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Post-closure failure hazard of Tailing Storage Facilities

X No more deposition

v \ 4

LIQUEFACTION

Excessive rate of loading due to dam rising
Excessive rate due to increase of recharge
Seismic loading

Transit of machinery

Failure of the drainage system

Other?

= NO

= NO

= Low risk in Europe
= Low risk

= Medium risk



Review of causes of failure

Azam and Li 2010

Rico et al 2008

1910 to 1999
2000 to 2009
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CAUSES OF FAILURE
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Failures due to unusual rain increased

In Europe, the most common cause

from 25% pre-2000 to 40% post-2000

of failure is related to unusual rain



Failure of Feijao Dam |
(Report of the Expert Panel, Robertson et al. 2019)

July 2016 - Cessation of tailings deposition
January 2019 - Sudden failure

Simulated pore-water pressure Simulated deformations

i as s ek

‘Loss 01 suction|from cumulative rainfall over the years following the cessation
of tailings deposition, culminating in the intense rainfall recorded towards the
end of 2018, would lead to a small strength reduction in the previously

unsaturated zone [i.e., the zone above the water level)’

‘This analysis showed that a significant loss of|suction |could potentially have
contributed to the observed failure mechanism’




Effect of climatic loading on
mechanical behaviour of tailing slopes

« Why rainwater infiltration may affect slope instability

« Why suction (negative pore-water pressure) and partial

saturation play a key role



OUTLINE

Part 1: ‘Lay’ audience (no special or expert knowledge)

« Elementary surface physical phenomena
« Capillary pressure / suction

« Sandcastles

« Rainfall-induced tailing slope instability

Part 2: (Geo)Technical audience

« Water retention behaviour of unsaturated soils

« Shear strength of unsaturated soils

» Loss of shear strength due to rainwater infiltration
« Monitoring precursors variables

» Possible mitigation strategies



Part 1

‘Lay’ audience
(no special or expert knowledge)



Geomaterials above the water table are unsaturated
and have negative pore-water pressures

Pore-water Degree of
pressure saturation
Unsaturated zone 7/ z4
\Gz \
_ S — - N uw: S
| ©
Phreatic surface




Unsaturated state

Pore space is filled by two fluids,
a wetting and a non-wetting one

Liquid phase
(agueous solution)

Gas phase
(humid air)

Meniscus

I

Solid phase



Cohesion and surface tension

Cohesion = Attraction force between molecules of the same type

gas

At the surface, the resultant force is directed
downward

The gas-liquid interface behaves like a
membrane subject to a uniform tensile stress

This stress is termed surface tension




Real life example of surface tension:
insect walking on water




Adhesion

Adhesion = Attraction force between molecules of different type

Adhesion < Cohesion

Contact angle
(measured
throughthe liquid)

Solid surface

The liquid ‘wets’ the surface




Real life example of adhesion:
water in small diamater (capillary) tube

Stable contact angle




Effect of curvature of the liquid-gas interface

Air pressure
ua

NN
N—

[T

—>
' Water pressure

Uy

u, = air pressure [F/L?]

u,, = water pressure [F/L?]

06 = contact angle

T = surface tension [F/L]

r =radius of capillary tube [L]

R =radius of curvature of spherical cup [L]

Mechanical equilibrium

2T cos 6 2T
Uy —Ug = — " =—?
if 0 <90°

Water pressure is NEGATIVE

u, —u, <0




Real life example of surface tension:
Rise in capillary tube

If 6<90°, the liquid enter the cavities in the solid surface
= the liquid is said to wet the surface



Tensile stress of water in the capillary tube

i

0=0
{ T=0.073 N/m (20°C)

~ 4T cosd

u, = 100 kPa  (absolute pressure)
\

sand silt clay

4 4 3

d gan (um) | 300 | 30 3

—>  doem) | 30 | 3 | 03

u,u, (kPa) || -10 | -100 || -1000

I

Tailings




Pore-water

Capillary effects in soils

Particle

The contact angle of water with the
particle surface is less than 90°

The meniscus is concave toward the air
side and pore water presure is negative

Particles are stuck together by surface
tension and negative pressure

Suction
S=-u

w



Mechanical effects of water menisci

= aé

Saturated soill Partially saturated soil
Sliding No sliding

R l @&
— —



Day-to-day experience

Medium water content High water content
(partially saturated) (quasi-saturated)

P e 4 et
Py e o
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An example of the effect of partial saturation
Dry sand / Saturated sand

No negative pressure
No surface tension

I

No meniscus bonding




An example of the effect of partial saturation

Partially saturated sand

Negative pressure
Surface tension

J

Meniscus bonding




Effect of rainwater infiltration on stability of slopes

4000
900
Pore-water
pressure
ZA

Degree of

saturation

ZA

N,

Phreatic surface

Failure surface

One of the hypotheses of Feijao Dam failure



Part 2
(Geo)Technical audience

Tarantino A, Di Donna A (2019). Mechanics of unsaturated soils: simple approaches
for routine engineering practice. Rivista Italiana di Geotecnica N. 4/2019



Water retention behaviour



Hysteresis of the contact angle

In a capilary tube, contact angle ranges from a minimum (6,) to a maximum (6,)

0, = receding angle

q, = advancing angle




Hysteresis of the contact angle




Evaporation from a capillary tube

u,,<0 u,= -2T cosd./r  u,=-2T cosé,/r



Water retention of a capillary tube




Evaporation from a system of capillary
tubes

— Meechanical equilibrium

uwa = uwb = uwc

(@) 4

@ cosd, cos6f, cosd.
i My 5 Iy Ie
@ Geometry
e La = I—b = Lc

ﬂ_‘ T

,=2r,=4r,



Water retention of a sytem of
capillary tubes




Soil as a system of capillary tubes




Evaporation from an initially saturated soil




Saturated state

Suction is generated by the curving of menisci at the boundary

Soil is saturated, air is dissolved in water



Quasi-saturated state

0.85-090<S<1

u, <0

Suction is generated by the curving of menisci at the boundary
and cavities form in the pore water

Gas phase is discontinuous, liquid phase is continuous



Partially saturated state

0-0.1 <S5<0.85-0.90
<0

Uy

Suction is generated by the curving of menisci in the pores, are
saturated parts (bulk water) and part where menisci form at the
interparticle contact

Gas phase is continuous, liquid phase is continuous



Residual state

S<0-0.1

u, <0

Suction is generated by the curving of menisci in the pores, and
menisci form at the interparticle contact

Gas phase is continuous, liquid phase is discontinuous



Water retention behaviour

Relationship between the degree of saturation (or water content)
and suction

This relationship illustates the different state of water in the soill

It is determined in the laboratory by subjecting soil specimens to
drying and wetting cycles

It is rarely determined in the field



Soil water rention

Saturated soil

Quasi-saturated soll

Partially saturated soill

Residual saturation

- s s s s e e S e o

1 >

In (s)=In (-u,)

Suction is the opposite of pore-water pressure, s = -u,,



Retention curve parameters

S
1 > . .

S, = air-entry suction

s, = residual suction

S, = residual degree of saturation
Sy b

-

SAE Sy In (s)=In (-u,,)



Air-entry suction, s,¢

It is the suction where the soil desaturates

As a first approximation, the soil can be assumed saturated for
suction lower than the air-entry value, s,

The air-entry suction essentialy depend on the pore size

For an order of magnitude if the air-entry suction :

4 )
sand silt clay

(4, ore=:":”0 Hm) (dpore=3 ”m) (dpore=o'3 um)

P

10 kPa 100 kPa y 1000 kPa




Estimating the air-entry suction

10000 i
1000 \

100\

10 -

Air-entry suction, s, [kPa]

0.01 0.1 1 10
dgo [mm]

Relationship between suction at air-entry, s,., and grain size dg,.



Hydraulic conductivity behaviour



Darcy’s law
(experiment)

A
—k—=k-i

L
i

| QO
>

v =

v = flow velocity

Q = flow rate

A = total area

k = hydralic conductivity

Ah = hydraulic head differential
L = drainage lenght




Flow through a saturated capillary tube

g 3 q Poiseuille’s law for laminar fluid flow

Q = flow rate

V.~ actual flow velocity
| = hydraulic gradient
A, = wetted area

X X Vact = 57— — @ 1l n = kinematic viscosity

AW 277 v = unit weight of the permeant
R = tube radius
Ry = hydraulic radius

(g
\
water D?
. T —
_ R, = flow channel cros_s section area _ A, T4 D
D=4R wetted perimeter P, D 4

section X-X

A, = wetted area

P,, = wetted perimeter



Flow through a saturated capillary tube

= porosity

Q_Aw @ Q A,
A "4




Saturated hydraulic conductivity

Hydraulic conductivity

(Kinematic viscosity of water at 20°C n=10° m?/s)

sand silt clay
4 4 1
d grain (LM) 300 30 3
d sore (1M) 30 3 0.3
n-k(m/s) 3-10% | 3-10°% | 3-10°

— D



Flow through an unsaturated capillary tube

As for the saturated tube:

solid
water

air

void area, A,

N wetted area, A,

; wetted perimeter, P,, @

~ solid area, A, Kk
- —
total area, A

v=| 2 L € & i
— 2 r 3
S, = specific surface 2n So 1+e
S, = degree of saturation
e = void ratio

Kozeny-Carman equation



Degree of saturation, S,

Hydraulic conductivity, k

Hydraulic conductivity of unsaturated soils

3
=] L2 Isiok, s
27 SZ 1+e

[EEN

* Wetted Perimeter P, remains constant

« Wetted Area A, reduces

: >
Suction, s

T

=~

sat

>
Suction, s



Real life example of hydraulic conductivity behaviour
of unsaturated soils

[EEN

Degree of saturation, S,

Val

$uction, s

~
n
>

Hydraulic conductivity, k

>
Suction, s



Real life example of hydraulic conductivity behaviour
of unsaturated soils: capillary barrier
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Micro-mechani
strength of

sight into shear
eomaterials

Tarantino A, Di Donna A (2019). Mechanics of unsaturated soils: simple approaches
for routine engineering practice. Rivista Italiana di Geotecnica N. 4/2019



Bulk water and meniscus water

v YA Meniscus water and meniscus contact

r <%

~T . 3
YO N ,? 1
: % 1 Bulk water and saturated contact
| ‘ b
i L




Contact between spherical particles in
presence of meniscus

Plateau Nodoide
C 1 1
/ il T :_T(Z_Ej
b

X et

%

For b=53°, c=b —> UyUu,=0




Intergranular stress in presence of menisci

N H
> N A P,
o= - = (0 —ug) + (ug uw)jw— ﬁ
Total stress Capillary water
N 1 cb
0= = (d —ua)+Z A +b_CPWl(ua—uw)
%—J
@ suction

RARRRRARRRRRARAAR: o= o) | 2 (e

N ~ J
F(B) =T1(S)

—— —> —> —> —> —>» T

N = normal intergranular force P, = wet perimeter
H = shear intergranular force A =totale area

u,, = water pressure A, = wet area .
. C
u, = air pressure o = total normal stress 0;=(0—u)) +—— [n b% + o 2T bl (ug — uy)
nTr —C

T = surface tension 1t = shear stress

See Tutorial T2c - Mechanical interactions at particle scale




Effect of meniscus suction on intergranular
stress

N 1 ch 2T 1
(O'i)m_z _ZAW+EPW (ua_uW):T—,B
Ug—Uy 1+ tan (7)
14 1000
r=1um
1.3 4 100 $—
< 3 r=10 um
P g | —
= 124 = 10
= <
< Z
£
r=100 pm
1.1 1 14
1 L L L 01 L) L) L) L)
0 400 800 1200 1600 0 400 800 1200 1600 2000
u,-u, (kPa) u,-u, (kPa)

The integranular stress associated with meniscus suction undergoes little variation
as suction increases.

As a first approximation, the integranular stress generated by meniscus suction can
be assumed to be constant



Effect of bulk suction on intergranular stress




Effect of suction on intergranular stress for
saturated contact

N
— — _uW
A U,—u
1000
Saturated contact
800 - _
(oi)p=s
= 600 +
3
<
Z . .
400 Meniscus contact
(0)m=s
200 / r=1upum
0 /

0 200 400 600 800 1000
u,-u, (kPa)

For saturated contact, the intergranular stress changes linearly with suction



Effect of suction on shear strength

ASSUMPTION

T =0, -tan¢’

This may be acceptable only from a qualitative point of view !!

(0i)s = (0))p = s

@ Saturated
a a

(01)s = S—+5—
a a

a ap
(0)s = (O-i)m7m + (O'i)b;
Partially
@ saturated
a Clb
(0)s = (O-i)m7m + S;



N/A (kPa)

Shear strength of unsaturated soils:
Quasi-saturated state

1000

Saturated contact
800 +

600 A

400 - Meniscus contact

200 A / r=1pum

5

0 200 400 600 800 1000
u,-u, (kPa)




N/A (kPa)

Shear strength of unsaturated soils:
Partially saturated state

1000

Saturated contact
800 +

600 A

400 - Meniscus contact

200 A / r=1pum

 a—

0 200 400 600 800 1000
u,-u, (kPa)




N/A (kPa)

Shear strength of unsaturated soils:
Residual state

1000

Saturated contact
800 +

600 A

400 - Meniscus contact

200 A / r=1pum

0 I L L L L
0 200 400 600 800 1000
u,-u, (kPa)




Shear strength envelope

Seessoliiesceesiilicssocs

v

SAE S

Shear strength depends on suction (controlling the integranular stress in the bulk water) and
on the number of menisci, in turn controlled by the degree of saturation

At=AT(S, S)



Shear strength envelope

Not always observed experimentally

“ Sesses

Shear strength depends on suction (controlling the integranular stress in the bulk water) and
on the number of menisci, in turn controlled by the degree of saturation

At=AT(S, S)



Shear strength behaviour



Shear strength of saturated soils

Saturated state
t=(c —U,) tan ¢’ Sy
TZ(G-I-@S) tan ¢’

U
T=octan ¢’ + stan ¢’ ot saturated envelope s

1 . ,
t=ctan ¢ + At(s)

S tzin ¢’ S



Shear strength of unsaturated soils

Saturated envelope

A
AT

t=ctan ¢’ + At(S)

l

27



Shear strength criteria for sandy/silty unsaturated soils

Sandy/Silty soils

_ /
ATsyction = S - tang S < Sag
— 1A
ATsuction — (S ‘ Sr) ‘ tan¢ S > Sug

l

ATy ction=Csuction

T=o0-tand’' + (s:S,) - tang’

T= (c+s-S,) - tang’

Unsaturated ef fective sress

T= (c —uy *S;) - tang’

Unsaturated e'ffective sress

Rigorous

Ory" approach

Water retention curye

SAE 5 :Hﬂ 'uw

* Need for the relationship between suction s and degree of saturation S,

I.e. water retention curve

* Need to predict evolution of suction s and degree of saturation S, in
response to rainfall, i.e. water retention curve and hydraulic conductivity




Simplified shear strength criterion for geotechnical

applications
ATgyction = S * tanq), S < Sug
ATsyction = SAE tan(l)’ S > Suk

Rigorous

At ot 2 /
E

/— Simplified (Ceyerian)

DCry" approach

Water retention curve

SaE 5 =g -y,

. /
ATgyction = Sag * tang

Silt
ATeyerion = 100 kPa - tan 28° = 50 kPa

Sand

N Ateyction = 10 kPa - tan 35° = 7 kPa



Stability of vertical cut in silt:
‘dry’ approach

T A
Zero pore Total = Effective ,
pressure (I)
Hma
k} ,
O q (o o
Gh:O
44—
_____________ Yy - :

H 0

max—

Vertical cuts cannot be stable




Stability of vertical cut:
unsaturated ‘simplified’ approach

In the classical dry soil mechanics, H=0 if ¢’=0

Very little evaporation is sufficient to curve menisci and lower
water pressure to the air entry value, say u,,=-100 kPa

y=20 kKN/m?3
H As the soil is saturated, the shear strength ctiterion can be
written as follows:

T=(c-u,)tan¢’ =ctan¢d + (-u,)tan ¢ =ctan ¢ + Capparent

Assuming ¢'=28 °, risulta C,pparent = 50 kPa

Assuming that H=2c / y(k,)*? we obtain H= 7.8 m!



Stable vertical cuts in ‘cohesionless’ soils

(De Vita et al. 2008, IJEGE)

Dry approach (c’=0)

[

H__ =0

Pyroclastic ‘cohesionless’ silty
sand

Giugliano near Naples, Italy
(courtesy of Prof. De Vita, University of Naples Federico Il)



Infinite slope in sand

Water table at the ground surface.

7 {1—7—““]@ =1 D) e =19°

y Jtana

Very little evaporation is sufficient to curve menisci and lower water pressure to the air
entry value, say u,=-10 kPa

As the soil is saturated, the facor of safetu can be written as follows:

77:(1_7_wJ tang’ (-u, )tang'

y Jtana H ysinacosa

Assuming n=1, we obtain a,.,= 50° !

max



Stable cut slope in ‘cohesionless’ soils

Pyroclastic silty sand

L

Unsaturated Dry (c’=0)

FoS =1.04 FoS =0.87

need to INVENT" a cohesion to make the cut
slope stable



Remedial measures:
thinking out loud



Driving mechanism of evaporation and transpiration

pv, atmosphere

6 6
6 6

pv,leaf //{/ 6 0
é 4 /J

Guard cell
Menisci
Microfibrils

Spongy Mesophyll

FANN N

»  Water is extracted by the atmosphere THROUGH the plant (and not by the plant)

«  The driving mechanism of water extraction is the same for bare and vegetated soil



Remove soil water by transpiration
(but not evaporation)

i : I Degree of
saturation
_- Imp;rmeablex\

barrier . u,,

v

- -
-

®

Transpiration
Gentler suction generate lower shear strains minimising susceptibility to
cracking and maintaining unsaturated soil more conductive



No coarse-grained drains above phreatic surface

Coarse-grained layers act as capillary barrier above phreatic
surface and favour water accumulation



Divert rainwater

Coarse-grained surface layers can act as natural drainage



Monitoring the vadose zone



Monitoring borrowed from agricultural systems

é 2, & N
Compact portable/ Y. % Y ¢
photosynthesis system

Thermocpuple

High-Capacity 9« Psychrometer
Tensiometer Sapflow meter
Data TDR
ERT unit 7z logger unit
| | TDR probe
A — — —— N/

1-1.5m /

Tensiometer

v Electrode
\ High-Capacity array

Moisture
profile probe




ERT - Electrical Resistivity Tomography

DC electrical current is injected through a pair of
electrodes and the voltage is measured by the
remaining ones.

A line (array) of electrodes is used and a multiplexer
sends current to different pairs of electrodes through a
set sequence

The distribution of electrical resistivity in the ground is
obtained by tomographic reconstruction (inverse
problem)

102.0,  Hodel resistivity with topography
Tteration 3 RS error = 11.9

Current applied

| l %8

96.6;9
1 .0

2.8

ENENECEONOCOONEEE

Voltage measured 0.0 500 ssuhmmiain ::Ium [NED

Unit Electrode Spacing = 1.50m



Electrical resistivity mapping

ERT, Schlumberger, step 1,5 m, scale 1:200/1:200
| | |

218
216 .....................
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5
o
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210_ ................................ L
PROFILE 425 Scale: 1:200
s —— ——
0 5 10 15 20 25 30 3% 40 45

profile [m] == |ferpreted reflection boundary



Water content — simulation vs. ERT

Water content profiles — November 2014

Crest_| 2014

217.5 -
‘a
216.5 -
= 2155 - |
e ]
© O @
£ 2145 ¢ .. I 6-model
S > ERT_K425
% 2135 ‘. AR ¢ -
3 - 6 ERT K442
w
2125 - S om O ERT_K452
]
2115 - -
S @ L
210-5 T T T T
0 0.1 0.2 03 0.4 05

Volumetric water content 0

Elevation [m a.s.l.]

216.5 -

2155 +

2145 -

213.5 -

212.5 -

2115 A

210.5

Crest_r 2014

il
@ ]
o B
<>’ m
S m
O = [l 6-model
@
< om > ERT_K425
o ® ERT_K442
> £.. > ERT_K452
]
o 3
]
0.1 0.2 0.3 0.4 0.5

Volumetric water content 0

 Excellent match in the unsaturated embankment

* In deep foundation 6=6sat



