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SAERERCIE

The Bond ball mill work index test has been used for ore hardness characterization for more than 80
years. Nevertheless, the test suffers from significant disadvantages when compared with other
characterization methods. It is expensive, labour-intensive, the equipment and procedures used are
not standardised, and it consumes a relatively large volume of drill cores. These disadvantages are
well known and have motivated metallurgists for more than 50 years to seek alternatives that are
faster or more efficient. While these alternatives have had varying degrees of success, there is still no
commercially available test that can measure the Bond work index at a price point that is comparable
to those of traditional geochemical assays. For this reason, the application of geostatistical

interpolation techniques to Bond tests has been elusive.

This paper reviews the equipment, procedures, sources of error, and reproducibility of the standard
Bond ball mill work index test, in order to have a quantitative evaluation of the success of any
alternative test. Consequently, this paper presents a new test, termed the MiniBond test. The new test
has more than 80 individual calibration points collected over a range of ore types, ore deposits, and
closing screen sizes. Results show that the calibration has an incremental error of only 3% and a
correlation coefficient of 98%. This new test requires no more than 600 grams of sample and can be
performed for 10% of the cost of a traditional Bond test. That higher efficiency allows for large volume
geometallurgical profiling of ore bodies for a significantly lower cost and sample requirements,
thereby enabling the use of geostatistical interpolation techniques, and all the advantages that they

confer.

*Corresponding author: Aminpro Chile SpA, Chief of Engineering and Quality. Cerro San Cristébal
9511, Quilicura, Santiago, Chile. Phone: +56 02 2958 2471. Email: pberrios@aminpro.com
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INTRODUCTION

The Standard Bond test

The standard Bond test procedures were first published in 1933 [1] and the Bond equation (Eq. 1)
appeared for the first time in 1952 [2],
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where W is the predicted mill energy consumption, W; is the Bond Work Index, Py, is the 80% passing
particle size of the product (in um) and Fg, is the 80% passing size of the feed (m). The equation was
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original proposed as a “universal law”, but later research by Hukki [3] showed it only was an
empirical description of the energy requirements for a particular range of size reduction achieved
with a particular set of process equipment. It is for this reason that the Bond equation requires an
empirical correction factor, termed the CF,,,,. For the standard Bond equation, the CF,,, term is equal
to 1, but the equation is only valid for the equipment that Bond used to derive the original equation:
a closed-circuit, six-foot diameter wet ball mill operating with hydrocyclones and after a rod mill [4].
For any substantially different ball mill circuit configuration (such as larger diameter mills, or SAG-
mill fed circuits), the value of CF,,; changes [5]. The CF,,; can be measured in operating grinding
circuits, by performing a sampling campaign and comparing the predicted specific energy calculated
with Eq. 1 (using the measured Py, Fgo, and W;) with that of the ball mill during the sampling period.

Each circuit has a characteristic CF,,; curve.

However, even after applying the correction factor CF,,;, the modelled and measured specific energy
can differ. This error in prediction corresponds to the sum of various individual errors associated
with the measurement process. Some of these contributing errors are: (i) errors in the feed sample
collection process, (ii) errors in the sample handling and characterisation, such as homogenisation
and size measurement, (iii) errors measuring the mill power and throughput, and (iv) errors

associated with the Bond test itself (sample preparation, splitting procedure and testing)

Relatively little work has been done quantifying the total error associated with the various
contributing factors, except for that associated with the Bond test itself (item iv). Several authors have
quantified the Standard Bond test error, obtaining similar results: Angove & Dunne obtained a 4.5%
standard deviation [6], Rowland a 5.15% standard deviation [7], Kaya et al. a 2.6% to 6.2% relative
error [8], and Baily et al. a 3.4% standard deviation [9]. This discussion is relevant not just for
evaluating the standard Bond test, but also for comparing any modified Bond tests.

Bond test alternatives and modifications

Several alternatives and modifications to the Bond test have been proposed before. Some examples
include the comparative method of Berry and Bruce [10], the empirical method of Smith and Lee [11],
phenomenological methods proposed by various researchers [12] [13] [14] [15], and the abbreviated
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locked cycle method of JKTech [16]. While these alternatives have had varying degrees of success,
there is still no commercially available test that can measure the Bond work index at a price point
that is comparable to those of traditional geochemical assays. For this reason, the application of

geostatistical interpolation techniques to Bond tests has been elusive.

In general terms, modified Bond tests are not expected to exhibit a lower error than the Bond test
itself. In some cases, however, the feed samples are not independently prepared, so that error is
reduced. An example of this is the aforementioned abbreviated locked cycle method of JKTech [16],
known as JKTech Bond Lite (or JK BBL, see Figure 1). In the JK BBL, the calibration dataset is
developed from the information and rejects of the standard Bond test; hence, the modified test is
developed from the same feed sample as the standard test. Therefore, a similar or lower calibration
error would be expected from the JK BBL, because the error associated with the feed preparation has
been isolated. Indeed, the developers report an average calibration error of 4.1%, which is

approximately the same as that of the standard Bond test including feed preparation error.
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Figure 1 Block diagram of standard Bond test (left) and JK BBL (right) procedures, including
calibration error (bottom right). After [16].

Error 11.7% 54% 4.1% 3.7% 3.4%

This work introduces a new modified Bond test, termed the MiniBond test, that aims to drastically
reduce the cost, time and sample size needed to determine the work index of a certain ore. However,
the objective is not to replace the Bond test for individual work index determination, but to introduce
an alternative that enables to perform more extensive geometallurgical surveys in order to include
the work index information into geostatistical models. The calibration process, statistical errors

related to the test and the costs and benefits of this new test are further discussed.
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MATERIALS AND METHODS

The MiniBond test

The MiniBond test has been developed to amend some of the deficiencies of the standard Bond test
and more traditional modified Bond procedures. The MiniBond test is easier to perform than the
Bond test. The procedure considers only one cycle with no circulating loads, to allow for changing
the closing screen and/or calibration without having to repeat all the test work. Thus, it lends itself
easily to mass production via parallelization of the test. It also requires considerably less feed sample.

The MiniBond mill is a custom-built dry batch grinding unit that has been designed to reproduce the
grinding kinetics, namely the breakage and selection functions, of the standard mill. The surface area,
ball charge, ore charge, and geometric ratios are directly scaled from the standard Ball mill. The access
door is located on the front-end rather than on the shell, in order to reduce the impact of door seam
wear on test reproducibility. The MiniBond mill can be used to perform MiniBond tests, which are
single, batch grindability tests, or it can be used to perform locked cycle tests —like the standard Bond

test—but with only 30% to 35% of the required sample mass for the same number of cycles.

MiniBond calibration procedure

Calibration Method
MiniBond Calibration

Homogenization
Splitting

Measure/Screen 700 mL

}

“Cycle 1(100 rev)

l

...until completion
Work Index

Compare and Calibrate

Figure 2 Calibration procedure mill image for MiniBond test

The MiniBond mill calibration procedure (see Figure 2) has been designed to minimise the impact of

the feed sample preparation. The procedure consists of crushing the feed sample under 3,350 um in



- 15" International Mineral Processing Conference
Pr 0 C em] n G E 0 M E T ‘ 6™ International Seminar on Geometallurgy

a controlled manner, homogenising and splitting out the 700 mL dry sample required for the
standard Bond test. The mass of the 700 mL dry charge is measured in order to calculate the mass
required for the MiniBond. The MiniBond feed sample is then split from the remaining sample using
a rotary splitter. By performing the sample preparation in this manner, the error associated with the
sample splitting process is reduced, because the sample is split after it has been crushed. Also, the
error associated with the crushing and sample mass determination is eliminated, since the same

crushing and sample mass determination is used for both tests.

The MiniBond test consists of a single batch grinding step with screen analysis of the feed and
products. A purely empirical calibration is then used to convert the test parameters into the Bond
work index. Each ore requires a calibration, which requires at least 20 tests to obtain a statistically
significant error estimate. Those 20 samples usually represent between 5% and 10% of the total

samples tested in a typical MiniBond campaign.

Methodology

The first section corresponds to an error analysis of the Standard Bond test. First, a statistical analysis
of over 170 ball mill circuit surveys performed by Aminpro in several mineral processing plants,
comparing the expected specific energy according to the standard Bond model with the measured
specific energy, is presented. This study includes several grinding circuits from mining operations in
Chile, Peru, Australia and USA. Then, a reproducibility analysis was performed, studying the
reproducibility between mills and within the same equipment. For this study, three different Bond
mills were used, analysing samples of the same ore, in order to assess the error associated to the
equipment and procedure versus the error associated with the sample preparation. This was
accomplished by stage crushing a sample, screening the crushed sample into size class, and then

carefully preparing standard Bond feed samples so the size distributions were identical.

The second section studies the MiniBond test. For this purpose, 80 calibration points from 6 different
mining operations of copper, gold and polymetallic ores in South America were considered, studying
the correlation in results between the MiniBond and the Standard Bond test. This is completed with

an economic analysis comparing both tests.

RESULTS

Standard Bond test error analysis

Figure 3 shows the predicted and measured specific energy for more than 170 ball mill circuit surveys.
It can be observed that the standard Bond model predicts considerably well the specific Energy, with
a R? of 98.6%, and a standard error of approximately 5.2%, with a mean error of 5.6%. This level of

error agrees with the studies discussed previously.
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Table 1 shows the reproducibility results of the standard Bond tests performed using three different
mills. In this case, the error was measured independently from the feed preparation procedure, by
carefully preparing feed samples with identical particle size distributions. The results show that for
the same feed preparation and size distribution, the standard error of the Bond test is 2.5% when
comparing tests performed in different Bond mills, and only 1.4% for tests performed with the same

mill.
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Figure 3 Precision of the Bond ball mill specific energy model, when calibrated with sampling

campaigns

These results show that, when properly calibrated, the Bond specific energy model is accurate with
an expected error of 10% at a 20 (95%) confidence interval. Most of this error is probably attributable
to uncertainty in the Bond work index test!, which itself has a reproducibility of between 6.8% and
10% at a 20 (95%) confidence interval. Of that 6.8% to 10% error inherent to the Bond test,
approximately half is a result of error in the feed preparation stages, while the rest is attributable to

equipment and procedural differences.

1This is interesting and counter intuitive. It can be explained by considering that, when properly
executed, plant sampling error is minimal since the ore blending that occurs during loading, hauling,
and stockpiling tends to reduce variability in the plant feed sample. Furthermore, the Pg, term in Eq.
1, which is the second most important term (after the W;, which is itself linear with specific energy),
is usually the easiest to collect because most plants are equipped with automatic sample cutters on
the cyclone overflow.
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Table 1 Reproducibility of the Bond test between mills and within the same mill

Ml | Test | gpr | F80 | P80 | wist) | wimt
1 125 1.82 2697 182.62 14.51 15.99
1 126 1.85 2697 182.88 14.32 15.78
1 129 1.89 2697 187.16 14.33 15.80
2 128 1.73 2697 171.68 14.52 16.01
2 132 1.85 2697 179.16 14.13 15.57
3 123 1.81 2697 160.02 13.32 14.68
3 124 1.85 2697 174.43 13.89 15.31
3 127 1.78 2697 170.58 14.14 15.59
3 134 1.83 2697 175.00 14.05 15.48
3 135 1.93 2697 178.55 13.64 15.03
3 150 1.83 2697 168.93 13.69 15.09
3 151 1.85 2697 172.56 13.79 15.20

Reproducibility - Between Mills

Promedio (total) 1.83 2697 175 14.03 15.46
Desv. Es. (total) 0.05 0.00 7.04 0.36 0.39
Error (10) 2.6% 0.0% 4.0% 2.5% 2.5%
Error (20) 5.2% 0.0% 8.0% 5.1% 5.1%

Reproducibility - Single Mill

Promedio (total) 1.83 2697 175 14.03 15.46
Desv. Es. (single mill) 0.05 0.00 4.02 0.19 0.21
Error (10) 2.5% 0.0% 2.3% 1.4% 1.4%
Error (20) 5.0% 0.0% 4.6% 2.7% 2.7%

MiniBond calibration

The MiniBond calibration process has been designed in order to minimise the error associated with
the sample splitting and completely eradicate the error associated with the crushing and feed sample
mass determination. The resultant calibration shows then an error that is only associated with the

reduced feed sample mass and the slightly different test equipment and procedure.

Figure 4 shows the calibration scatterplot and statistics for 80 calibration points from six different
South American mining operations, while Figure 5 shows the work index estimated by the MiniBond
and the Standard Bond test. The test has a calibration error of approximately 3%, which is lower than
the one reported for the JK BBL test (4.1% error). Moreover, when comparing the MiniBond (a test of
only 1 cycle) with the results of just the first cycle of the JK BBL (shown in Figure 1), the difference in
calibration error is substantial (3% for MiniBond and 11.7% for the JK BBL). That larger difference
likely occurs because the number of revolutions of the test mill is significantly lower in the case of
the JK BBL compared with the MiniBond, while the MiniBond product is screened on all size classes

and not just those finer than the closing screen.



1 15™ International Mineral P ina Conf
Procemin-GEOMET 2019 | Ziersiou e rcesina ctererc

22
z, N = 80
E 20 0= 0.44 kWh/t (3.0%) .
< o...=2.3%
18 error
2 R =0.98 o<
=, 3 oa ¥4
T 16 R2 = 0.954 . 3% .
2 §¥e
o] 14 ® Y]
= )
[ ]
'r% 12 oo
+— O..
.g 10 .
2 8 °
(@]
o
6
6 8 10 12 14 16 18 20 22

Bond Wi MiniBond [kWh/mt]

Figure 4 Calibration scatterplot for MiniBond test
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Figure 5 Calibration database showing measured Bond Wi, MiniBond Wi, and absolute error, in
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MiniBond cost and benefit analysis

The efficacy of the MiniBond for geometallurgical programs can be quantified using the error
statistics presented above. When performing the MiniBond test with three technicians (one for
sample preparation, one for the grinding process and one for the screening), operating three parallel

MiniBond mills at the time with the associated crushing and screening stations, a MiniBond
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campaign can be run at a rate of 25 tests per day (8.3 tests per technician-day, assuming 8-hour work
days). The equivalent team, when performing traditional Bond tests, would be able to run only three
Bond mills, i.e. they would produce three standard Bond tests per shift (one per technician-day).
These production figures allow to estimate a cost ratio to be applied to the cost of the standard Bond
test (approximately USD 450). As a result, the estimated cost of each MiniBond test would be
approximately USD 54.

Table 2 Cost/Benefit analysis of the MiniBond test, relative to the standard Bond test

Test Type: MiniBond Standard Bond Units
Budget Available: $100,000 $100,000 usD
Calibration Cost (30 samples) $15,120 $0
Cost: $54 $450 $/test
No. of Tests: 1572 222 No.
Average kWh/t (assumed) 15.00 15.00 kWh/t, metric
Standard Deviation of Test" 4.6% 4.0% % of mean

0.69 0.60 kWh/t, metric
Standard Error of Mean? 0.017 0.040 kWh/t, metric
Relative Standard Error of Mean: 0.12% 0.27% % of mean
Tests/technician-day® 8.3 1 Tests per tech-day
No. of parallel production lines 3 3 Bond or MiniBond mills
Time to completion 63 75 days

12.6 15.0 weeks
Mass Required per Sample 1.0 10.0 kg
Mass for Calibration Samples 330
Mass for Profile Samples 1,572 2,222 kg
Total Mass 1,902 2,222 kg
Notes

1For the MiniBond, total error is the sum of the Standard Bond test error and the MiniBond test error,
which is calculated at 2.3% of the mean specific energy based on calibration dataset statistics
2Standard error of the mean does not include error reduction due to spatial correlation and the use of
geostatistical estimation techniques

3Includes sample prep AND assumes 8-hr day, equipment availability.

Table 2 shows the technical and economic comparison between a Standard Bond test campaign and
a MiniBond campaign. For this analysis, a hypothetical budget of USD 100,000 available for work
index testing has been considered. This budget would only cover for 222 Bond tests, while a campaign
of MiniBonds would include 1572 MiniBond tests and 30 Standard Bond tests for calibration. Time
needed to perform the campaign and the amount of sample required is also improved by the
MiniBond.

When considering the errors associated to both campaigns, the MiniBond also proves to be
considerably robust. The hypothetical study-case described in Table 2 shows that if the standard
Bond test has a standard error of 4%, the resulting standard error of the MiniBond test would be of
just 4.6% (calculated as the propagation of the sampling error and the calibration error). Moreover, if
all the samples represented a similar UGM, the increased number of tests with the MiniBond would
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allow to reduce the uncertainty of the mean work index, as expressed by the reduction of the
Standard Error of the Mean (dependant on the number of experiments) to the half. Furthermore, the
improved coverage that could be achieved with the higher volume of tests would greatly increase

the applicability of geostatistical interpolation methods.

CONCLUSIONS

This paper has shown that a low-cost, highly precise Bond work index value can be obtained from
batch tests, provided the test is carefully designed and consideration is given to understanding and
minimising the main sources of error during the calibration stage. For the MiniBond tests described,
the global calibration dataset consisted of more than 80 individual calibration tests performed on

samples collected from six different copper, gold and polymetallic orebodies in South America.

The high correlation coefficient (R? of 98%) and low calibration error (average of 3% error) clearly
demonstrate that Bond work index values can be reliably obtained using low-cost batch tests
performed with very low sample masses. This new method offers a more cost-accessible route to the
geometallurgical modelling of Bond work index values, that can be performed in less time than the
standard method, and where the closing screen size can be adjusted simply by repeating the

calibration, rather than repeating all the MiniBond tests.
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