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Flow liquefaction triggering analyses of a tailings storage facility by means of a
simplified numerical procedure

Liguéfaction en flux déclenchant des analyses d'une installation de stockage de résidus au moyen
d'une procédure numérique simplifiée
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ABSTRACT: Recent failures of upstrearaised tailings storage facilities (TSF) resulted in higher standards required by the mining
industry on assessing the risk of tailiffgsv liquefaction. Standard industry practice entails the use of limit equilibrium antdyses
compute a factor of safetgr, in the best case, a probability of faikuessuming peak or residual undrained shear strength ratios;
this procedure, however, fails ficcount for the effect of strasoftening and brittleness, as it neglects the work input required to
drive the softening process that leads to a progressive failure. This papes applienerical procedure to evaluate flosv
liquefaction triggering ba real TSF; the methodology entails the use of finite element models engpllogiriardening Soil model
with smaltstrain stiffness, calibrated for this purpose by focusing on the stiffness parsitiat control the evolution of shear
induced plastic ®@lumetric strains; this calibration is able to effectively reproduce the siess curve in undrained shearing,
including the peak and residual undrained shear strength ratios and their asstaf@imations. In the example shovenTSF
constructionsequence is modelled in detail and subsequent trigger analyses are carrigdseuéral scenarios, including: an
undrained load at the dam crest, to represent a rapid embankmerarrdé&sepntraction at the toe, to represent eventual movements
due tocreep or operational accidents. Results show that this numerical modellgedubta evaluate thigow liquefaction potential

of the facility and to validate its robustness after the construction of anegnfent buttress

RESUME :Lesdéfaillances récentes des installations de stockage des résiduséesréleamont (TSF) ont entrainé des normes plus
élevées exigées par l'industrie miniére pour évaluer le risque de liquéfactiox die fiésidus. La pratique courante dedlistrie
implique I'utilisation d'analyses d'équilibre limite pour calculer un facteur deitééoou, dans le meilleur des cas, une probabilité de
défaillance en supposant des rapports de résistance au cisaillement maximal ou résiduehépeetit@procédureependant, ne tient
pas compte de I'effet de I'adoucissement de la déformation et de la fragilité, égligiela travail nécessaire poundaire le processus

de ramollissement qui conduit a une défaillance progressive. Cet articlquappiie procédure numérique pour évaluer le
déclenchement de liquéfaction en flux d'une TSF réelle; la méthodologie implidisatiati de modeles par éléments finidisant le
modele de sol durcissant a faible rigidité de déformation, calibré a cet effstantentrant sur les parametres de rigidité qui contrdlent
I'évolution des déformations volumétriques plastiques induites par cisaitleraeétalonnage est capable de reproduiicaeément la
courbe contrainteléformation en cisaillement non drainésompris les rapports de résistance au cisaillement maximal et résiduel
drainé et leurs déformations associées. Dans I'exemple illustré queeisé de construction TSF est modélisée en détlsetnalyses

de déclenchement ultérieures sont effectpdeir plusieurs scénarios, dont: une charge non drainée ala créte du barrage, pEntereprés
une montée rapide du remblai; et une contraction au niveau des orteils, pour repessertevéments éventuels dus au fluage ou aux
accidents de fonctionnemt. Les résultats montrent que cette modélisation numérique est utile pour lévadtientiel de liquéfaction

en flux de l'installation et pour valider sa robustesse aprés la construction d'urodatgregnforcement

KEYWORDS: Flow Iquefaction triggering analysesatling storagefacilities, Plaxis 2D, HSS

1 INTRODUCTION tailings. Thus,one scenario of current design practice involves
limit equilibrium (LE) analyses adopting fully softened shear

Tailings are mamade materials created from mireek strength. While safe, this approdelils to account for the effect

crushing generally depositedhydraulically as aslurry into of strainsoftening and brittleness, as it neglects the work input

storage facilities (TSFs). The lack of compactter deposition  required to drive the softening process that leads to a progressive
and the electrical interaction among finer partibdegisto loose failure (i.e.,too conservative)
material arrangementswhich can be locked by diagenesis This paper appliethe procedureproposed by Sottile et..al
early stages (2020 to the evaludbn of liquefaction triggering of a real TSF
Despite being attractive from an economical perspective,and to the design of @inforcement buttres3he methodology
recent upstrearmaised TSFs failuressuch as Samarco and entails i) theestimation of the stafgarameter distribution within
Brumadinho (Santamarina 2019} have depicted their the tailings bodyusing CPTu dataii) the calibration ofthe
vulnerability againsflow liquefaction Thisphenomenomccurs Hardening Soil model with smaditrain stiffness (HSS}o
when loose watesaturated tailings undergo a sudden loss of accountfor strainsoftening undrained sheaii) the analysis of
strength due to undrained shearing or by internal fabric collapsethe overall performance of the dam afteposing two triggering
producel by external actionsollectivelycalled “trigger events” mechanisms: a load at the dam crest and a deformationtaethe
Due to difficuliesin identifying and estimating the probability — of the upstream rais€inally, the dam response is evaluated for
of occurrencef theseriggering events, international guidelines a reinforced configuration after buildirsgbuttress.
(e.g- ANCOLD, 2019) recommend to conservatively assume that
flow liquefaction will occur for brittle/contractive saturated
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2 CASE STUDY

The case study is&2m-high tailings retention structure thais

built using a combination of downstream and upstream methods

(Figure 1) The constructin sequence can be summarized as
follows: i) a45m-high starter damwith a central clay core is built;
i) tailings are deposited as a slurry behind therterdam;

iii) rockfill and embankmentaisesare placedon top of the
starter dam toincrease the dam capacity; itilings are

deposited as a slurry until reaching the downstream dam crest

V) successive upstream raisage completedwith subsequent
tailings depositioruntil the dam reaclsats current height.
CPTutestswere executed along the current dam crest. The
interpreted datasuggeststhat tailings are predominantly
contractive and near saturated matertalss,susceptible télow
liquefaction Limit equilibrium analyses show that the factors of
safety for the arrent situation desnot comply with international

guidelines and a reinforcement buttress is needed to achieve

adequate margins of safety.

Reinforcement Buttress |

50m

_ | Embankment Raises

- =

Foundation

Lower Foundation

Figure 1.TSF representative cresgectionandzoning.

3 TAILINGS CHARACTERIZATION

3.1 Field and laloratory testing

A field and laboratongeotechnical testingrogramwascarried
out to characterize the mechanical behavior of the tailings

General laboratory characterization tests results are summarized

as follows:i) thesand content rangdérom 52% to 82% and the
fines content rangefrom 18% to 47%ii) there is areduced
gravel fraction(less than 5% which comes fromthe earth fill
material; iii) the liquid limitof the fine fractiomanges from 19%
to 31%, and plasticity index from 0% to 1484 specific gravity
range from 2.67 to 2.94.

Isotropically consolidated undrained triaxial compression
tests (CIUC) were performeavhich are used to determine the
drained strength parameter§&our CPTu soundings were
executedalong thecurrent dam crestthe results are used to
determine the state parametér and the residual shear strength
ratio Qg & distributions on the uppd0 mof the tailingsas
shown in the following sections

3.2 State parameter

The state paramete® was computed alonghe four CPTu
soundingausing twoscreening method$kobertson (2010) and
Jefferies & Been (2016) with Plewes (19@®)yrelation Results
are shown in Figur@. The limit & L Fréx is used to
distinguish contractive from dilative behavidll soundings
entail predominantly contractive behavior with valwesund
d réarand isolated peaks up td L r &wA good agreement
between the twascreeningmethodsis observedwith slightly
higher values obtained with Robertson (2010).

Depth rangeslimited by the pre-drilling and the inferred
position of thestarter damwere selected to perform frequency
analyses Based onthese statistical analys€Bigure 3) it is
observed thamorethan 90%of the tailingsarecontractive (i.e.
6 P Fri&), 50-70% of thetailings have 8 P r & design
value 8 L r at, with a likelihood of occurrence @&5-70% was
selected .
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Figure3. State parameter frequency and cumulative frequenaysas

3.3 Residual shear strength ratio

The residual shear strethg Q 3 5 4 estimated to be the sleeve
friction B,ofthe CPTuThisis aconservativdower bounddue

to the reduced friction of the sdib-steel surface for a polished
cone (Robertsqn2009). Q 3 giRcreases almost linearly with
depth so the normalizatiorby the vertical effective stres
produces an almost constant residual shear strength ratio
Qag8l (Figure 4)Approximately half of thealuesfall in the
range0.10:0.20 withisolated maximumsear 0.30

The same depth ranges as for the state parametaused to
perform fequency analysesvhich are shown ira Figure 5. It is
observedhatal the selected data entaiQ 4 g £; O ra@r with
a mearvalue Qag.£; rés s Results ar&eompared with the
bestpractice trendraluesreported bylefferies and Been (201L6
considerjngthe choserdesign valued rat: for stiff soilsa
Qag£:0f 0.07is expected while intermediate soils entail a
value of 0.B. It is shown that these values agree very well with
those interpreted from sleeve friction measuremantscovers
a likelihood of occurrence between 15 and 65 %.

It must be mentioned thaa recent correlatiorbetween
Qapafs and 1aq (after Robertson 2017 was also
evaluated However, rgsults are disregarded, ths achieved
mean valués Qag£ réa uThis can be explained by the
fine content of the tailingand its subsequent undrained response
during the cone penetratipwhich significantly reduces ;|44

4412



CPTu-01 CPTu-03 CPTu-04 CPTu-05 shear strength ratio for triaxial and direct simple shear stress
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Figure4. Residual shear strength rafassuming the cone sleeve frictjon
distribution at each CPTu sounding, .

in Table 1, HSS predictgalues that are within this rangas
proven by the element test simulasaxplainedbelow.

KO-consolidated undrained triaxial compression (CKOUC)
numericakests are performddr three preshearing vertical
effective stresseséf;L srrtwrwrrG 2 =Resultsare
shown in Figure 6The pealdeviatoric stresses are 46, 114
and 228 kPa for thiaree stress leverespectivelyentailing

a normalized value Qzgo @l L rau.
deviatoric stresses arE3, 33 and & kPa, respectively;
entailing Qag-801 riy
Monotonic direct simple sheaMPSS) numericatests are
performed for the same vertical effective stressesults
are shown in Figure 7The peak shear stresses a8 57
and 113 kPa for the three stress levels, entailing
normalized value QagoffL réu. The residual

350 1.0
- - deviatoric stresses are), 126 and 54 kPa, respectively;
) entailing Qag 81l rsir
280 | - 0.8
245 o i e | 0_7§ Table 1.HSS model parameters for tailings.
g Parametey Symbol  Value Unit
5210 063 - - =
g N g Unit weight u 210 kN/m?3
2175 % s Effective @hesion 2" 1.0 kPa
£ 140 g 2 048 Friction angle 6" 360 °
105 i 5 058 Initial shear modulus )29 500  MPa
z . = Reference shear strain Ga.  1E4 -
70 . ;.E 02 Unload ref stiffness +82U 60,0 MPa
2 . 01 Secantref stiffness 1aou 35 MPa
0 — o L 0.0 Oedometric ref stiffness ' 22V 9.0 MPa
Residual shear strength ratio, s,, res/0, Stress exponent | 0.75 -
Figure 5. Residual shear strength ratio frequenayd cumulative Poisson’s ratio Ky 0.20 -
frequency adysis. 355
4 CONSTITUTIVE MODEL CALIBRATION = Z e e .
The Hardening Soil with Smaitrain Stiffness (HSS) — F °°°] == ov=500kPa .7 '
constitutive model (Schanz T. & Vermeer 1999; Benz 2006), = P
implemented inPlaxis 2020, is used to simulate the staged g 150 4
construction antb analyze flowliquefactiontriggers. g /
To properlycaptureundrained straisofteningusing the HSS © 4 /’/./""\ N
model, hestrategy proposed [Sottile et. al. 2020 is followed 2 /7
In a nutshell, the strategy is based on the fact that undrained shea § ,;-"
occurs at constant volume, so that elastic expansion and plastic ~ 301 /
contraction must balance. In other words, undrained shear /\
imposes &6 P& G6& r so that adjusting the stiffness 0 . | , |
parameters that contrelastic volumetric straind@and plastic 0 100 200 300 400 50
volumetric strain G;6allows for capturing both peak and residual MERAEFECtve Stiess,: PNkl
undrained shear strength ratios 20 —
The calibrationis performed in stages. Effective strength =Y | 0,:=250 -
parameters ?," 0 ) are calibrated from CIUC tests. Smsitain e 2004—X s 1) 508 hPa
stiffness parameters) 99 ) are calibrated from shear wave & e !
velocities measured from sCPTu tests and checked against dat: = R
from Shuttle & .Jegfenes (2016) for siike tailings. Stiffness 8 ad 8
parameters (a,Zj xﬁ &a Care calibrated from CRS oedometer tests & = e
Other parameters, such d3 . &s - 2@nd 4 are obtained = 100 1 '\.\ \~\\
from experience andacommendatlonkom the literature. s . TP (R i1 S
HSS is not implemented in a critical state framework, & . | e o O I I s
therefore the state parameteannot bedirectly used as input /\\ .................... =]
defined because the void ratio is not a state variables, Tine
second stage of calibration consisif adjusting thesecant ]

reference stiffness parameter, f Ythat contro$ the shear
induced plastic volumetric straits reproduce the peak/residual
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5 NUMERICAL MODELLING

5.1 Geometry and mesh

The geometry and finite element mesh of the model is presented

in Figure8. The model has a total width of 650 m and a maximum
height of 110 m. A total of 8954 triangular-hbde elements are

[ Upper Foundation
[ Lower Foundation
[0 starter Dam

[ clay Core

B Embankment raises
B Rockfill

M Buttress

[ Tailings

b)

000

60.00 8000 10000 16000 18000 20000 2000 24000 26000 28000 30000

Figureé‘.hl-\/lo'del geometry énd mesh) Complefemodel. b) bom‘ in

TSF staged construction Trigger analyses for current situation

Buttress staged construction &

Trigger analyses at the
end of buttress
construction

Initial Phase Trigger B

-_L'onﬂ'ar\m\

Starter Dam

Tailings 1877

Reinforcement 1
= -
Reinforcement 2

Tailings +
Lonsolidation

Figure9. Numerical nodelling sequence.

5.4 Results

used, with a maximum size of 21.6 m and a minimum size of The results of the analyses considering the three triggers

0.08m. The phreatic surface configuratis obtained from a
steadystate flow calculatiomt each stage.

5.3 Modelling sequence

The modelling is performed in the following sequence
i) initialization of stress at the foundation; @nstruction of the
starter dam; iiideposition of tailings up to the crest of the starter
dam; iv)construction of rockfill and embankment raises;

V) upstream raises and tailings deposition until the dam crest

reaches the final elevation. At this point, flow liquefaction
triggers A and B are analyzed. Trigger A appliel®ad at the
currentdam crestthis aims to represent heavy trafficadsor
stockpiledmaterial loads during regular mine operatiorigger
B applies a contractiorby means of a&ompressive horizonal
stran- at the toe of the upstream embanknraiges thisaims to
represeneventual movementdue toan accidental excavation
during the buttress constructiar a sudderiosdcollapseof
material due to pipingThen, the staged construction of the
buttress is simulated using lifts of 0.7 m/ddyigger Cis
analyzed mnilar to trigger A but with the buttress in plack.
summary of the modelling sequence is presented in Féylia
simplicity, not allstages are shown.

It must be mentioned that dlhe trigger analyses are done
considering an undrained behavior of the tailings material (i.e.,

nil volumetric strains with subsequent excess pore pressured’

generation during shearing) and conservativelyassthat the
material is saturated above the phreatic surface.

described in Figure 9 are summarized as follows:

Trigger A: failure is achieved by applying an undrained load
of 30 kPa at the current TSF dam crest. Contours of excess pore
water pressures and incremental deviatoric strains are shown in
Figure 10 a) and b) respectively, both associated with the load at
failure. The failure surface starteear the embankment material
and propagates through the tailingmwvards the dam cresin
increase of excess pore water pressapgears alonthe failure
surface suggeting that tailingsnight havestrain-softened.

It must be mentioned that negligitdésplacements occur for
loads of 10 and 20 kRepplied inpreviousstagesWhen the load

is increased t@0kPa, a sudden jump in the displacement is
observed which is associated tsignificant localized shear
strains increments (FigurE0 b)). This sudden and significant
increase in displacements caused by the small increase in the load
(10 kPa) suggests that the failure can occur in a brittle manner. It
should be noted that loads of ab80kPa on the crest of the dam
are plausible in regulamine operation. The interpretation of the
simulation results supports the recommendations of not raising
the current embankment before building the stabilization buttress
as well as to avoid heavy traffic loads on the dam crest.

Trigger B:failureis achieved by applying a 6% horizontal
contraction to the current TSF upstream toe; in terms of
horizontal displacements, this is approximately 3 cm towards
downstream Contours of excess pore water pressuaes
incrementalshear strains arghown in Figure 11 a) and b)
respectively, both associated to the horizontal contraction at
failure. These are similar to the results from TriggelFAyre
10a) and b)). An increase in the horizontal contraction frof#r0.
to 05% will cause a rapid and significant increase in the
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Figure 11. Trigger B analyses- toe deformation at current conditi
on. a) excess pore pressure contour at fajliresher strain cont
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horizontal displacements associated with the localized shear

strains and excess of pore water pressures shown in Figure 11 =" ¢ 44

and b). Therefore, a 0.5% horizontal contraction is considered tc

trigger the failure in the simulations. This analysis shows that _ ©.35

special care must be taken in the upstream toe area durin
buttress construction, dailure can occur with very little or no

observable warning. Stripping of the foundation for the buttress &

2 0.30 4

B

0.25 A

— A-0'n=174.4kPa
—= B-0'yy=157.7 kPa
-—- C-0'yp=136.1kPa

. D-0'y=115.2 kPa
== E-0'=94.4kPa

should be done with care to ensure that the toe of the existing 2 v
dam is not excavated. @ 0201 p

Five gauss points (A to E) are chosen to study the stress§ 0.15 {,
strainstrength behavior along the failure for Trigg& @ /
(Figurell). The deviatoric stresses and the mean effective g 010 1
stresses are normalized by the-prggering vertical effective % o5
stress. Tie corespondent stregmths,and stresstrain response
areshown in Figure 12. It is observed thapdints D and E have 0.00 T T y T " y T
similar stress ratios before the triggering event and show pre L Nm‘i‘iﬁzed z":an Effoe.:tive Sf’r'jss ,;3]‘,5 4 Of 98
peak hardening while strained, while pointB and Chavea PPl
higher initial stress ratio and shows no-peak hardening; ithe 0.40
effective stress paths are qualitatively in agreement to the —iAT O = 1194 ke
analogous CKOUC results shown in Figusefor which the o PR —>= B~y = 1677 kPa
mobilized stress is close to the undrained peak strerigtthe "¢ 030 4 ——=iCegyy= 1361 kPa
undrained peakhear strength ratios fafl pointsrange between & N\ iD= K132k
0.27 and 0.35, which is slightly higher than the 0.23 achitared T %251 %% i = kb
the elementahumericaltests, and can be aktuted toa higher 5 o020{ Y
initial stressratio (i.e. before doing the triggeringnalysek @
iv) theresidual shear strength ratios for points B, C, D and E areg 0.15 1
in agreement with those reported for the elementaherical 5 010 4
tests QagaEL L r& 1), which proves that the behavior captured &
by HSS can be normalized; however, point A shows highak 0.05 A
and residual strength ratios, which can be attributed ftniital em

stress state and itdoseness to theises material.
Trigger C:the simulation results considering ttasentdid
not show failures related to les§-containment. The failure was

0.00

0.10 015 020 0.25

Deviatoric Strain, ys [-]

0.05 0.30

Figure 12. Trigger B analyses— toe deformation at current conditi

only.achieved by the. bearing C.a.pacity.of a Ipad of 250 kPaon Normalized stress paths and stressin at points A, B C, D
applied under undrained conditions, immediately after theand E

buttress was completeBigurel3a)). This very high, unrealistic
load shows the robustness of the buttress design
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