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Why it is important to optimize the design of open pit mine pitwalls.
What are geotechnically optimal pitwall profiles? And how we determine them.
The input data required to find optimal pitwall profiles.

lllustration of 3 open pit mine case studies showcasing significant gains obtained
in terms of Net Present Value and carbon footprint reductions:

Case 1) profit increase: S60M, 28% NPV, GHG savings: 1.49 MtCO2eq;
Case 2) profit increase: $13.7M, 52% NPV, GHG savings: 0.06 MtCO2eq;
Case 3) profit increase: $11.7M, 34% NPV, GHG savings: 0.17 MtCO2eq.



A pitwall inclination which is 1 degree steeper (for the same level of safety) means:

* From an extra 10 m USD for a small-medium mine (e.g. Marvin mine, see the
tutorial in Geovia Whittle) to an extra 100 m USD for large mines;

* asignificant reduction of carbon footprint and energy consumption due to less

rock waste to be excavated (around 2% overall reduction per 1 degree)

How can we achieve steeper pitwalls without compromising safety?

By abandoning the assumption of planar (linear) profiles.
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1. Why to consider non-planar profiles to steepen pitwalls?

The first mention in the lit. that a non-linear slope profile
is better than a planar one appears in 1890, Newman, J., 1890.

Earthwork slips and subsidences upon public works. E. & F. N. Spon, London.

Then in 1977 in chapter 12 of the second edition of
Rock slope engineering from Hoek & Bray:
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2. How Optimal determines optimal pitwall profiles

Optimal finds the safe steepest profile
(highest OSA) for assigned:

* stratigraphy,

* rock properties,

* bench geometry and

* target FoS




The design of any pitwall profile starts with the design of the benches.

bench
height

bench face

minimum berm
width

For each bench, constraints due to local structural
geology + rockfall prevention + minimum berm
width + presence of ramps determine a local
maximum face inclination amax which is imposed
as a constraint in the mathematical search for the
optimal profile.

All these local constraints (amax,i for each bench) + the rock mass properties + the desired Factor

of Safety are the input data for Optimal



2. How OptimalSlope determines optimal pitwall profiles

Background of OptimalSiope:

» The software analyse the stability of thousands of
profiles. For each profile it calculates its stability
number (or equivalent for multi-layer slopes). The
profiles with the highest stability number is the
optimal one.

Lo q)z, C2
over L

» Calculation of the stability number is based on the
upper bound theorem of Limit Analysis (Chen,

1975); Layer 1

» For each profile considered, all potential failure
mechanisms daylighting everywhere in the slope
are analysed and the most critical one is the failure
mechanism.



2. How OptimalSlope determines optimal pitwall profiles

Example of a pitwall designed by OptimalSiope:
* The optimal profile is displayed by the red line

150

while the blue line represents the planar

. minimum ro
profile; i L

100

elevation [m]

e The two profiles exhibit the same FoS
* The green area represent the waste rock 5

saved by adopting the optimal profile.
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OptimalSlope is a compiled C++ & Matlab application that works on the AWS cloud.
A Graphical User Interface (GUI) manages the input of all the parameters required by Optimal
and also the output optimal profiles determined by the programme for each pit sector.

The GUI is installed by a setup.exe file on any Windows computer.

The GUI is launched by clicking on the Optimal icon.
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3. OptimalSlope Graphical User Interface data input

iOptimalSlope = O X
Enter the parameters below
Project Name I
Input Parameters
v] Define bench Include ground water
Overall slope height m] v | Include roads
— Pece o
Target FoS

Back Save Parameters




3. OptimalSlope Graphical User Interface data input

ﬁOptimaISIOpe - O X
Define Piezometric Line

Enter coordinates for the piezometric line

X coordinates [m]

0.0;20.0;40.0;60.0;80.0;100.0;120.0;140.0;160.0;180.0;200.0
Z coordinates [m]




3. OptimalSlope Graphical User Interface data input

&, OptimalSlope

Road parameters

Define the parameters for all the roads appearing in the slope profile (f there is more than one,
separate the values with a comma)

Road width [m] Road position from slope crest jm]

!




3. OptimalSlope Graphical User Interface data input

iOptimaISIOpe - O X

Enter the number of rock mass layers obeying the
Generalized Hoek-Brown criterion
I Generalized Hoek-Brown rock mass layers




3. OptimalSlope Graphical User Interface data input

£\ OptimalSlope - O X

Hoek-Brown rock mass layer 1 parameters
|1 Generalized Hoek-Brown rock mass layers

o_ci [MPa] (Unconfined Compressive Rock mass unit weight
Strength intact rock) [kN/m3]

| Geological Strength Index (0 - 100) | E‘:"g’i’”ﬂwm
[ m_j{0-35) [ Minimum bem width fn]
I z&zs&%&w -1) I Disturbance factor (0 - 1)

Enter Values




3. OptimalSlope Graphical User Interface data input

iOptimaISIOpe - O X

Enter the number of geomatenal layers obeying the
Mohr-Coulomb criterion

| Mohr-Coulomb geomaterial layers




3. OptimalSlope Graphical User Interface data input

iOptimaISIOpe — O X

Mohr-Coulomb Geomatenal 1 parameters
|1 Mohr-Coulomb geomaterials

|| ® [deg] (angle of intemal friction) | " Unit weight kN/m3]
: Minimum bem

| ¢ [kPa] (cohesion) s

I Bench Face Angle [deg]

' Enter Values




3. OptimalSlope Graphical User Interface data input

iOptimaISIOpe - O x
Define how the different geomaterials are distributed
Materials Available: HB_1, MC_1
Material Key: j 2

|2| Material for the layerfrom - 0.00mto - 15.00 m




3. OptimalSlope Graphical User Interface data input

ﬁOptimaISIope - O X
Overburden properties
Enter the parameters for the overburden
|| Overburden unit weight [kN/m3)] l— a overburden [deg]
| Overburden thickness [m] Distance of overburden
from slope crest [m]

Enter Values




3. OptimalSlope Graphical User Interface data input

ﬁOptimaISIope

Surcharge properties

Enter the parameters for the surcharge

| Enter Values |




3. OptimalSlope Graphical User Interface data input

B\ OptimalSlope - O X

Additional options

| | save all computed optimal profies Starting slope profile

Physical cores for computation FoS tolerance

(default: 16) I I (default: 0.01)

Max iterations to reach FoS target Starting Overall

et oy e
(Planar case only)

Enter Values



3. OptimalSlope Graphical User Interface data output

iOptimaISIope (Project: case1) = a

Newpjct b Lowd D+ Hep @

180 F ' NS ' i I
/ N
Parameter name Value 2 160 - / = N
9753 I / N %
FoS 2893 140 - ! N ~
Road width [m] 3048 / N
Road position from slope crest [m] 3658 120 [I - N
Number of optimal profile points 7 v | N %
< I > b
100 - /

i i ~ 80 -
T e T Colestt eWesl GSIN g mil DM /
70 mc_1 259 511 362 MC Mc MC Mc 60 /
12.19-24.38 70 mc_1 259 511 362 MC Mc Mc Mc !
2438-3657 70 mc_1 253 511 362 MC MC MC Mc - /
36.57-48.77 70 mc_1 259 511 362 Mc Mc Mc Mc / + UB
48.77-60.96 70 511 362 MC MC MC MC + LB
20+ —ae— optimal profile
iz S M MC M — — planar profile
> 47, failure mechanism
0F e CR
| Edtipus | [ optmze | | Start Optinization and Retum Later | L L ! 1 L
0 50 100 150 200

x [m]
Optimization status: Completed

lﬁmﬁ:
100:00:14:26.953
Optimal profile coordinates and angles:

x_coordi [m] z_coordi [m] angles [deg]

0.000 0.000 471

11337 12191 471
22675 24383 471
34012 36.574 328
52,952 48765 278




4. Case studies

To demonstrate the benefit of employing geotechnically optimal profiles, in each case study we performed two
mine designs: one using traditional pitwalls and one adopting optimal profiles.
Here | am going to talk about 3 case studies:

1) copper mine in Chile. 2) gold mine in saprolitic rock (NA). 3) gold mine in altered rock.
Block model and data from Parra et al. Data from Kinross McLaughlin mine (USA),
(2017) Int J of Mining, Reclamation & Data from Minelib

Environment, 32: 221-238.



4. Case studies: Methodology

* The iterative procedure we followed to
calculate the UPL and pushbacks is the same
for all case studies irrespective of the shape
of the pitwall profile adopted (i.e. planar or

optimal profile).

* Pit optimisation is performed as usual by any

mine pit optimiser.

Input:

- Bench geometry

- Geotechnical properties
- target FoS

- HlIPLD

Slope design
by [ OPTIMAL

|

Pit Optimisation

by Whittle, NPVS, Vulcan et.

|

Output:

- Pit geometry (Huewi)
- Economic indicators

Stopping criterion:

HIJPL‘I = HUPL,M

New input:
H\JPLI

OSA is maximised

FoS = target FoS




lllustration of how OptimalSlope interacts with mine design software packages

Zoner
. Zoneixt
zone..z

Input from OptimalSlope? :
« Optimal slope profile;
« Establishment of the an-
gular zones based on the
Q.
3For 1 and $2
I

Input:
Block model

¥ 13 13 3
GENERAL MINING SOFTWARE
Geovia Datamine M aptek Hexagon
Surpac Studio OP Vulean MinePlan3D

Implementation
of the “zone
numbers” into

Implementation
of the “zone num-
bers” into the

Implementation
of the “zone
numbers” into

I mplementation
of the “zone
numbers” into

I
2

the block model plocdmededyia the block model the block model
8 " JavaScript/ Python " ) . N
via TCL script script via Lava script via Python script
L I I T
Output:

Block model with additional
attribute “zone numbers”
I

Input:
Economical parameters;
a; values (input from
OptimalSlope);

Time cost;
Mine and processing
method limit;

Scheduling parameters.

12 L3
PIT OPTIMISER
W hittle Studio NPVS Pit Optimiser Project Evaluator
“Block @ I “Open specifi- “Block Model
‘ Model” node ‘ ‘ dmpoigdat: task‘ ‘ cation” panel Source” task
« » “Economic wp ol « iag?
‘ Slope Set” node ‘ model” task ‘ ‘ Financials” panel ‘ ‘ Economics” task ‘
o . “Ultimate “Optimisation” “Pit Shell Gen-
‘ Pit Shells” node ‘ pit” task ‘ ‘ panel ‘ ‘ eration” task ‘

“Operational
Scenario” node

“Pushback” task

“Analysis” panel?

ano long term
scheduling option

“Pushback” task

“Best Worst
Analysis” task
“Strategic
Scheduling” task

)
Output:
« Pit geometry (Hypy,
pitshell geometry);
 Economic indicators.




4. First case study: a copper mine
Study performed in collaboration with: Clmtc 5’ p_?S GE®ViA
SREE IMATITASCA

The mine is split in 2 zones or sectors where a representative 2D cross-section is assumed for the design of

the pitwall in each sector. Geotechnical parameters
UCS [MPa] |GSI[-]| mi [-]|D [-]]y [kKN/m3]

Pit sector S1 65 45 15 1 25.9

Pit sector S2 50 45 12 1 25.9

Acceptability criteria

FOSmin bench | 1.1
FoSminur | 1.3

Economic parameters

Copper price [USD/Ib] 3
Selling cost [USD/Ib] 0.85
Reference mining cost [USD/t] | 3.4
Processing cost [USD/1] 6.1

Metallurgical recovery [%] 85
MCAF [USD/ton/bench] 0.13
Discount rate (%) 10

Processing method limit [mtpy] | 5
Mining limit [mtpy] 10




elevation [m]

4. First case study: a copper mine
2D stability analyses of relevant sections by Rocscience Slide2 (M-P) & FLAC

FoS =1.299 FoS =1.302
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1200

FoS =1.307

150

Zone Maximum Shear Strain Increment
Calculated by: Constant

2.0000E-01
1.9000E-01
1.8000E-01
1.7000E-01
1.6000E-01
1.5000E-01
1.4000E-01
1.3000E-01
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1.1000E-01
1.0000E-01
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4. First case study: a copper mine
3D stability analyses of all the UPL by FLAC3D

FLAC3D 7.00

©2021 Itasca Consulting Group, Inc.
Academic Model

Zone Maximum Shear Strain Increment

Calculated by: Constant
3.0000E+00
2.8000E+00
2.6000E+00

B 2.4000E+00
2.2000E+00
2.0000E+00
1.8000E+00
1.6000E+00
1.4000E+00
1.2000E+00
1.0000E+00

Factor of Safety
Value = 1.669




4. First case study: a copper mine
Pit design
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