituted samples

In the first method, tailings at the pumping watentent (38%) were reconstituted in a simple shear
mold and allowed to desiccate to different watantent values. Samples were taken from buckets in
which their water content was less than 30% (petlisg), and submerged in process water. Process
water was mixed with the tailings to increase tlaew content before placement of the tailings & th
mold. Desiccated samples were allowed to dry t%,258% (the shrinkage limit) and 13% water
content (corresponding to ~ 400 kPa matric suctigvy.is introduced to show the water content to
which the samples are desiccated. The samplesWitkr 18% and W = 13% were rewetted with
tailings bleed water. After reaching desired watentent, water was added slowly in order to
resaturate the sample. The water content of thécaded tailings after rewetting but before
consolidation was always between 21 and 22%, ajfindlie degree of saturation varied between 0.96
and 0.88 due to different obtained void ratiosraféewetting. In order to simplify comparisons argon
specimens desiccated to different water contenttrignauction), the over consolidation ratio of
desiccated specimens (Og)Rs introduced. The overconsolidation ratio ismaly defined as the
highest stress experienced divided by the curreess (Das, 1997). As previously discussed, during
the desiccation soil samples are subjected to aivagnt effective stress (suction stress) depeandin
on the matric suction and degree of saturationaAssult, the over-consolidation ratio in this c&se
defined by the ratio of maximum suction stresseadd during drying, and the consolidation pressure
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applied after rewetting. It should be noted thathi# suction stress is lower than the consolidation
pressure, the sample is considered normally caretelil and OCRis equal to one.

£ P iy .
OCR, = —£fon-mes suction stressé?,,,

Flpe

Og6R 1 suction stress's. )]

Whered',_ is the consolidation pressure applied to the saraftér resaturation.
All resaturated samples were consolidated undéPs0consolidation pressure before shearing.
Second method:

The second method consisted of successively dampsito layers of tailings of thickness of about 10
cm in a cylindrical column with a 25 cm diameter this method, thickened tailings were deposited in
the column at the pumping water content (38%) dlmivad to desiccate to different values of water
content above and below the shrinkage limit (e@. 28, 25, 23, 19, 17, 12 and 4%). Fans were
located on top of the columns in order to accetedatsiccation. Continuing desiccation to lower wate
contents generates higher suction stress in thagsi These tailings were then overlaid with fresh
tailings, which led to resaturation of the undertytailings by capillary action. Samples were aledi
from the bottom layer after about 12 hours. Simtlarthe first method, the water content of the
samples before extraction was measured at around 22%. Degree of saturations after sampling
ranged from 0.86 to 0.90. For sampling, some thai tubes with a length-diameter ratio of 1.42 were
employed. It should be mentioned that for fine myedi soils, it is recommended to use a thin, sharp
edged tube with the length-diameter ratio of 1.4 area ratio less than 15 for sampling method
(Wijewickreme, Sanin 2004). Figure 6 shows typmdracted samples from the column.

Figure6: Typical extracted samplesusing second method of deposition

Extracted samples were placed in a simple sheacelend consolidated under 50 kPa, 100 kPa and
200 kPa consolidation pressures. Based on defndfcOCR, the amount of OCRis a function of
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consolidation pressure. Table 1 shows the valuesOGR> for different water contents and
consolidation pressures calculated using equation 3

Tablel: Thevaluesof OCRp for different water contentsand consolidation pressures

Consolidation Pressure
Wy (Wat((;: Content) 50 100 200

30 1 1 1
28 1 1 1
25 1 1 1
23 1 1 1
19 1.7 1 1
17 2.6 1.3 1
12 4.1 2.1 1
4 8 4 2

Third method:

In the third method, a 200 x 10 cm flume was usedimulate the movement of thickened tailings

layers from the deposition point down the beachlinigs at the pumping water content were pumped
with a centrifugal pump and deposited at the edgéhe flume. The pumping rate was such that

movement of the tailings front along the bottomtlod flume was between 0.1 and 0.2 cm/s. After

reaching 15 cm thickness, the flow was stoppedtaiidgs were allowed to desiccate to reach 30%
and 25% water content. Samples were extracted tinendeposition point (L=0 cm) and 200 cm away

from the deposition point (L=2 m) using a shean tvall sampler. Extracted samples were placed in a
simple shear test for strength measurement. Figstews the flume test process.
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Figure7:  Flumetest process



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

Results:
First method results:

Figure 8 presents the results of the first methdddeposition simulation. All samples were
consolidated under 50 kPa vertical stress afteettavg and before shearing. It is clearly showrt tha
the sample desiccated to water content above thakalge limit (Ws=25%) had a reduced response.
Continuing desiccation to \\= 18% and 13 % (OGR 2.3, OCR = 4) increases the dilative response.
However, the rate of increasing dilative behavibyrdesiccation to the shrinkage limit (18%) is not
the same as desiccation beyond the shrinkage limiaother words, the rate of dilation increases
sharply as OCRincreases from 1 to 2.3, but increasing @@Rm 2.3 to 4 does not lead to a tangible
increase in the dilation. It should be noted tlaahgles with higher OCIRRshow stronger response in
spite of the higher void ratio after consolidation

Kim et al. (2011) employed this method to compé&e hehaviour of desiccated samples with QCR
and mechanically overconsolidated samples. FiguderBonstrates that the effect of QCBn the
monotonic response is qualitatively different fromme effect of mechanical overconsolidation.
Mechanical overconsolidation produces a pronounpedk stress, while overconsolidation by
desiccation does not, but rather increases steattelning past the phase transformation point.
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Figure8: Theeffect of desiccation on monotonic response of thickened tailings based on the
first method
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Figure9: Thecomparison of overconsolidation ratio derived by desiccation (OCRp) and
mechanical loading (OCRy,) (after Kim et al., 2011)

Second method results:

Figure 10 and Figure 11 present the results osdm®nd method under 50 kPa consolidation pressure
after extraction. It is clear that samples desextad Wd= 30% have a contractive response. Thegphas
transformation point appears for tailings driedVwal=28% and lower and the dilative response is
increased with continuing desiccation. With comtghidesiccation to the shrinkage limit (AEV at
SWCC, OCR = 1.7), the dilative response becomes more proremiridesiccation beyond the AEV
also increases the dilative response; howevernateeof increase is significantly lower in compans

to samples desiccated to the AEV. In other wordigr dhe shrinkage limit, although the OER
increases from 1.7 to 4.1, the shear strength doesncrease in the same proportion as before the
AEV.

Figure 12 shows the comaprison of the normalizezhisitress at phase transformation (PT) points

(Ter /@' ) for different consolidation pressures. As witk tielative degree of dilation, with increasing

the desiccation to AEV, the shear stress at PTleasas rapidly; however, the rate of increase iarshe

stress at PT is not as rapid for samples desicqatstthe AEV. It should be noted that samples with
higher consolidation pressures had higher shesgsstait PT.
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Figure10: Theeffect of desiccation on stress-strain response of thickened tailings (CP =50
kPa)

Third method results:

Figure 13a and 13b show the result of samplesterttdrom deposition point and 2 m away from the
deposition point with the flow velocity of 0.1 crnésd 0.2 cm/s respectively. Based on Figure 13a, it
is clear that the sample extracted from L = 2 nmfrithe deposition point is less dilative than the
sample extracted from the deposition point. Howethex difference is almost negligible. According to
Figure 13b, both samples have same response libophase tranformation point. After PT, samples
extracted from L= 200 cm have less dilative respons
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Figurell: Theeffect of desiccation on stress path response of thickened tailings (CP =50
kPa)
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Figure12:  Thecomparison of the value of normalized shear stress at phase tranformation
pointswith the desiccation history
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Figure13: Response of tailingsnear the deposition point and at thetoe (2 m away) in aflume
simulation of desposition

Discussion

Three different laboratory techniques are propdsesimulate the deposition of hard rock thickened
tailings as a stack. In both the first and secoethiwds higher OCER higher desiccation history) leads
to higher monotonic shear strength. The rate ehgtth increase is higher as the material dessitates
the shrinkage limit, but additional strength gas minimal with subsequent drying beyond the
shrinkage limit. This is perhaps due to the higpest-consolidation void ratios of the highly
desiccated samples. Figure 14 shows the compawistire first and second methods considering the
variation of normalized shear stress at PT and vaim with desiccated water content {\WIt is
obvious from Figure 14b that for both methods, tb&l ratio obtained after consolidation increases
with increasing the desiccation history. In othards, samples with higher OGRlower Wy) have
higher void ratio after consolidation. Figure 14armnstrates that the higher void ratio does neicaff
the normalized shear stress at PT significantly.elew, the first method of deposition could lead to
higher void ratios and therefore lower shear stiemg comparison to the second method. In other
words, although the second method could simulaefidid deposition more appropriately, the result
of the first method could be safer for static desige to the lower shear strength. It is also shihah

for both methods with increasing desiccation hist@ncreasing OCR or decreasing \Y, the
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monotonic shear strength increases. However, ttee aincrease is more significant for samples
desiccated to AEV.

For the third method, it should be noted that saspixtracted from the deposition point have shghtl
higher strength. However, this slight differencealmost negligible. It is proposed to develop the
experiment to longer lengths of deposition for maceurate simulation.
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Figurel14: A comparison of thefirst and second methods

Conclusions

Three different laboratory methods for simulatitigess history of thickened tailings layers wereduse
in order to determine the best method to reprodiieestress history of thickened tailings stack laye
for element testing. Based on the simple sheardsstts, the following can be concluded:

1. Thickened tailings at high water content (more tB8%) have a contractive response.

2. Desiccation to shrinkage limit could significanthcrease the monotonic shear strength of hard
rock mine tailings; however, desiccation beyondghenkage limit would not be as beneficial as
desiccation to the shrinkage limit.

3. The second method could simulate the field demosithore appropriately; however, due to the
lower void ratio in comparison to the first methake results of the second method are more
dilative.

4. The movement of thickened tailings during depositmould slightly decrease the strength.
However, this decrease could be negligible for shi@position lengths. More research is
required for longer deposition lengths of depositio
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