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ABSTRACT: The growing mineral exploration contributes directly to an increase in tailings
generation. In this way, larger and larger areas are requirechébrdisposal of the tailings,
which conventionally happen by placing this material continuously in its milling condition as

a pulp, without any kind of treatment. Against this backdrop, new alternative disposal
techniques have been developed for fine aoff wilings which aim mainly at storage
optimization of impoundments and increase of the shear strength of the tailings in a short
period of time in comparison with the conventional method. In this paper a back analyses of a
deposit formation made of fin@ilings is performed using two different but complementary
approaches. The first, more qualitative, sought to identify the deposit stratigraphy and its
formation history. This was made possible through a detailed data survey (reports, design
documents, @rsonal communications, photos, etc.) and by means of an extensive geotechnical
investigation program, including laboratory and field testing. The other approach, seen as
more quantitative, dealt with modeling the <sadyial deposition method by looking at
numerical solution for events such as large strain consolidation and desiccation of fine, soft
tailings, following filling and waiting periods according to that disposal technique.
KEYWORDS: Fine tailings, slimes, stderial, tailings disposal, field imegtigation,

numerical modeling.

RESUMO: A crescente exploragdo mineral contribui diretamente para o aumento na producao

de rejeitos. Desta forma, areas cada vez maiores séssagas como destino final para seu

PRELIMINARY 2



33
34
35
36
37
38
39
40
41
42
43
a4
45
46
47

48

armazenamento, que via de regra acontecdodma continua, na condi¢cdo natural, sem
nenhum tipo de preparagéo para descarte. Diante disso véem surgindo técnicas alternativas de
disposicéo de rejeitos finos que visam principalmente a otimizacéo dos volumes de reservacao
e 0 aumento da resisténaid material em periodos de tempo relativamente curtos em
comparagcao com a técnica convencional. Neste trabalksefama retroandlise da formacéao

de um depdsito de rejeitos finos construida pelo método subaéreo segundbaldagens
distintas, mas comeinentares. A primeira, mais qualitativa, tratou de identificar no terreno o
perfil estratigréfico do depdsito e sua histdria de formacao. Isso foi possivel através da andlise
de documentos diversos (projetos, relatérios, comunicacdes pessoais, fotog @tc.)
realizacdo de uma campanha de investigacfes geotécnicas de campo e de laboratério. A outra
abordagemde cunho mais quantitativo, tratou da modelagem do método subaéreo através de
solugcdo numérica dos eventos de adensamento a grandes deformacéessecdenento de

solos finos, seguindo as etapas de enchimento e de espera pregsigla técnica.
PALAVRAS-CHAVE: Rejeitos Finos, disposicdo subaérea, investigacdes de campo, ensaios

de laboratério, algoritmo, simulacdes numéricas.
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1 INTRODUCTION

Mining industry is booming these days and in consequence an increasing amount of mine
tailings has been generated, requiring larger and larger containment areas for disposal, since
tailings are usually discarded as a fluid pulp.

Tailings placement depends dts grading. Coarse material is usually disposed close to the
containment structure where it can be used as construction material for raising of dykes and
dams, and also to function as its foundation.

The fine tailings, on the other hand, is disposestream the impoundment, forming a decant

lake and generating a soft, compressible, low density deposit with poor bearing capacity.

Fine tailings deposits, although marade, present a similar behavior to the natural stratus of
soft soils, showing, for exgoie, high compressibility and low hydraulic conductivity. This

fact potentially allows that the general knowledge of soft soils engineering properties and
performance, accumulated over the years by geotechnical engineers, could be used to
understand how fie tailings deposits work.

According to Massad (2003), soft soils are
values not higher than 4 blows), in which the clay fraction makes them cohesive and very
compressible. The behavior of these soils depeachong other things, on the water content,

the stress state and mineral characteristics. Additionally, clay fraction content has also an
important role in the characteristics and properties of the soft soils such as compressibility,
permeability and sheatrength.

The engineering properties of the fine tailings are important for settlement analyses and
bearing capacity calculations of the deposits. In dredging materials and in soft mine tailings
(slimes), large deformations are expected, requiring mmphisticated analyses such as the
ones that use large strain consolidation theories. On the other hand, slope stability analyses are
usually performed in terms of total stresses or undrained conditions.

In the following this paper discusses different sgas to study formation of fine tailings
deposits aiming at storage planning and as a foundation substrate for surface rehabilitation

(closure) and temporary structures.

2. Formation Laws

2.1 Physical Processemnd Disposal Methods
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Upon disposal, sluyr could experience several physical processes: sedimentation,
consolidation, desiccation, and eventually desaturation. Figure 1 shows the sequence of these
phenomena.

Almeida (2004) and also OliveHf@lho & van Zyl (2006a) present a detailed descriptibn o
these physical phenomena. A summary of these processes is given next.

Sedimentation is relatively fast, and volume change depends on the initial solids content of the
pulp. In the consolidation and desiccation phasimificant but deferred settlemerdtthe
deposited material can occur. The desiccation phase is divided in two distinct steps: one
dimensional desiccation and thveénensional desiccation. In the thréenensional phase

crack opening and propagation occur. Finally, if tailings still losger, without volume

change, material starts to desaturate.
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Tailings are commonly disposed as a fluid pulp &matisported through channels or pipes
(Vick, 1983). Other tailings disposal schemes have been devised for practice leading to initial
solids content higher than when disposed in a conventional way. The alternative disposal
schemes, from lower to higherntial density at the time of disposal, are: sadrial disposal,
thickened tailinggTTD), and paste (Norman & Raforth, 1998; Ulrich et al, 2000).

Another common characteristic to the alternative methods is its intermittent character of
disposal with altarating cycles of filling and waiting periods (no disposal).

Figure 2 shows differentndrained shear strengthnd densitieshat fine tailings can exhibit

right after disposal, depending on the disposal scheme, conventional or alternative.

A

Su
SLIME PASTE CAKE
< Segregation }L No segregation >
Slime " Slime
L No L Normal \L High density Highest
" thickened T thickened T thickened A consistency

>

Consistency/Density

Figure 21 Shear strengthslime consistency versus (ICOLD, 2002)

Motivation for development of alternative methods of tailings dispbsal beemmainly

related to the search tdilings facilities with reduced risk and liability, easier permitting in
difficult regulatory environments, improved water recoveigster area rehabilitation, and
expanded storage of higher volumes in smaller areas. However, those alternative methods
come at a relatively higher cost when compared to the conventional method.

Table 1 comparethe alternative methods according to important design aspects.
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Table 1i Comparison of the alternative tailings disposal methods

SUB-AERIAL TTD PASTE
Final density Intermediate High Intermediate High High
Segregation High - Intermediate | Low None
Superficial water High - Some Some- None None
Rehabilitation After some time Almost immediate | Immediate
Permeability High - Low Low Very low
Application Onthe surface Onthe surface On the surface an
underground
Water consumption | High - Intermediate | Intermediate Low
Cost Intermediate High High High

As it can be seen in Table 1, one or other option will be moreetiestive depending on

which aspects are considered more relevant in a particular project.

2.2 Modeling

Fine tailings arematerials constituted of silts and clays, and depending on their content a
model of behavior is defined based on their engineering properties such as compressibility,
hydraulic conductivity and shear strength. Additionally, the construction method and the
degree of heterogeneity of the disposed material also affect the whole behavior and therefore
the geotechnical model.

Therefore modeling deposit formation constitutes a task which requires a good dose of caution
and experience, with clarity of hypothesesl scope.

Oliveira-Filho & Lima (2006) proposed a numerical algorithm for modeling construction of
homogeneous, clayey depadituilt using the suaerial method. In this algorithm cycles of
filing and waiting are simulated, modeling physical procesaesh as consolidation and
desiccation. Modeling is done using a computational code, CONDES (Yao et al., 2000), to
solve nonlinear partial differential equations of second order which models processes of
consolidation and desiccation of soft soils (AB€leh and Znidarcic, 1995).

Figures 3 and 4 shosimulationresults for a case study of two complete cycles of filling and
waiting (2 layers). The physical processes of volume reduction due to consolidation as well

desiccation are notieble being he former in two steps and the latter starting at certain point
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in time of the waiting periodn Figure 4, lhe void ratio decrease at the top of the layer due to
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Figure 37 Filling and waiting cycles(actual and nominal heightg for a two-layer deposit
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Figure 4 1 Void ratio profiles at the end of filling or waiting cyclesfor a two-layer

deposit

Using the abovealgorithm OliveiraFilho & Lima (2006) tried to model deposit formation
according to the sulerial method by repeating trsthene eighttimes (8 complete cycles of
filling and waiting stagesor layer3. Figure5 shows the final void ratio profile for each

complete cycle or layer.

As it can be seen, desiccation on every intermediate laysilligoticeable geevoid ratio
reduction) but decreasingly less effectivEheconsequence of this trendtisat loweroverall
volume reductions achieved by th disposal scheme. Further, there shouldals® lower

gains inundrainedshear stength due to desiccatio(Penna & OliveiraFilho, 2007).

Finally, Lima & Oliveira Filho (2006) have shown that an increased performance could be

reache by gradually increasing the waitiogcle

PRELIMINARY 2



161

162
163

164
165
166
167
168
169
170
171
172
173
174
175

5_
8™ cycle (layer)
4_
/-\3_
E
< -
2
)
I
2_
l_
| 1st cycle (layer)
T T T T T T 1 T T
1 1.5 2 25 3 35 4 4.5
Void Ratio
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2.3 BackAnalysis

The different tailings disposal techniques yield changes in the slime consistency according to
the physical phenomena of consolidation and desiccéaing toa gradualdensification

and strength development the deposit These changes can b®nitored during deposit
formation(operational life) (Silva, 2003) or can bderredby means of site investigations in

the field and laboratortestingwhen the deposit is already built, in an effort known as back
analysis (Lima 2006).

In the first cae, monitoring of the slimes can be done by extensive instrumentation program
and sampling (Silva, 2003; Konrad & Ayad, 1997).

In the other case, the deposit of slimes needs to be investigated as far its stratigraphy and

geotechnical properties of its lage requiring a directed investigation which involves field
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and laboratory methods. This activity commonly involves geotechnical logging, sampling and
field and laboratory testingLima, 2006; Arabe, 1995, Schnaid, 2000; Massad 2003; Oliveira,
2002; Spanenberg, 2003; Bedeschi, 2004; Albuquerque Filho, 2004 e Mondelli, 2004).

Furthemorein the case of back analysis, the historic and documental research of the deposit

present an important role, which provide information on discharge timeline, amounndnd ki

of disposed material at the site.

With information about the deposit, material properties and modeling, the deposit formation

can be properly analyzed and its results used in a variety of projects such as reclamation of

closed disposal areas and constiion of earthworks on these materials (Wels et al, 1999).

3. Case study: iron ore slime deposit built by the suberial method

3.1 Deposit history

The slime deposit is located the Germano dam impoundment that belongs to Samarco

Mineracdo S. A., inthe Iron Quadranglein Mariana, Minas Gerais. From the iron ore

processing plant, two kinds of tailings are generated, one coarse (sandy) and the other fine

(slime).

Germanob6s tailings were disposed

n a convent

Coarse tailings were disposed from the crest of the main @tamjng a beach and also

serving as a construction material (for raisidikeg after dewatering by gravitational

drainage. On the other hand, the slimes were launched from the impoundmernupfsre

from the dam crest, forming a sedimentation decant lake, without compromising safety of the

containment structure

From September/2003, with increasing of the mineral production, and consequently of

tailings, the company started a desiccation ptojor its slimes (Pimenta de Avila

Consultoria, 2001)This project aimed to create economic and environmental benefits such as

volume optimization and shortening of the reclamation period.

The desiccation project devised a system of five closed poradgas (pad). The slimes

generated by milling processes were discarded in the padding system through a sole spigot and

one structure at a time. This procedure guaranteed an intermittent filling of the slimes in the

padding system, allowindrainage and sua€edrying intervals. Among the padding areas,

padding area #4shown in Figure 6ywas chosen as the most representative of thasual

method (Figure).
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Figure 61 Padding area#4 in Germano Impoundment

3.2Deposit stratigraphy

3.2.1 Investigation program

Investigation program for establishing the deposit stratigraphy consisted of field and
laboratory activities. Field investigation happened in two locations, the first in the vicinity of
the center of the padding area (El. 905(0), and the second at the crest of the northeast
containment wall (El. 907,50 m). Figueshows investigation locations.

Field exploration consisted of reconnaissance soundings with SPT measurement, piezocone
testing, and undisturbed sampling, perfodme phases and in this order. Reconnaissance
soundings with SPT measurement were used for a preliminary evaluation of deposit
stratigrafy. Two reconnaissance soundings with SPT measurement were performed. Piezocone
testing was used to provide a betterinigbn of the deposit stratigraphy and classification.

Two piezocone soundings were performed. The undisturbed samples retrieved from the
deposit at different depths in an adjacent location allowed a textural calibration of piezocone
results for that degsit. Thirteen undisturbed samples were collected altogether.

Laboratory testing was performed in the geotechnical lab of the Federal University of Vicosa
(Relatério 05019, 2006) from undisturbed samples collected at the location near the dike.
This testig program was intended for basic characterization of the material that underlies the
dike, which includes construction material of the dike, dike maté&c@mhtaminated by the

deposit material and, at depth, the deposit material itself.

3.2.2 Sounding of reconnaissance with SPT measurement

SPT soundings were performed by local contractor according to ABNT standards (NBR
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6484/2001 and NBR 7250/1982
Figure7 shows aschematicross section containing two of the reconnaissance soundings, one

at the cater of the impoundment and the other at the dike.

EL. 907,50 m

EL. 905,00 m 5
5
4
2 3
2 4
4 3
1 2
1 2
2 3
1 3
2 2
3 DEPOSIT 2
0] EL.895,00m 2
6 6
2 3
|7 | 7

3 [ 3]
5 4
6 5
5 5
5 5

Figure 71 Cross section of SPT soundirgat the central area and the dike (SPT counts)

The profile at the center of the impoundment presents low values of SPT all the way down to
9m deep (range of D 4). This rangandicates existing materials of low to medium shear
strength. In general, clayey and silty soils witgbNower than 5 are compressible and weak.
(Schnaid, 2000). Similar values asotypical of loose sands and sandy silts.

These redts can be extrapolated to the whole deposit layer if horizontal homogeneity of the
deposited material is assumed, since the material was disposed by hydraulic means, with
relatively high solids content, and therefore with no chance for segregation 198X,

On the other hand, the dike profile, highegNvalues were observed in the first meters.
These results can be explained by the presence of compacted sandy tailings used in the dike
construction. The presence of this type of material at the sit¢haninformation that the end

dump method was used for dike construction suggests that the dike stratigrafy consists of near
surface material with high shear strength, probably the compacted sand tailings, then no
compacted sandy tailings that sunk dagjhg the deposit material and eventually mixing with

it, and finally the deposit material.

In the two soundings, sampling was unsuccessful at several demhmy under the water

table Few samples retrieved by the standard SPT sampler alloweddssatiptionas sandy
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or clay material, deposited in thin layers (centimeter to decimeter thicknesses) as shown in

Figure8.

Figure 8/ Standard SPT sampler with material retrieved in the soundings.

3.2.3 Piezocone tests

A summary ofpiezoconedata interpretation is presented here. Two piezocone tests were
performed, one at the center of impoundment area and the other at the dike location. The
results of the cone test in the dike location served as basis for textural calibration of the
material deposited dhe padding area #4ima (2006) interpreted CPTU results using well
known classification schemes (Robertson & Campanella, 1983; Senneset et al.,, 1989;
Robertson, 1990) and compared with basic characterization of the samples retrieved by the
shelby samples at the dike locatiorand concluded that for @hdeposit tailings, the better
agreement was obtained using the classification by Senneset et al. (1989). This classification
relates porepressure coefficieng, Bequation 1) with corrected poistressqr.

U, —Up
Bq—

dr —Svo (1)

where y represents measured porewater pressushoulder positigny hydrostatic pressure

ando,, in situtotal vertical stress.

Piezocone testing followed MB 3406 (Soiin situ Piezocone penetration) and ASTM 3441
(Standard test method for deep, qtsdatic, cone and frictionone penetration test of soil).

Pore water pressure measurements were performed using a porous element made of bronze,
located at the cone base pasition).

CPTU results at the center of the impoundment are shown in Fgiitee profile shows, in
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283 general, a soil with low values of corrected postitess(gqr) and excesses of dynamic

284  porewater pressureju The presence of excesses of dynamic poewaessure is normally

285 related to deposits with mainly fine textuamadlow hydraulic conductivity $chnaid, 2000

286 The existence of these strata within the deposit can also be identified through porewater

287  pressure coefficient (B shown in FigurelO.

288
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Figure 91 Piezoconedata: (a) correctedtip stress profile, (b) friction ratio profile and,

(c) pore pressure profile
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299 A detailed examination of the deposit profile was obtained at the lincibree measurement

300 reported in the test that is from 2.00 to 2.50 cm, and the soil has its stratigraphy interpreted
301 using Senneset et al. (1989) classification. The stratigraphy of the deposit is presented in

302 Figure 10.
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304 Figure 11-Deposit stratigraphy interpreted from CPTU data

305

306 The profile is heterogeneous, with uniform strata ranging from sand to soft clays, and
307 thicknesses which could vary from centimeters to decimeters. Below El. 897 m there is a
308 change in the stratigraphwhich maycorrespond to thdeposit soil foundation. This happen

309 to be also tailings material from previous tailings management in the Germano reservoir (see
310 item 3.1).From this analysis it was concluded that the deposit at center of impoundment was
311 approximately8,0 m deep.

312

313 4. Back analysis of the deposit formation

314

315 4.1 Qualitative model

316 As it appeared in Figurgl, material heterogeneiin the deposit is significant, showing that

317 disposed materials were not only clayey silt slimes as it sugposedn previous works

318 (Pimentade Avila Consultoria, 2008jlva, 2003; Almeida, 2004).

319 The textural sequence of the deposit materials séemeflect a typical pattern of hydraulic

320 deposition ané particulamode of managemerih that respecthe gradual change in texture

321 of the magrial ranging from sand to clay is apparent.

322 Regarding tailings management, historical data indicatettieedeposit tailingsn padding

323 area #4originated from dredging operatisron a decant pondailso in the Germano

324 impoundmentwhich servedas residerefor the slimes(to increasesolids contentbefore

325 theirrelocationinto the desiccation pads (item 3.Ejgure 12 showsa schematic diagram of

326 the dredger operation which typicallstarted at slimedevel and continued in depth,

327 encountering differendtrata in a vertical profile. Upon moving the dredger, the operation was
328 repeatedanda similarlayering sequence wdsund. The dredged material was pumped and
329 disposed in the padding structures and the resultant profile had a reversed sequence of the on
330 existing in the residenceécany lake.

331
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333 Figure 127 Dredging operation scheme

334

335 A good example of the above discussion is shown in the profile of Fijufdgetween
336 elevations 900.00 m and 899.00 m, where the gradual change of material textusarfcota
337 clay in two contiguous sequences is apparent.

338

339 4.2 Numerical simulations

340

341 4.2.1 Deposit data

342 The formation of the deposit in padding area #4, using theasual method, took place
343 betweenOctobef2003 andSeptemb&R005. Unfortunately he filling and waiting periods
344  started to be recorded ontyApril/2004 as shown in Figurks.
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346  Figure 137 Filling curve according to dredger records (April/2004 toSeptembef2005)

347

348 According tothe dredgerrecord, there are no regular intervals of the fii and waiting
349 phases. For example, in December/2004 and July/2005, no slimes were disposed in the pad
350 area 4, whereas in June/2004, slimes were disposed the whole @wetall, computations
351 of the dredger records indicate 210 days of filling and 338 dayesting.

352 For numerical modeling purpose, it was decidetl toouse the actual filling curve but an
353 averagedne with regular intervals of filling and waitilmmhasesand the same final height of
354 solids (or total filling time) This was done in order wimplify the modeland hopefully,
355  without compromising the analysis.

356 The back analysis of the deposit was simulated considering 23 completeafyfdlesy and
357 waiting phases. In all cycles, time intervals of 12 and 18 days were considered foafilling

358 waiting phases respectively, which total 690 days. Thiast number was established

PRELIMINARY 2



359
360
361
362
363
364
365

366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

according tahesite recordgthe cycle averaginggnd personahquirieswi t h  Samar co 06 s

(the extrapolation for the first days without records)
Other additimal input data for analyses (material constitutive properties, for example) were
the same as obtained by Silva (2003) and Almeida (2004), as shown in Table 2

Table 2i Input data for analyses

Input Data
A (kPal) 2.5438
B -0.1920
Constitutive
. C (m/day) 9.45 x 10°
properties
D 4.2370
Z (kPa) 0.0495
Unit weight of water (kKN/m) 9.81
Specificgravity of solids 3.89
Minimum void ratio 1.05
Evaporation rate (m/day) 0.002

4.2.2 Analysis Results

Figures14 and 15 showmodelresults in terms fodeposit height versus time and void ratio
profile at different times, respectivelyn Figure 14 it is shown thahe simulatedfinal height
of the deposit (k) reachedd.16 m which isvery closeto the actual heighimeasured in the

field (8,0 m, item3.2.1) and may justify the rest of tlanalyses

Also in Figure 14, the results show that settlememise to consolidation and desiccation
during a cycle were gradually bigger, but not the settlement rates that show smaller values as
time progresses. Thisethonstrates, on one hand, that as layers are superposed, they cause
additional settlementsonsolidation)n the lower ones due to selfeight. On the other hand,

the inferior layers become stiffer and stiffer (lower void ratio), decreasing settlenmemtsrat

cycles succeed.

Focusing onthe desiccationprocess- supposed to happen during the waiting peritbe
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analysesshowin Figure 15that this phenomenon occurs increasingly &ganore layers are

addedto the depositFurthermore, in this case, i&currencecould be questioned from the

2" cycle on sincethere is no void ratio reduction on top of the profilering the waiting

period except in the first cycle.

Deposit Height (m)

. . 8.293
- ____ Final height 7088 />~ 8.162
(field measurement) 7.641 7 837
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Figure 1471 Deposit heightmodeling (23 cycles)
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393 Figure 1571 Void ratio profile progress in the deposit(cycles from 3rd through 22nd

394 omitted for clarityodos sake)

395

396 4.2.3 Other considerations about slime management and design

397 The foregoing results of slimes management could be compared with two extremagnodel
398 scenarios. For example, in casiat only nominal heights were considered, based on
399 sedimentation densities, the final deposit height would be 16,5®smshown in Figuré3.

400 This calculation is easy to perform, taking the filling period of 276 days tingsgeposition

401 rate, or by usig equation 2, whergye 4.53 and K= 3.00 m, gbeing void ratio at the end of

402  sedimentation and Hheight of solids.
HO = H S ('+ eD —~ (2)

404 The final height obtained above is twice the actual height which shHmvanportance of

403

405 understanding the physical processes considered in the model, mainly consolidation.

406  Another scenario, in the other extreme, would be to perform slime management in such a way
407 that layers were desiccated till their limit (shrinkage limigfore placement of new fresh

408 slimes. In this case, the final height would be 6.15 m. For that evaluation, the same equation is

409 used (2), but replacing &ith enin, where the latter corresponds to void ratio at the shrinkage
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410 limit. In the studycase, theslime used by Almeida (2004) and Silva (2003), rendeggd=e

411 1.05.

412  Figure 16 allows a comparative visualization of the actual deposit height compared with the
413 two extreme scenariodt is apparent that in the later case the slime management efficiency

414  would be maximum, although at a high cosapfolonged waiting time.

415
416 Figure 16/ Comparison of final deposit height according to different disposal

417 considerations
418

419  4.2.4Final discussion and conclusiomf the deposit modeling
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