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INTRODUCTION

1) GEOTECHNICAL CHARACTERIZATION.
2) BENCH BERM DESIGN.
3) INTERRAMP AND OVERALL SLOPE STABILITY.

4) GEOTECHNICAL RISK MAP.
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Geotechnical Characterization

Camera rotation = geometrical cone in the stereographic projection.

borehole axis

conical locus of
semi-apex angle o

Priest, S. D. (1985): Hemispherical Projection Methods in Rock Mechanics,
George Allen and Unwin, London.
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Geotechnical Characterization

Principal structural set mapped on
surface with randomly rotation.

S

Stereographic projection from ATV survey
in a geotechnical borehole.
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Geotechnical Characterization

Examples of natural joints/minor faults classified as mechanical.
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Geotechnical Characterization

Examples of wrong calculation of RQD.

From_Depth| To_Depth ‘ Interval ‘ RQD_m ‘ fRQD_Pct ]
30 33 3 3 | 100)
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Geotechnical Characterization

ese

Overestimation of FF/m and sub estimation on the classification
systems indexes.

Hasta ()

Tramo Molido (m) | FF_FINAL (f/m) ] GSI_R1

RMR_B89

RMR1_L90

RMR2_L90

291

294

Desde (m)

0.55 10.67 20

48

26

35

Crushed material of 0,55m that can not be observed.

FF_FINAL (f/m) |GSI_R1

RMR_B89

RMR1_L90

RMR2_L90

309

1.5 22.670 15

39

22

29

Crushed material of 1,5m that can not be observed.
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Geotechnical Characterization

FF/m calculation

In many database, FF/m is determined as joint total count of borehole length divided for the
recovery length. No correction are applied based on dip angle different regarding with the
borehole orientation:

FF =

N
FF; cos 0,

=1

There is also corrections if Laubscher (1990) classification system need to be applied.

TABLE II
FACTORS TO GIVE AVERAGE FRACTURE FREQUENCY

i F
Sampling procedure actor Average frequency = Sum of individual FF/m (inverse of spacing)
a. One set of three sets on a line, or one set only 1,0 2
b. Two sets of three sets on a line or two sets only 1,5
c. All of the sets on a line or borehole core 2,0
d. Two sets on one line and one on another 2,4
e. Three sets on three lines at right-angles 3,0

Desde (m) | Hasta (m) | RECUPERACION (m) |J_30 (f/3m) |J_60 (f/3m) |J_90 (f/3m) | FF (f/m)| FF/m
411 414 3 4 2 0 2| 3.03
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Geotechnical Characterization
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Geotechnical Characterization

UCS tests results

0,20 : :
GU
/’\ N°data = 240

Normal distribution
Mean =51.2
Standard deviation = 26.8

Log-Normal distribution
Mean =51.9
Standard deviation = 31.8

L \
/ \

0,05 74 HH o H n | i ,\\
/ \\2:
\:'\

~\:\

\

0,15

P
)

Relative Frequency
=

0,00

BN

0 20 30 40 50 60 70 8 9 100 110 120 130
UCS

3rd South American Symposium on Rock Excavations



Geotechnical Characterization

PDFs Distribution

Mean FoS =24 Mean FoS =2.4
0251 P(L>R) = 0.0002 0.25¢ P(Q>R) = 0.0036
PDFs - Normal PDFs - Lognormal
0.20F 8 0.20}
Fon =
g _ gz Area representing
S 015} Area representing o 015} probability of failure
> probability of failure 5 (18 times higher probability
- - of failure)
& 0.10 R & 0.10} =
0 Qo
e o
a o
0.05} 0.05}
0 5 19 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Load (L) or Resistance (R) Load (L) or Resistance (R)
a) Normal PDFs of Load and Resistance b) Lognormal distributions of Load and Resistance

Naghibi, 2010
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Geotechnical Characterization

Database Uncertainty

7 0.25 i 0.25
Gaussian Gaussian
6 distribution 6] distribution
i fitted to 30 10-20 o subsetB Y fitedto30 1020
> > > | n=7 / >
e 4 015= g 4 10152
) - o z . SubsetA §
g3 10108 83 v N=7 lo10¢
L 5 o L o) ! o
0.05 5 10.05
1 1_ ,o'ﬂ ".
“’ “.\‘
0 _ 0 -@ AN, B~ 0
Value Value
a) Data exhibiting aleatory uncertainty b) Data exhibiting epistemic uncertainty

Bedi & Harrison (2012)
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Bench Berm Design

Owing to the large number of discontinuities exposed daily in
producing open pit mines, a probabilistic approach to
evaluating the potential for blocks/wedges to fail is required.

A computer program which uses joints orientation, persistence
and spacing statistics must be implemented to develop a
probabilistic approach which allows rapid determination of the
probability of failure of blocks/wedges for different benches
geometries.
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Bench Berm Design

By applying the keyblock analysis method of Goodman &
Shi (1985) each simulated block can be evaluated to
determine whether it is removable from the surrounding

rock mass.

Joint 2
Joint 3

A Block 2

JP210

Joint 1 \

Removable blocks in a rock slope
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Bench Berm Design

Once a keyblock has been identified, its removability and
sliding stability is assessed and accumulated so that the
stability of a pit bench can be evaluated.

BENCH CREST

BENCH TOE /

Random locations of blocks along a bench. Red blocks are unstable (SBlock output)
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Bench Berm Design
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Bench Berm Design

I-Site Calibration

Dominio 1
DipDir 170°
D Dip
19 50
20 '
21 58
22 58
23 56
24 56
25 56 XT3
. -
26 70 ! 22"34 : -L..~ Sl
27 58 - 2 3 24 252 6 N,
28 62 29
29 60 T » 49 R . - — -y,
30 58 - ' g s y -
31 a1 - . Sae : ¥ i - 19 27
32 51 g . “;21 ™
33 51 R, 31
34 62
Dominio 1
DipDir 150°
D Dip
35 51
36 73
37 57
38 76
39 52
40 61
a1 56
42 66
a3 73
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Bench Berm Design

Frecuencia Relativa

I-Site Calibration (Persistence)

0.50
\ \ |
| 5 5
0.45 - g DOMINIO 3 g
b | & JS1 5
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Bench Berm Design

Back-Break calculation

Probability of failure

This screen shows the probability
of failure expressed as a depth of
failure of a bench (SBlock output)

Back-break and spill material or pile of rubble (SBlock output)
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Bench Berm Design

Cumulative Distribution for the Bench Widths

100 ————7—
i~ . — 90% of the benches will be
~_ e —
920 = I— greater than 9,5 m (SBlock
1 ——— | 1 output)
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Bench Berm Design

Calibration

PoF >30 %

20% <PoF<30%
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Bench Berm Design

Calibration

Legend
Failure Probabilities 30.0%
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Bench Berm Design

Calibration
Distribucion Acumulada - Ancho de Berma i
100 L]
B
a? &0
:
=
&
o 40—
i
I ] Datos I-Site
Sbiock s,
Shiock_Limites
s | ‘.
[x] L] -] 1IE
Ancho Berma (m)
Limite inferior estimado 59m
Estimacion con Teoria de Bloques / SBlock | 8.0 m
Escaneo ancho de bermas |-Site 84m
Limite superior estimado 10 m
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Interramp & Overall Slope Design

Interramp and Overall Stability Analysis

Example of Limit Equilibrium Method (GLE)
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Interramp & Overall Slope Design

Interramp and Overall Stability Analysis

C & ¢ uncorrelated (r = 0) C & ¢ correlated (r =-0.9)
3000 —
4000 —
N°iter = 10000 | Neiter = 10000
— Mean =1.27
_ Mean = 1.26
StDev =0.28 StDev = 0.12
P(FS<1.0): 18.2% . 159
: 3000 — P(FS<1.0): 1.5%
P(FS<1.1): 28.4% P(FS<1.1): 10.8%
2000 —
N°iter = 5000 _ Neiter = 5000
Mean =1.27 Mean = 1.26
StDev = 0.28 StDev = 0.12
— P(FS<1.0): 18.2% 2000 —| P(FS<1.0): 1.4%
P(FS<1.1): 28.3% P(FS<1.1): 10.4%
N°iter = 2000 | N°iter = 2000
1000 —| Mean = 1.27 Mean = 1.26
StDev = 0.29 StDev = 0.12
P(FS<1.0): 18.7% 1000 — P(FS<1.0): 1.8%
P(FS<1.1): 29.4% P(FS<1.1): 10.8%
_ N°iter = 1000 N°iter = 1000
Mean = 1.28 - Mean = 1.26
StDev = 0.28 StDev = 0.12
P(FS<1.0): 17.4% P(FS<1.0): 1.4%
o FS<1.1): 28.7% 0 P(FS<1.1): 10.8%
| | | | |
o 0.5 1 15 2 25 3 0 0.5 1 1.5 2 25

Montecarlo simulation for calculated the FoS
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Interramp & Overall Slope Design

Interramp and Overall Stability Analysis

Material Name Color Ii_k,

QS_40<GSI<50_d-11.D=0.9

QS_50<GSI<60_d-11.D=0.9

W
SIS

N

QS_50<GSI<60_d-1IV.D=0.9

QS_60<GSI<70_d-11_D=0.9

QS_60<GSI<70_d-IV_D=0.9

qs.csi<sodnp=0 | [l
0830<Gsl<40_d-D=0 | []
5.40<Gs1<50_d-10=0 | [

= DISTURBED ZONE, D =0.9 Qs 40<asi<s0.a-1vp-0 | [l

—=l) - - 05.50<Gs1<60_d-11D=0 | []

. i - ’ Q5.50<GS1<60_d-Iv.D=0 | []
B > i - S B 5.60<Gsi<70_d-10=0 | [
B = =t ,/- : s.60<Gs1<70_d-v.0=0 | [
g = 5.70<Gs1<80_d-110=09 | []

DQ 40<6Gs1<50_d- p=0 | [

DQ_50<GS1<60_d-1 D=0 | []

. s.Gsi<30.d-p=09 | [l

5.30<GSI<40_d-10=09 | []

]

O

O

u

u

u

DQ_40<GSI<50_d-111_D=0.9

N DX B o 2 \ >0 ) ey | \ \ \ T \ \ \\
W N A : SS \ 2 \’{ NN I\ o RN
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Example of 2D Numerical Modelling Analysis.
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Interramp & Overall Slope Design

Surface Response Method

GS$l Infiuence on Base Case F3
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Interramp & Overall Slope Design

Acceptability Criteria

Acceptability Criteria
Consequences of Factor of Safety [FOS] Factor of Safety [FOS] | Probability of Failure
Slope Scale Eailure
(min) (min) (max)
(Static) (Pseudo-static) P[FOS<1]
Bench Low - High 1.1 N/A 25 -50%
Low 1.15-1.2 1.0 25%
Inter-ramp Medium 1.2 1.0 20%
High 1.2-13 1.1 10%
Low 1.2-13 1.0 15 - 20%
Overall Medium 13 1.1 10%
High 1.3-15 1.1 5%
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Interramp & Overall Slope Design

Risk-based Slope Design Approach

Risk = Probability (event) x Consequence of the event

Pit shell
geometry
Geotechnical
Model i :
e Probability of failure
Structural of the slope
Model
h 4 A 4
Hydrogeological Geometry of Economic Risk Map
Model slope failures P vs Impact
N
Production
h 4
schedule - 3
Economic impact of

slope failure

Cash flow model
(NPV)

Risk Based Slope Design, Contreras, L.F. (SRK, 2013)
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Interramp & Overall Slope Design

Concept of Probability of Failure of the Slope

Rock mass
characterization

= PoF = Probability of failure of slope
' based on FoS calculations with slope
stability model

Large scale
structures

POF youer = P (FOS <1.0)

1.0
>
I
Slope Model Probabilistic Method g {
- — SLIDE / PHASE2 / Monte Carlo / Point Estimate / 3.
Systematic FLAC [ UDEC, etc. Response Surface, etc. a
structural patterns L
-\ = ?
| PoF | FoS
PoF total = PoF model + PoF atypical
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Interramp & Overall Slope Design

Conceptual Basis for estimation of the economic impact of slope failure

Economic impact of slope failure

- 12
\ Profit of
; " 0 ; | reference
- pas
= B Profit with
I i I I I E
A &
.'-._ = | 0 | " —_— " i
1 1 ] 3 4 5
Ti

-]
aifure

ofit
& @

S

. At In\ﬂer_ bted acge S -
: to mining fa
Slope Failure Impacts:

Covered ore A - Disruption of planned ore feed to plant.
- Additional costs to restore site.

Failure Impact = NPV ctoronce — NPVt failure

The Economic Risk Map as a Tool for Pit Slope Optimization, Contreras, L.F. (SRK, 2015)
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Final Comments

Probability Distribution of Impact - Year 2019

100% |
| ® Frequency

| distribution
= Cumulative

10% 1 frequency

Example of Construction of the economic
risk envelope for year 2019. a) Probability
distribution graphs. b) risk map result.

Probability

l dsinbution
%) 8

i

0 20 40 60 80 100 120 140 160 180 200
Annual Impact M$

0.1%

Economic Risk Map - Year 2019

200 T | ® isolated events
“\i-_.;‘.hlj;  Section § . et =
S 1 — é overls
i * No event
°
g fir i
100
'E = Cumulative
< + m
%0 -T—.?—’:———-a =
»J -
- il An Economic Risk evaluation approach for
o " orobabinty oo pit slope optimization, Contreras, L.F. ( 2015)
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Interramp & Overall Slope Design

Risk Acceptability Matrix for Economic Impact

Level| Range M$ Risk Category
> 200
° 4 100 - 200 M
a
E| 3 50 - 100 L M M M
2 10 - 50 & L L M M
1 <10 L L L L L

Range % | <10%  10-20% 20-50% 50-80% >80%

Level 1 2 3 4

Likelihood

An Economic Risk evaluation approach for
pit slope optimization, Contreras, L.F. ( 2015)
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Interramp & Overall Slope Design

Economic Risk Map Example

Mapa de Riesgo Economico - Impacto en VAN A t"g_i:%ﬂg :’If‘dW:’N M
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