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Soll formation from tailings disposed behind dcuieg
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3D modelling of the whole process of tailings dispgu®aigh spigotting, transport of sediments,
sedimentation and consolidation simulating soil hetmradidams

This study was carried out in ongi@rdiacea tool to establish the mass of tailings to be stored in the
reservoir
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Soil formation from tailings disposed behind di¥iees
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This study was carried out intorgesducea tool to establish the mass of tailing
to be stored in theeservoir.
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Brumadinho upstream tailings dam failure (Br 2RSS

https://g1.globo.com/globonews/esttifimeo/videamostramomenteexatedo-rompimentalabarragerda
valeembrumadinhe/347700.ghtm




$

Particle breakage
associated to field
compaction of filtered
ore tailings for dry
stacking
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Filtered tailings improvement through CompacticUFRGS
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Whensomebodyis talking aboutmechanicabehaviourof filtered tailings underhigh confining stressespnesis talking
aboutalternativewaysof disposingore tailings by stackingup to 300 meters(or evenmore)in a safeway, avoidingany
possibility of liquefaction/failure

Fordoingso,thereis a knowledgeacquiredregardinggroundimprovementhatcanhelpin looking for possiblesolutions
Looking atthefield, thefirst andmostpopularimprovementechniquds soil/filtered tailings compaction

Towed 22 tonnes threesided impact

22 tonnes vibratory roller compactor compactor roller (effective to 24 m depth
(to compact layers of up to about 50)cm

Anotherpointto be notedis thatthe productionof oretailings might bein the orderof 50,000-100,000tonnesperday
in a unique place, needingto think about alternativesto compactinglayers of about 30-50 cm with standard
compactiorequipmentpy usingimpactcompactorollers.




Particle breakage associated to field compaction $

filtered iron ore tailings for dry stacking TR

Tailings dry stackare compactedn layersfrom the use of drum rollers that causescompactionand vibration efforts on the ground Particle
breakages usuallyobservedn granularmaterialswhensubjectedo externalloadsasoccurswith the increaseof the dry stackheight However,
the particlebreakagealsomay occurduringthelayers'compaction An iron oretailings (53.60% fine sand,39.90% silt, 6.40% clay sizepresenting
78.4% of quartzand 17.2% of iron oxide) classifiedas silty sand(SM) was subjectto cyclic oedometercompaction(Proctorat standardand

modified effort), andvibration (determinatiorof maximumindexdensity)tests Particlesizedistributionanalysesvereperformedbeforeandafter
testingall specimens

The influence of vibration on particle breakagewas evaluatedconsideringthe recommendationsf ASTM D4253 This standardpresentdest
methoddfor the determinatiorof the maximumindexdensityof cohesionlessoilsusinga vertically vibrating table

The compactiorcharacteristicef thetailings studiedwereassessednderstandarcand modified efforts following therecommendationsf ASTM
D698andASTM D1557, respectively

Cyclic oedometetestswere usedto simulatethe compactionof both tailings with drumrollers at field. Threepressureslefined(1.9, 125, and
83.3 MPa) and consideringthe 100 mm samplediameter,the axial forceschosenfor oedometetestswere 15, 100, and 700 kN respectively
Similar to the roller compaction,a loading frequencyof 35 Hz waschosen,n additionto a lower frequency(10 Hz) to evaluatethis influence
Also, 100, 1000 and10000cycleswereadoptedn theloadingsto simulatedifferent numbersof passe®f theroller .
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Particle breakage
associated to high
pressures (due to filtered
compacted tailings dry
stacking)



Tallings particle breakage when submitted to high preSS|UFges

due to dry stack R
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Main option studied In
Brazil to substitute
upstream tailings dam:
Filtered compacted dry
stacking (300 m high)



Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechanic@haracterisatioof Compacted Copper YFRGS
Tailings

Copper tailingsé collection pointe

Velten, R.Z.; Consoli, N.C. et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
G®ot e c (aaeeptgeduf@ publication)




Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechanic@haracterisatioof Compacted Copper YFRGS
Tailings

Samples
upper beach | lower beach

Specific gravityi G 2.844 2.943
Gravel (%) 0 0
Coarse sand (%) 15 0
Medium sand (%) 61.0 20.0
Fine sand (%) 25.0 54.5
Silt (%) 10.5 22.5
Clay (%) 2.0 3.0
LL (%) -
IP (%) Nonplastic Nonplastic
ASTM-USCS Classification SM SM
Maximum void ratioi e, 1.050 1.127
Minimum void ratioi e, 0.831 0.842
Standard Proctor optimum moisture confemi,, (%) 3.12 5.43

Parameters

Standard Proctor maximum dry densitgy,., (kKN/m3) 16.68 17.26

Physical properties of copper tailings.

Velten, R.Z.; Consoli, N.C. et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
G®ot e c (aaeeptgeduf@ publication)




Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechani@haracterisatioof Compacted Copper UFRGS
Tailings
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Triaxial tests outcomes from specimensuldedusing samples of the upper beach tailings: CID tests & CIU tests.

Velten, R.Z.; Consoli, N.C. et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
G®ot e c (aaeeptgeduf@ publication)




Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechanic@haracterisatioof Compacted Copper YFRGS
Tailings
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Isotropic compression data of the upper beach tailings.

Velten, R.Z.; Consoli, N.C. et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
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Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechanid@haracterisatioof Compacted Copper UFRGS
Tailings
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Velten, R.Z.; Consoli, N.C.; et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
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Influence of Grading and Fabric Arising from the Initial Compa &
on the Geomechanic@haracterisatioof Compacted Copper YFRGS
Tailings
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Velten, R.Z.; Consoli, N.C.; et al. (2022).
ninfluence of grading and fabric arising from the initial compaction on the geomechelmacactterisatiolf compacted copper tailings.
G®ot e c (aaeeptgeduf@ publication)
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Another option studied
In Brazil to substitute
tailings dam:
Filtered compacted
cemented dry stacking
(300 m high)



Dry Stacking Compacted Cemented Tailings 1
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- ENG

""" /m* Iron ore tailings ~ 3% PC 11l - 0", = 200 kPa
Second raise ——— 17K/ Iron ore tailings - o', = 200 kPa
90

First raise

Upstream method

Slurry-deposited tailings
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Dry stacking method
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Consoli, N. C.; Vogt, J. C.; Silva, J. P.; Chaves, H. M.; Scheuermann Filho, H. C.; Moreira, E. B.; LoB=ioaAo(202:
of compactedilterediron oretailingg Portlanccemenblends: NevBraziliartrendfor tailingsdisposaby stacking

AppliedSciences12, 836 (DOI: 10.3390/app1202083



POROSITY/BINDER INDEX-POS_

Paradignbreak:porositybinderindex ENG
UFRGS

Consoli et al.(2007)developed a

rational methodology that considers both the porosity and
the quantity of cement through the inde n/C,,. This ratio is
between the porosity of the compacted mixture (n) and the
volumetric cement content (C,;, ) that is added to the mixture

Vroral

where V= volume of voids (water + air) of the specimen;
V.= volume of cement of the specimen; and V., = total
volume of the specimen.

Consoli, N.C.; Foppa, D.; Festugato, L.; Heineck, K.S. (2(
oKey parameters for strength

Journal of Geotechnical and Geoenvironmental Engineerdi3® (2), p. 1205.
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ENG

UFRGS

Paradignbreak:porositybinderindex
controls theunconfinedompressivetrength

#C=1%:q,= 17581e*2 " (R' = 0.96)
*C=2%: q,= 220692 " (R*=095)
- C=3%q,=20491e"1"% (R'=097)
A C=5%:q,=58802¢"""" (R = 0.98)
®C=7%:q,= 828527 " (R'=0.97)
.

0 =5.03x10°(mAC)* >
R*=0.97

24 25 26 27 28 29 30 31 32 3 M I 36
1 (%)

Consoli, N.C.; Foppa, D.; Festugato, L.; Heineck, K.S. (20C
oKey parameters for strength
Journal of Geotechnical and Geoenvironmental Engineerli33 (2), p. 2205
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Theorethicallerivatiorof the porositybinderindex
controllingtheunconfineccompressivatrength

Diambraet al. (2017 establisheda theoreticalderivation of the porosity/binderindex

Knowingthatthe artificiallycementedoil compositematerialis composef the soil phase
(thegranulamatrix)andthe cemenphase assumingsotropyof the materialpehavioiof the

cementedsoil atthefailurepointbeingdeterminedby superposinghe strengthcontributions
of both phases,failure of the composite cementedmaterial occurs as a result of a

simultaneousfailure of both the cementedand soil matrix phases, strain compatibility
betweerthe compositeandits two phasesand definingthe state parametein termsof the

materiaporosity( dthefollowingequatiorwasderived

_ 6MoS(—0.6+ 045K ) (1
T 100[K.(1—3) +3(B+ 1)) \c/*

‘?u

DiambraA.; lbraim, EBeccin A,; Consoli, N.G=estugatoL. (2017)
oOoTheoretical derivation of ar

Journal of Geotechnical and Geoenvironmental Engineet8{§), 04017003.
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ol ] Porositycementatio (h/G)
A 3% cement (STS) . .
¢ o s ) [controlsnot onlythe unconfineccompressive
20001 % P strength butalsotensilestrength triaxial
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£y oy = 4266[/C] ¥
e, R?=0.87
= 4 1.30
n,g g’!} - -
W, ey . 4,266 —
0 ' qy G,
0 20 40 60 80 100 —_—— - 0 ] S
n/C. -1.30 =
Qu ] 327 n
Variation of both splitting tensile (g,) and unconfined com- - C
pressive strengths (g,) with voids/cement ratio v

Consoli, N.C.; Cruz, R.C.; Floss, M.F.; Festugato, L. (20
oParametersontrollingtensileandcompressivestrengthof artificiallycemented a n d 6

Journalof Geotechnicand Geoenvironmentahgineeringv. 136, p. 75863
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POROSITY/BINDER INDEX%%(S}—'

UFRGS

Osorio uniform sand G, (MPa) = 17-504 [y/(C,)" "] "™ R? = 0-92
Porto well-graded SM G, (MPa) = 1 < 10° [pi(C,) " *" ** R = 089

A Osorio uniform sand, 2% cement

4 Osorio uniform sand, 3% cement
Osorio uniform sand, 5% cement
Osorio uniform sand, 7% cement
Porto well-graded SM, 2% cement
Porto well-graded SM, 3% cement

» Porto well-graded SM, 5% cement

Porto well-graded SM, 7% cement

20
:;I[C,.‘.)mmnm

Variation of initial shear modulus Gy for both cemented soils (uniform sand and very well-
graded silty sand) with adjusted porosity/cement ratio

Consoli, N.C.;: Viana da Fonseca, A.: Cruz, R.C.: Silva, S.R.; Fonini, A.

oParameters controlling stiffnes
G®ot ec, 62 i3




POROSITY/BINDER INDEXL%-

Confining Pressure = 400kPa
VviNce~10

---- TRI 15 (e=0.70; CC=8.6%)

——TRI 18 (e=0.80; CC=10.3%)

ENG

UFRGS

Triaxiakesultson
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uniquedeviatoric
stress- axialstrain
curve

(uniqueh/Gv buttriaxial
testswithdistinctscement
contentsanddistinct
porositie3

Consoli, N.C.: Viana da Fonseca, A.; Cruz, R.C.; Heineck, K.S.

OFundament al parameter s

f or the sti ffn

Journal of Geotechnical and Geoenvironmental Engineedi3%(9), p. 134353



Sand-Cement Dosage (Clean Sands)

Shapes of studied sands using a scanning
electron microscope (SEM): (a) angular silica
sand obtained as a-{pyoduct of agate
polishment; (b) rough sand made from
crushed basalt; (c) granitic Porto sand; (d)
rounded Osorio sand

Consoli et al. (201
OBroadspectrum empirical correlation determining tensile and compressive strength eboadeshtlean granular sals
Journal of Materials in Civil Engineeg@6), 060170(




Y. sand-Cement Dosage (Clean Sands)

Sand from Agate + PC Ill - Compression - 7 Days

Unconfinedcompressivestrength(q,) of silica sandobtainedasa by-productof agate
polishmenttreatedwith early strengthPortlandcementcontentfor threedistinct void
ratioand? daysascuringperiod

Consoli et al. (2017).
OBroadspectrum empirical correlation determining tensile and compressive strength cboeneshtlean granular sdils
Journal of Materials in Civil Engineer28y(6), 06017004




Sand-Cement Dosage (Clean Sands)

3000 =

4 <4 <4 Granitic Sand + PC Il - Compression - 7 Days
q, = 48175.7 . (n/C,)"* (R? = 0.99)

p ® ©® @ OsorioSand + PC Il - Compression - 7 Days
2500 — q,=32374.3 . (n/C,)"* (R?=0.98)

& @& @ Osorio Sand + PC | - Compression - 7 Days
q, = 21683.1 . (n/C,)"* (R?=0.90)

") () () Osorio Sand + PC lll - Tensile - 28 Days
----- q, = 7669.6 . (n/C,)"*® (R? = 0.96)

I
100 120

Examples of bedft curves ofq, (or g, versusd/C,, for studied sands treated
with Portland cement

Consoli et al. (2017).

OBroadspectrum empirical correlation determining tensile and compressive strength eboedmshtlean granular sdils
Journal of Materials in Civil Engineer28y(6), 06017004




Sand-Cement Dosage (Clean Sands)

g — ® @ © Osorio Sand + PC IIl - Compression - 3 Days
Osorio Sand + PC Ill - Compression - 7 Days
- @ © @ Osorio Sand + PC Il - Compression - 28 Days
7 — (O (O (O Osorio Sand + PC lIl - Tensile - 3 Days
Osorio Sand + PC Il - Tensile - 7 Days
7 () () Osorio Sand + PC lIl - Tensile - 28 Days
= 6 — Il B B Osorio Sand + PC IV - Compression - 2 Days
& Osorio Sand + PC IV - Compression - 7 Days
o T [ B [ Osorio Sand + PC IV - Compression - 28 Days
OE 5 — ¢ @ @ Osorio Sand + PC | - Compression - 2 Days
- n Osorio Sand + PC | - Compression - 7 Days
{2‘ & & @ Osorio Sand + PC | - Compression - 28 Days
OA 4 — V¥ V¥V V¥V Sand from Basalt + PC Il - Compression - 7 Days
s - YV ¥V Sand from Basalt + PC lIl - Tensile - 7 Days
gz 4 <4 < Granitic Sand + PC Il - Compression - 7 Days
E 3 4 9 % Sand from Agate + PC Il - Compression - 7 Days
o - Sand from Agate + PC Il - Tensile - 7 Days
DE 2 = qul’qu(q/cw:zu) or QIIQt(quifZO) =62.4.m/C,)"* (R*=0.94)

60
n’lCiv

Normalizationofgorgq( f or t he wh g) bydividirg fogqeor qoaft g/ C

80 100 120

Consoli et al. (2017).
roadspectrum empirical correlation determining tensile and compressive strength eboedmshtlean granular sails
Journal of Materials in Civil Enginee#ig6), 06017004



FineGrained SoilCement Dosage ENG

/\ Dispersive Soil + Cement - 3 Days
Y Dispersive Soil + Cement - 7 Days
> Dispersive Soil + Cement - 28 Days
[ Botucatu Residual Soil + Cement - 7 Days
<> Red Silty Clay + Cement (0=15%) - 7 Days
4 Red Silty Clay + Cement (0=18%) - 7 Days
£ Silty Soil + Cement - 7 Days
Silty Soil (0n=17%) + Cement - 7 Days
WV Silty Soil (©=20%) + Cement - 7 Days
P Silty Soil (©=23%) + Cement - 7 Days
<» Organic Soft Clay + Cement - 7 Days
(O London Clay + Cement - 7 Days
Q,/ Qupua = 4.86 X 10°(n/C **)2® (R2=0.91)

OV eOVLD
OV e 0OVLD

q./q, (n/C,2%=30)

Normalisatiorof g, ( f or t h e wh g°Pevithradjustgdeorasity/cesnénCindex for all figeined
soils studied and considering distinct curing periods (3, 7 and 28 days).

Consoli et al. (2016)
rel ationship detemrmi minmg cet
Soils and Foundations, 56 (6), 11X528.




FineGrained SofCement Dosage P(}g
EN

a

Curve obtained using Eq. (7) andssting date ] i o o UFRGS

2000 - A A ANWC *=200-q,=18174kPa

for (a) gold tailings Portland cement and (b) . T e
coal fly askhPortland cement.

u

e (for particular V = 30)

r.lr Coal Fly Ash+Cement - Compression
= 486,000 {w T

~ v O O OlabTestDataUCS)

Consoli et al. (2016)
oA nNi que relationship defoermilmanmg cet
Soils and FoundationS6(6), 108X088.
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Compacted filtered iron ore tailings’ Portland cement blends &

X lron ore tailings

Percent finer by weight (%)

7, (KN/m?)

0.001 0.010 0.100 1.000 10.000

+ Standard effort
¥ Modified effort
_ .qr = 80%

§ = 100%

Dry unit weight -

Particle diameter - & (mm)

—T T T
9 10 11 12

Moisture content - w (%)

CONSOLI, N. C.; VOGT, J. C; SILVA, J. P.; CHAVES, H. M.; SCHEUERMANN FILHO, H. C.; MOREIRA, E. B;
Behaviouof compacted filtered iron ore tailigsrtland cement blends: New Brazilian trend for tailings disposal by sta
Applied Scienced 2, 836 (DOI: 10.3390/app12020¢




7

Compacted filtered iron ore tailings Portland cement blends \PGS -

PCHI g, (kPa)=Ax 10* (n/C,)"'*

90 days- 19 kN/'m> @ 4 days - 18 kN/m?

90 days - I8kN/m* @ 4days- 17 kN/m*
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ENG
UFRGS

PC 111 G, (MPa)=4x 10* (n/C, )%

90 days - I9kN/m* @ 4 days - 18 KN/m®

90 days - 18 kN/m* @ 4 days- 17 kN/m’

90 days - 17 kN/m® = 2 days - 19 KN/m?

28 days - 19 kNm®  wfm 2 days - 17 kN/m*
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