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Abstract

Minera Los Pelambres (MLP) is a copper mine in north-central Chile. The comminution circuit consists of two
primary crushers and three parallel grinding lines each with an SABC configuration (semi-autogenous grinding
[SAG] mill with pebble crusher then ball mill), treating a total of 175,000 tonnes per day (t/d). MLP built an
empirical throughput model using their comprehensive drill-core database. The main parameters were SAG feed
size (80% passing [Fso]), ore breakage and comminution parameters (Axb and BWi), and feed blend proportions.
The model achieved good accuracy, with mean relative errors of 3.5% and 3.2% on a monthly and annual basis,
respectively. However, MLP aimed to further enhance the accuracy and eliminate the need for frequent
recalibration to deal with changes in ore characteristics and operating conditions.

Hatch was engaged to review the current model, ore characterisation, blast fragmentation, and plant operation
and develop a new power-based throughput forecast model. This semi-mechanistic model provides better
prediction of the SAG mill feed size based on rock characteristics and blast fragmentation modelling, and
accounts for coarse (Fgo) and fines (-10 millimetre [mm] material) in the feed. Thus, the new model achieves
lower relative errors—3.0% and 1.4% on a monthly and annual basis, respectively. The new model is more
reliable for future changes in ore characteristics, eliminating the need for frequent recalibration, and improving
long-term accuracy.
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Introduction

The throughput of comminution circuits is typically influenced by the feed size, ore characteristics (rock structure
and strength or hardness) and their variability, circuit configuration, comminution equipment power utilization,
operating conditions, and required product size. Accurate models to estimate throughput are necessary for
production planning in the short and long terms (life-of-mine planning).

Minera Los Pelambres (MLP) is a copper mine in north-central Chile. The comminution circuit consists of two
primary crushers and three parallel grinding lines with an SABC configuration (semi-autogenous grinding [SAG]
mill with pebble crusher then ball mill), treating a total of 175,000 tonnes per day (t/d). MLP has developed and
refined over the years a useful and practical empirical throughput forecast model for their comminution circuit,
leveraging the comprehensive Geometallurgical testing and mapping of the orebody. The MLP model was
estimating throughput directly from the main grinding circuit variables: ore hardness and breakage
characteristics and SAG feed size (80% passing [Fso]). A power-based throughput forecast model to estimate the
circuit’s specific energy consumption was then proposed and developed by Hatch together with MLP and is
presented in this paper.

Power-based modelling is widely adopted for comminution circuit modelling and design and can also be used for
throughput forecasting when the future ore properties are known. Morrell’s modelling method (Morrell, 20044,
2004b, 2009) and SMC tests have been widely and successfully adopted in the industry, and Farmer et al. (2021)
and Brennan et al. (2022) describe recent Hatch examples of their application. The specific comminution energy
for each geometallurgical domain that will be mined in the future is calculated, then averaged according to the
proportion of each domain in the feed over a certain time.

Deviations between the actual and estimated circuit throughput using the MLP empirical model had previously
been explained by operating factors such as downstream process limitations, water restrictions, low stockpile
levels, SAG mill relining, and so on. Their effect cannot be accurately estimated by any model and are generally
filtered out. Once the production data have been filtered, the other major factor affecting the MLP empirical
model's accuracy was the difference between the estimated feed size Fgoused in the model and the Fgo measured
by image analysis on the SAG feed conveyor belts. The Fgo model required frequent adjustments (recalibration),
and therefore an alternative SAG Fgo model has been proposed, one that accounts for rock properties and primary
crusher settings.

Another critical parameter impacting SAG mill throughput is the content of fines (% —10 mm) in the SAG mill feed.
This is strongly influenced by ore properties and the drill and blast operations, and is not typically included in
power-based modelling, which is based on feed size Fgo only. However, Hatch developed a method to estimate
the feed fines content and incorporate this in the proposed power-based throughput model.

This paper summarizes the development and validation of an improved power-based throughput forecast model
for MLP. MLP has a comprehensive database of hardness and breakage parameters, which is an important basis
for accurate throughput forecasting, and this is described along with the MLP geometallurgical domain
definitions. The standard power-based modelling method for SAG milling circuits is presented. Additionally, the
method Hatch developed to account for the fines content (% —10 mm) in the SAG feed is also described (in
addition to the SAG Fg size parameter typically used in power-based models). The method to estimate the SAG
feed fines as a function of blasting powder factors and ore properties is also explained. Finally, the proposed
throughput forecast model prediction errors were compared with those of the historical MLP empirical model.
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Method

Power-based modelling is a common approach to throughput forecasting. The principle of power-based
modelling of comminution circuit throughput is to estimate the comminution circuit's specific energy as a
function of ore properties (specifically hardness), and feed and product sizes. One example of power-based
method is the Morrell Power-based method (Morrell, 2004a, 2004b, 2009). In the Morrell method, hardness is
represented by the comminution indices drop weight index (DWi), Mia, Mih, and Mic as measures of hardness
applicable in autogenous grinding (AG) and SAG mills, high-pressure grinding rolls, and crushers, and the Bond
ball mill work index (BWi) as a measure of resistance to breakage at finer size fractions in ball milling circuits. The
circuit feed and product sizes are incorporated using the 80% passing values (Fso and Pgo). Throughput is then
calculated from the specific energy, assuming a typical power draw for the SAG mills and ball mills. This approach
requires an estimation of the SAG mill specific energy, which can be used to determine if the circuit is SAG mill-
or ball mill-limited (Brennan et al., 2022).

Historically, the MLP circuit has been mainly SAG mill-constrained, and therefore the SAG mill specific energy can
be used directly for throughput estimation, rather than the total (SAG + ball mill) specific energy. MLP provided
historical operating data relating to ball mill power draws demonstrating that the ball mills have unutilized
available power, confirming that the SAG mill was constrained and SAG specific energy can be used for total
circuit throughput. The SAG specific-energy calculation is detailed later in the paper.

The main required inputs for accurate throughput forecasting using power-based modelling are comprehensive
ore characterisation in terms of hardness and a reliable estimate of feed size (and changes in feed size with ore
characteristics).

GEOMETALLURGICAL DOMAIN DEFINITION AND ORE HARDNESS DATABASE

MLP has an excellent and comprehensive characterization method to define different domains in the pitin terms
of geotechnical classification and also to categorise the ore in metallurgical units. This includes extensive
testwork conducted historically, which served as the basis for the ore hardness classification and structural
conditions for the different lithologies present.

Five main lithologies are present in the MLP ore body, with some sub-groups. These are diorite (DIQ), porphyry,
(PA, PB, PD), breccias (BH), andesites (AND), and porphyry—quartz—feldspar (PQF). These lithologies are
intersected with the five mineral zones, namely leaching-total (LXT), leach-partial (LXP), secondary zone (SEC),
primary with anhydrite (PRI), and primary with no anhydrite (PRI S/ANH). The intersections resulted in six
geometallurgical M units (M1, M2, M3, M4, M7, and M8), as shown in Table 1.

Table 1—Matrix of geometallurgical M unit definitions

Lithologies
Geometallurgical M Unit DIQ PA PB PD BH PQF AND
LXT
LXP M1 M2
Mineral Zones SEC M7 M8
PRI M3
A M4
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Very detailed drill core breakage testing database was available at MLP, including SAG Mill Comminution (SMC
Test), BWi, SAG Power Index (SPI), and point load test. There were 2,264 SMC tests in the database which
provided a very good resolution of the hardness within the ore body. The distribution of the number of tests for
each geometallurgical M unit and their drop weight index (DWi) are shown in Table 2. The distribution of DWi
within each M Unit is shown in Figure 1.

Historically, the MLP block model was programmed to provide the Axb breakage index as the hardness parameter
of the M units of a given production volume, which was then directly used in the throughput model. The JKTech
(JK) Axb breakage index is determined by either drop weight testing or SMC testing and is an indicator of ore
resistance to impact breakage. The A and b parameters are typically used in the JK SAG mill model, while the Axb
breakage index is a designation of the ore hardness; note that a lower Axb indicates harder ore and higher Axb
value indicates softer ore. This is contrary to all other hardness parameters which increase with increasing ore
hardness.

The Axb breakage index is not an additive hardness parameter and therefore cannot be averaged directly to
determine the hardness of a particular blend of ores (i.e., cannot be used directly in throughput forecasting).
However, the Axb breakage index can be corrected for specific ore densities into a DWi, which has units of
kilowatt hours per cubic metre (kWh/m3). The DWi is directly proportional to hardness (higher DWi are harder,
and lower DWi are softer), and can be averaged, and thus can be used to determine ore hardness for an ore
blend using a weighted average. For this reason and based on Hatch's experience with power-based modelling,
the DWi is preferred for SAG throughput modelling rather than the Axb breakage index.

Table 2—Summary of geometallurgical test database per M units

Axb
DWi Number of Specific Gravity (Calculated from
M Unit (kwWh/m3) SMC Tests (t/m3) Average DWi)

M1 5.66 1,132 2.55 45.0
M2 5.16 91 2.52 48.7
M3 7.73 119 2.62 33.8
M4 7.81 712 2.64 33.8
M7 8.97 27 2.58 28.8
M8 8.42 183 2.63 31.2

Historically The M units were grouped into soft and hard categories based on testwork and the MLP block model:

e M1, M2, and M8 were reported as soft units

e M3, M4, and M7 were reported as hard units.

The M8 unit was originally considered to be soft; however, this was mostly driven by the in situ structural rock
characteristics (more fractured). The DWi value distribution within each of the M Units shown in Figure 1
revealed that the M8 unit should be classified as hard according to rock hardness. Due to the range of hardness
and structure properties, the M8 unit (which represents the andesite lithology) has been divided into two units,
based on the evidence of differences in rock structure. The two units, namely M8 primary (M8p) and M8
secondary (M8s), represent more- and less-competent rock, respectively, driven by the rock structure.

3 | SAG CONFERENCE 2023 VANCOUVER | May 20, 2023



soft 4—' —» hard

25%

-———M1

o
Q
=

-2
M3
Ma

Frequency

.
[
R

10% — 7
M8

5%

0%

14

.5-

DWi kWh/m3

Figure 1—Distribution of DWi values for each M unit (drill core testing)

The MLP drill core testing database is very large and is a world-class example of detailed geometallurgical
mapping of ore hardness for block modelling. MLP previously estimated the error associated with the hardness
parameters, as a function of sample density. Previously published simulations (Caceres et al., 2015)
demonstrated that the accuracy of the hardness parameter values populated in the block model is very good,
with approximately one sample for every million tons in the block model. Simulations were conducted to assess
the error in the hardness parameter estimation for each production volume (monthly, annually). On an annual
basis, the hardness parameter estimation error was +1.7 % for the hard domain, and £2.5 % for the soft domain.
On a monthly basis, the error for the hard domain was 3.4 %, and for the soft domain was +4.9 %.

In the present study, the hardness parameters generated by the block model were used to validate the model
against historical data and to predict the hardness parameters of future ore blends in the life-of-mine (LOM) plan.

MODELLING FEED SIZE

The SAG mill specific energy and throughput are strongly influenced by ore hardness and feed size, as already
recognized and accounted for in the previous MLP empirical throughput model.

One of the main challenges for throughput forecasting is to predict the SAG mill feed Fgo size of future blends.
The input parameter “SAG Fgo” was previously estimated based on regression analysis of the Fsp measured by the
online image-analysis system, as explained below. The regression coefficients had to be updated after some time
to reflect the changes in ore characteristics which influence run-of mine (ROM) fragmentation and thus SAG feed
size.

The SAG feed size Fgy is measured online by WipFrag image analysis system that is installed on SAG mill feed
conveyors. The accuracy and reliability have been assessed and the WipFrag Fgo was used with confidence by the
operation. In the MLP SAG Fgo model, a single value of Fg is assigned to each M Unit and the overall Fg is
calculated based on the proportion of each M Unit (weighted average Fso as shown in Equation 1). The Fg value
for each M Unit was determined by regression of the WipFrag data:

F80 = (%M1 X F80,,, + %M2 X F80,, + %M3 X F80,; + %M4 X F80,,, + %M7 X F80,, + %M8 X F80,4) (1)
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Over the last three years of operation, two different versions of the SAG Fsp model were developed based on
regression of plant data. The performance of the two models is compared with actual WipFrag Fso data in Figure
2. The Fgo Model v1 was more accurate for the older data because it was regressed in 2019. The Fgo Model v2

seemed to predict the recent Fgo data quite well, because of the regression that was performed in 2021, but it
was not reliable for the older data.

This demonstrates that the SAG Fso regression models required continual updating and refitting regression
coefficients due to changes in ore characteristics. The need to continually update the Fg; model is time consuming
and also limits the model’s predictive capabilities over the longer term, particularly over the LOM.
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Figure 2—SAG Fgo image analysis measurements compared with previous SAG Fgo regression models

Hatch proposed a different approach to predicting the SAG Fgo to provide increased accuracy over the long term

and eliminate the need for frequently adjusting the model parameters. Hatch proposed a mechanistic approach
for the Fgo model based on ore properties and the crusher gap:

F80 = 0SSK + ¥;(kj * DWi; + fj * RQD) * %blend, (2)

where K, kj, fj are constants (13 in total) that are specific to MLP and fitted to the Fs data during
model calibration.

The index j represents the seven M units.

RQD is rock quality designation, which is a measure of the in situ rock structure which influences blast
fragmentation, and in particular the coarse end of the fragmentation size distribution.

The principle of the equation for SAG Fgo is that the SAG feed size is influenced by the primary crusher gap, as
expected, but is also influenced by ROM fragmentation. The rock structure, rock strength, and drill and blast
design influence the ROM fragmentation, thus also influencing the SAG feed size. Therefore, the proposed SAG
Fso model includes the following input parameters: rock quality designation (RQD) for rock structure, DWi for
rock hardness parameter, and open-side setting (OSS) for crusher gap. The input parameters for each M unit are

then compounded into a weighted average of the hardness and structure information and added to the
contribution of the primary crusher OSS.

The proposed new SAG Fgo model showed good accuracy over the entire period based on monthly averages, as
shown in Figure 3. This indicates that the ore strength and structure (DWi and RQD) are significant contributors
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to the SAG feed Fgo. The OSS parameter in the Fgo model had a relatively low significance compared to the others
(DWi, RQD, and blend proportion). This was explained because the average OSS of both primary crushers was
relatively constant throughout the period analyzed.
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Figure 3—Actual monthly SAG Fgo from online measurement compared with predictions of the SAG Fgo model
proposed by Hatch

Effect of Fines (% -10 mm)

Throughput forecast models typically do not consider the impact of fines (generally defined as the percentage of
-10 mm in the feed). Power-based models rely on SAG Fgo alone as a measure of SAG feed-size distribution, which
is the parameter used in the Morrell power-based equation for feed size. This method is robust, has been proven,
and is convenient for model reconciliation because the variations in SAG Fgo can be measured relatively well by
online image-analysis systems. However, the amount of fines in the SAG feed is also known to have a significant
affect on throughput and SAG specific energies (Kanchibotla et al., 1999; Valery et al., 2001, 2007, 2019a). This
is generally not included in throughput models because image analysis systems have a limited ability to measure
fines, but its inclusion should improve the accuracy of throughput forecast models.

To address this, Hatch used blast fragmentation modelling to estimate the ROM fines content based on ore
properties (structure and strength) and blast design. The fines in the SAG feed are mostly generated during
blasting and are strongly influenced by in situ ore characteristics, in particular rock strength. The blast
fragmentation modelling provides a mechanistic calculation of fines from blasting to plant feed, instead of relying
on online fragmentation measurements. It was proposed to incorporate an additional factor (% passing 10 mm)
into the SAG specific-energy calculation used in the throughput forecast model to account for varying fines
content, with the objective of improving the model accuracy. The proposed SAG specific-energy model is:

SAG specific energy (kWh/t) = Q X DWi* x (F80 Hatch)® x m (3)

Where Q, a, 8, and & are constants that are specific to MLP and fitted to the production data during
model calibration, as explained in the discussion section.

Modelling the Fines in the SAG Feed

The Hatch blast fragmentation model is a tool that simulates ROM fragmentation-size distribution based on the
ore characteristics (hardness and structure), the drill and blast design parameters, and explosives properties. This
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drill and blast fragmentation model has been used in previous mine-to-mill projects with the objective of
improving ROM fragmentation and increasing comminution throughput (Evangelista et al., 2021; Hill et al., 2022;
Valery et al., 2018, 2019a, 2019b). The model calibration requires accurate measurement of the resulting
fragmentation. Blast fragmentation was measured using SPLIT Desktop image analysis of photos collected at
trucks dumping ROM ore to the primary crushers. Image-analysis systems used for measuring ROM
fragmentation cannot accurately measure fines content (such as %passing 10 mm), as this material is often below
the surface and is too small to be accurately delineated by the image-analysis software. To overcome this, the
fines content is calibrated by sieving material from a primary crusher-product belt cut sample, as described in
the previously published mine-to-mill projects. Figure 4 shows the ROM size-distribution envelope obtained with
image analysis of the material coming for a specific polygon that was used to calibrate the blast fragmentation
model. The SAG feed size (i.e., primary crusher product) distribution was also compared to confirm the ROM,
and the amount of fines was consistent with the material feeding the plant at that time.
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Figure 4—Calibration of the Los Pelambres drill and blast fragmentation model

While the blast fragmentation model can predict the entire ROM size distribution, it was used in the present
study to determine the relationships between fines content (% —10 mm) in the ROM and the blast intensity and
ore characteristics. The fines content was then incorporated into the throughput forecast model. This section
explores the method of using the Hatch blast fragmentation model to determine a simple relationship between
blast intensity, ore hardness, and fines generated for each M Unit.

Firstly, simulations were conducted at varied blast energy (powder factor PF) for the different M units. The
simulations covered the current range of blast intensities used for each M unit (Table 3). The blast designs were
varied in the model to produce the required range of powder factors, while also ensuring the blast designs were
practical for implementation in each case.
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Table 3—Blast intensity (powder factor) range for each M unit

Powder Factor (kg/t)

M(X) Minimum Typical Maximum
M1 0.215 0.272 0.355
M2 0.215 0.272 0.355
M3 0.196 0.351 0.546
M4 0.196 0.546 0.631
M7 0.196 0.546 0.631
M8 0.205 0.446 0.546

The results from the blast fragmentation simulations were used to generate correlations between the fines
(% -10 mm) and blast intensity (powder factor) for each hardness class. For this purpose, the hardness classes
are specified based on unconfined compressive strength (UCS), which is an appropriate strength measurement
for the compression breakage that occurs during blasting. The resulting correlations for M1, as an example unit,
are summarised in Figure 5 and Figure 6.
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Figure 5—Relationship between powder factor and fines for M1 unit (constant hardness)
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Blast simulations were performed and correlations generated for each of the M units, as per the examples shown
for M1 above. For each M unit, the average relationships for powder factor and hardness are combined into an
overall relationship to estimate the —-10 mm fines content for that M unit using the following equation structure:

—10 mm Fines (% in ROM) = A * (PF) — B * (hardness) + C (4)
Where PF is the powder factor, and hardness is either UCS or DWi hardness values.

The Hatch blast fragmentation model generally uses UCS for ore strength input parameters, but to align with the
throughput forecast model inputs, these equations have been expressed in terms of DWi. The equations have
been transformed based on the mean UCS value and mean DWi value for each M class.

The range of hardness for units M3 and M4 were similar; therefore, a single equation was used for these two
units (their combined annotation is M34). The M8 unit is further separated into two sub-units, M8p and MS8s,
due to the difference in structure, as discussed before. However, as structure mostly influences the coarse end
of the fragmentation-size distribution, this did not have a significant impact on fines generation during blasting.
Therefore, a single equation can be used to estimate blasting fines for the M8 units.

The resulting equations, in terms of DWi, are:

M1 Fines Content (%) = 28.365 * (PF) — 1.6231 * DWi®78° 4+ 10.5 (5a)

M2 Fines Content (%) = 28.938 = (PF) — 1.6352 * DWi%78% + 10.4 (5b)
M34 Fines Content (%) = 21.927 * (PF) — 1.3091 = DWi%78° + 10.25 (5¢)
M7 Fines Content (%) = 21.123 % (PF) — 1.2409 * DWi®78° 4+ 10.3 (5d)
M8s or M8p Fines Content (%) = 21.142 = (PF) — 1.4952 x DWi®78% + 12.5 (5e)
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The fines content (% —10 mm) estimated from these relationships for each of the M units using the typical powder
factor (Table 3) are shown in Figure 7. These results correspond well with the measured SAG feed-size
distribution from the available belt cut survey MLP performed. The estimated % -10 mm content for the M1, M8
and M7 units processed during this survey are 12%, 14%, and 14.5%, respectively. The belt cut sizing reported
about 13% -10 mm in the SAG feed for the feed blend of M1 (52%), M8 (36%) and M7 (12%), and a powder factor
of the surveyed polygons around 0.33 kg/t.
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Figure 7—Fines content for each M class with typical powder factor

The primary crusher mostly acts on the large rocks, affecting the coarse end of the size distribution, and does
not contribute significantly to the proportion of fines in the SAG feed. The fines are mostly generated during
blasting. However, a small amount of —~10 mm can still be produced in the primary crusher, and this was added
to the calculated amount of -10 mm in the ROM. The primary crusher’s effect on the amount of -10 mm material
in the SAG feed was determined using a JKSimMet primary crusher model that was calibrated during previous
plant surveys in 2014. Even though the actual amount generated in primary crushing is difficult to practically
measure and model—as it depends on the ore properties (softer ore tends to generate more fines in primary
crushing)—the small amount of fines generated by primary crushing within the JKSimMet model was in the range
that was previously observed and measured during previous mine-to-mill audits performed by the Hatch team.
An equation was developed to add the fines generated in primary crushing:

% — 10 mm SAG feed = 0.6569 * (% — 10 mm ROM) + 9.7116 (6)

NEW POWER-BASED THROUGHPUT MODEL STRUCTURE

The throughput forecast modelling approach Hatch used is a power-based model. The total specific-energy
model (SAG and ball mill) aligned well with the actual total specific energy for the MLP circuit. However, a model
based on SAG mill specific energy only provided better model accuracy, as the grinding circuit is SAG mill limited.
Therefore, the SAG mill specific energy calculation is the basis for the power-based model developed for MLP.
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The SAG mill specific energy and SAG throughput are strongly influenced by ore hardness and feed size (as
recognized and accounted for in the previous empirical throughput model MLP developed. Therefore, ensuring
an accurate throughput forecast model requires high-quality input parameters for hardness and feed size. As
discussed above, it was proposed to improve the estimate of feed size to provide better model accuracy. This
was achieved by both improving the SAG Fgo model’s accuracy (by using a semi-mechanistic model rather than
regressions of past performance) and incorporating an estimate of the amount of fines (-10 mm) as this strongly
influences SAG mill throughput. Therefore, Hatch proposed a specific-energy model incorporating both SAG feed
Fso and % -10 mm.

In terms of hardness, MLP has an extensive and world-class database, which is fundamental to accurate
throughput forecasting. The MLP throughput forecast model Hatch developed uses DWi as the measure for
hardness, as this is additive, and can be used to determine hardness of the scheduled feed blends based on a
weighted average.

To incorporate all the factors discussed above, the throughput forecast model carries out a series of calculations
as follows:

1. Estimate the weighted average hardness DWi from feed blend proportions:

Average DWi = };; DWi; X % M blend (7)

2. Estimate the SAG Fgo for each M Unit. The SAG Fg is estimated using the ore properties (DWi, RQD)
and crusher gap using Equation 2.
3. Estimate the % -10 mm in SAG feed:

a. Correlations established from drill and blast modelling (Equations 5a to 5e) are used to calculate
the % —10 mm in ROM for each M unit.

b. Calculate the % -10 mm in the SAG feed for each M unit, using Equation 6. This accounts for fines
produced during primary crushing.

c. Estimate the % -10 mm for the feed blend based on proportions of M units (weighted average)
4. Estimate the SAG mill specific energy (kWh/t) based on Equation 3.

5. Calculate the average throughput of all three grinding lines based on the predicted SAG Specific
Energy and available power:

SAG Power (kW)

t/ = Specific Energy(kWh/t) (8)
6. Calculate the yearly capacity from usability (availability x utilization) rate U:
Feed to Mill (Mtpa) =t/h x 8760 x U (9)

The calculation steps are shown diagrammatically in Figure 8. To calibrate the throughput model for the MLP
operation the fitted parameters were determined using mine and plant data, as detailed in the discussion section.
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Figure 8—Concept diagram of the Hatch Fgo and throughput model calculation steps

Discussion

The updated power-based throughput model was calibrated based on three years of historical data. Daily data
were provided from 1 January 2018 to 30 November 2021. After filtering to remove any unusual downstream or
upstream constraints of the comminution circuit that would not represent typical operations, 748 days (data
points) were remaining which were used for model calibration. The model parameters of the SAG mill specific-

energy equation (Equation 3) were calibrated using regression analysis of the daily data (748 data points).

HISTORICAL DATA USED FOR MODEL CALIBRATION

The monthly variation in throughput, feed blend, feed Fgo, mill power, DWi (obtained from the block model), and
powder factor are illustrated in Figure 9 to Figure 12. Monthly data are shown here for greater visual clarity;
however, the daily data were used for model calibration. The calibrated model, with fitted parameters, was then
used to predict throughput on a weekly, monthly, and yearly basis, and compared against the actual data. The

model error was also estimated for the different times scales.
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Figure 10—Monthly average throughput and SAG mill power (dotted lines are 3-month moving averages)

SAG throughput decreased since 2018 and 2019, despite maintaining a similar range of power draw (as shown
in Figure 10). At the same time, the Fgo had been coarsening quite consistently, which may explain the reduction
in throughput. The coarser SAG feed size was also consistent with the trend of ROM Pgy MLP supplied, as well as
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L
-
>} o0
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c
kS

Mar-15 I S |

® Actual throughput (tph)

with SAG feed-size distribution from 2021 belt cuts.

The variation in M unit DWi hardness is shown in Figure 11; these values have been converted from the Axb
breakage index generated by the block model. The hardness of the softer domains, such as M1 and M2,
decreased over the period analyzed, but at the same time, the RQD value increased, meaning the ore became
coarser and blockier. Rock mass structure (RQD values) strongly influences coarse fragmentation from blasting;
thus, the increased RQD counteracts the reduction in hardness for these domains. The harder domains increased
in hardness in the most recent months of the period, which would decrease throughput.
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Figure 11—Monthly DWi values from block model (lines are 3-month moving averages)

Given the coarsened ROM particle-size distribution and reduced plant throughput, MLP has been increasing the
powder factors over the years (Figure 12). Blast fragmentation is strongly influenced by the properties of the
rock mass (structure and strength) and, as indicated previously, the high RQD in most of the ores is likely affecting
fragmentation. Having observed that RQD (rock structure) affects particle-size distribution at MLP in addition to
the inherent rock hardness, this factor was included within the model calibration. In particular, as structure
mostly influences the coarse end of the size distribution, RQD was incorporated in the SAG Fgo model, as
previously explained in the method section. The new SAG Fgo model was calibrated based on the plant datain a
similar manner to the SAG specific-energy equation—that is, using regression analysis. However, unlike the
previous SAG Fsop model, this will not need recalibration for future ore types, as the ore characteristics (DWi and
RQD) are incorporated in the new version of the SAG Fsp model.
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Set-17 Abr-18 Oct-18 May-19 Dic-19 Jun-20 Ene-21 Jul-21 Feb-22

+ M1PF a M2PF M34 PF M7 PF  x M8p PF

Figure 12—Monthly average of powder factor (PF) by M unit (lines are 3-month moving averages)
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MODEL VALIDATION AND ERROR ESTIMATION

The calibrated power-based throughput model, with fitted parameters, was reconciled against actual plant
throughput. The model was calibrated using regression against daily data (748 data points). The calibrated model
was then used to estimate throughput on a weekly, monthly, and yearly basis and compared against plant data.
The Hatch throughput model results are compared against actual data on a monthly and yearly basis in Figure 13
and Figure 14, respectively. The mean relative error was calculated for each time basis, and compared to the
previous MLP empirical throughput model (Table 4). The comparison of models in Table 4 also includes the
previous MLP empirical model using the new SAG Fgo model proposed by Hatch, rather than the Fgo model MLP
developed previously (i.e., the weighted average of fixed Fso values for each M unit).

The accuracy of the previous MLP empirical throughput forecast model was already very good, in part due to the
excellent ore characterization data and classification. The accuracy of the previous MLP empirical model is
improved by using the new SAG Fgo model (see the second row of Table 4). The new power-based throughput
forecast model achieved a similar accuracy on a daily basis but improved accuracy on weekly and monthly bases
(see the third row of Table 4). In particular, the accuracy over the long term is greatly improved (1.4% mean
relative error on yearly basis compared to 3.2% for the previous model). This is one of the highest accuracies in

throughput forecast modelling compared to many operations globally and is a great benefit for long-term
strategic and LOM planning and optimization.

Some of the improvement in model accuracy, particularly over the long term, is contributed to by the model for
SAG Fgo, which factors in the feed ore characteristics and is therefore more responsive to ore changes. This also
eliminates the need to frequently recalibrate the Fso regression model. The inclusion of fines content (% -10 mm)
in the SAG feed also contributed to the improved model accuracy. This considers the impact of both ore

characteristics and drill and blast conditions on the proportion of fines in the feed, which has an impact on SAG
mill throughput.
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Figure 13—Proposed power-based throughput model validation—monthly basis
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Table 4—Model prediction error at different time scales

Mean Relative Error (% t/h)

Model Daily Weekly Monthly Yearly
MLP Empirical Throughput Model with MLP Fg; Model 6.0% 5.0% 3.5% 3.2%
MLP Empirical Throughput Model with Hatch Fgo Model 5.7% 4.8% 3.2% 2.8%
Updated Power-Based Throughput Model with Hatch Fgo Model 6.2% 4.5% 3.0% 1.4%

Conclusion

The empirical throughput model previously developed at MLP was good overall, leveraging the comprehensive
geometallurgical mapping of the hardness within the ore body. However, it had limitations, particularly related
to the accuracy of predicting SAG feed size. The SAG feed Fgo was sensitive to changes in ore characteristics, and
the previous empirical SAG Fgo model required continual adjustment of the regression parameters, thus limiting
accuracy and predictive abilities for the long term. Hatch has developed an updated model that addresses these
limitations. The throughput forecast model Hatch developed is power-based and includes a semi-mechanistic
model for SAG Fgo which accounts for changes in ore characteristics. It also incorporates the fines content
(% passing 10 mm) in the estimation of feed size, as this has a significant impact on SAG mill throughput. The
resulting throughput forecast model has improved accuracy, particularly when forecasting over the long term.
Thus, the new model is of great benefit for long-term strategic and LOM planning and optimization.

16 | SAG CONFERENCE 2023 VANCOUVER | May 20, 2023



References

Brennan, L., Valery, W., Quan, Y., Bonfils, B., Farmer T., Hayashida, R., Jankovic A., Duffy K. (2022). Throughput
forecast modelling over the Life-of-Mine. In International Minerals Processing Council Asia-Pacific
2022 Conference (pp. 365-377). Melbourne, Australia.

Caceres, A., Cirion R., Ibarra, F., Contreras, F. (2015). Throughput Uncertainty analysis in Los Pelambres deposit.
In Fourth International Seminar on Geology for the Mining Industry. Santiago, Chile.

Evangelista, G., Moreira, A., Moura, F., Souza, |., Fabio, R., Henrique, P., Corsini, J., Ribeiro, A., Valery, W., Valle,
R., Hayashida, R., Plasencia, C. (2021). Integrated Optimization of Drill & Blast, and Comminution
Processes at Lundin Mining - Chapada. In Seventeenth International Conference on Mineral Processing
and Geometallurgy (pp. 326-335). Santiago, Chile.

Farmer, T., Valery, W., Holtham, P., and Duffy, K. (2021). Improving, Sustaining, and Forecasting Performance
for the Life of Mine. In Life of Mine Conference 2021 (pp. 40 — 43) Brisbane, Australia.

Hill, J., Ouellet R., Deslias, R., Kapinga, 1.K., Devin, P. O., Achache, H., Valery, W., Hayashida, R., Farmer, T.,
Bonfils, B., Duffy, K. (2022). Mine-to-Mill optimisation at Mont Wright. In International Minerals
Processing Council Asia-Pacific 2022 Conference (pp. 1184-1192). Melbourne, Australia.

Kanchibotla, S. S., Valery Jnr., W. and Morrell, S. (1999). Modelling fines in blast fragmentation and its impact
on crushing and grinding. In Proceedings of the Explo’99 Conference. Kalgoorlie, Australia.

Morrell, S, (2004a). An alternative energy-size relationship to that proposed by Bond for the design and
optimisation of grinding circuits. International Journal of Mineral Processing, 74, 133 — 141.

Morrell, S. (2004b). Predicting the specific energy of autogenous and semi-autogenous mills from small
diameter drill core samples. Minerals Engineering, 17(3), 447 — 451.

Morrell, S. (2009), Predicting the overall specific energy requirement of crushing, high pressure grinding roll
and tumbling mill circuits. Minerals Engineering, 22, 544-549.

Valery, W., Duffy, K., Jankovic, A. (2019a). Mine-to-Mill Optimization. In Dunne, R., Kawatra, S., Young, C. (Eds.),
SME Mineral Processing & Extractive Metallurgy Handbook (pp. 335-346). Society for Mining,
Metallurgy and Exploration.

Valery, W., Duffy, K., Valle, R., Hayashida, R., Jankovic, A., Holtham, P., Tabosa, E., and Andrade, B. (2019b). An
Optimization Journey: from Blasting, Dry AG Milling to Regrind HPGR and Everything in Between. In
Fifteenth International Mineral Processing Conference, Sixth International Seminar on Geometallurgy
(pp. 232-240). Santiago, Chile.

Valery, W., Jankovic, A., La Rosa, D., Dance, A., Esen, S. and Colacioppo, J. (2007). Process integration and
optimisation from mine-to-mill. Proceedings of the International Seminar on Mineral Processing
Technology, pp. India. 577-581.

Valery, W., Morrell, S., Kovovic, T., Kanchibotla, S. (2001). Modelling and simulation techniques applied for
optimisation of mine to mill operations and case studies. In Sixth Southern Hemisphere Conference on
Minerals Technology. Rio de Janeiro, Brazil.

17 | SAG CONFERENCE 2023 VANCOUVER | May 20, 2023



Valery, W., Valle, R., Jankovic, A., Hayashida, R., Duffy, K., Holtham, P., Tabosa, E., Vianna, S. (2018). Integrated
optimization of mining and minerals processing operations. In Fourteenth International Mineral
Processing Conference. Santiago, Chile.

18 | SAG CONFERENCE 2023 VANCOUVER | May 20, 2023



Copyright Form for SAG 2023

Title of Paper: Developing an Advanced Throughput Forecast Model for Minera Los Pelambres

Author(s): L. Rodriguez, M. Morales, W. Valery, R. Valle, R. Hayashida, B. Bonfils, C. Plasencia

GRANTING OF COPYRIGHT

I|/WE HEREBY AGREE TO GRANT THE RIGHT TO PUBLISH MY/OUR PAPER BOTH IN
CONFERENCE PROCEEDINGS AND IN ON-LINE LIBRARIES TO THE SAG CONFERENCE
FOUNDATION, WHEN THE PAPER IS ACCEPTED FOR PUBLICATION IN THE SAG 2023
PROCEEDINGS. I|/WE CERTIFY THAT THE CONTENTS OF THIS PAPER HAVE NOT BEEN
COPYRIGHTED, PUBLISHED, OR SUBMITTED FOR PUBLICATION ELSEWHERE.

Author(s)’s Signature(s)
Date 31/07/2023

Name(s) (please print)

If this paper represents work made for hire:
Name and title of the person for
whom work was done (please print)

Authorizing signature:

IF YOU SUBSEQUENTLY SUBMIT YOUR PAPER TO ANOTHER PUBLICATION, PLEASE BE SURE TO
INDICATE THAT THE PAPER WAS FIRST PUBLISHED IN THE SAG 2023 PROCEEDINGS, CITING
LOCATION AND DATE.

IF YOUR PAPER, OR SUBSTANTIAL PARTS OF IT, HAVE BEEN PUBLISHED ELSEWHERE AND ARE
ALREADY UNDER COPYRIGHT TO ANOTHER ENTITY, THEN IT IS YOUR OBLIGATION TO ENSURE
THAT THE SAG CONFERENCE FOUNDATION CAN PUBLISH THIS WORK.

19 | SAG CONFERENCE 2023 VANCOUVER | May 20, 2023



