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Abstract 
When it comes to fragmentation, the grinding process is the most significant in 
terms of energy consumption and can directly affect the viability of mining ac-
tivities, especially in this new context of energy transition and hard minerals. 
Over the years, several researchers have presented various procedures for deter-
mining grindability. However, in practice, the Bond test remains one of the most 
widely used methods. The aim is to determine the Bond Work Index (BWI), 
which would describe the energy consumption to reduce a particle of infinite size 
to the so-called P80 (80% passing through 100 µm). However, the Bond test is 
time-consuming and does not take into account the particle size distribution of 
the ore during the test; it is only used when passing through the test mesh. There-
fore, this study proposed a test similar to Bond, but carried out with a maximum 
of three grinding cycles, in addition to determining the SWI (Simplified Work 
Index) by means of a granulometric factor. The Reduction Ratios (RR) or A80/P80 
were correlated with the SWI and the SWIop (Simplified Operational Work In-
dex)/SWI ratios or (RWI—Relationship between Work Index: SWIop/SWI). The 
effect of the particle size distribution of the feed in restricted size ranges was also 
verified. The results showed that the SWI estimated by the new methodology 
showed relative differences of less than 12% when compared to the BWI values. 
And that the particle size distribution of the feed influenced the results. The cor-
relations (RR, SWI) and (RR, RWI) are strong, with R2 very close to 1. 
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1. Introduction 

Comminution processes are the most significant regarding energy consumption, 
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which directly impacts the viability of mining activities [1] [2]. Crushing and grinda-
bility became very important parameters to characterize the resistance of raw ma-
terials to fragmentation [3]. Especially, in this new context of energy transition 
and harder ores, with lower grades or smaller release sizes [4], we should review 
whether the main assays and grinding parameters could be better applied to the 
industrial scale. 

There are several procedures to determine crushability and grindability; in prac-
tice among the most used methods is the Bond assay [5]. This study aims to deter-
mine the Work Index (WI), which would describe the energy consumption to re-
duce a particle of infinite size to the so-called P80 (80% passing through 100 µm). 
On the other hand, Bond law can be applied only to a restricted range of the Hukki 
function, which shows an increase in energy consumption when the particle size is 
smaller (P80 between 10.000 µm and 100 µm). Although we can make some correc-
tions, changing the exponents of the equation provided by Bond, especially below 
100 µm, energy consumption increases very rapidly according to the Hukki func-
tion, making this parameter easier to underestimate. Furthermore, not all materials 
adhere to the Bond law in the aforementioned size range. 

The Rittinger law [6] is applied on a range between 100 µm and 10 µm, where 
the specific energy consumption can also be underestimated. Below 10 µm, the 
uncertainties increase dramatically as shown by [7] and [8]. In addition, the power 
of the mill should be estimated taking into account not only the WI, but also as 
function of the size and density distribution of the charge, as well as, the geometry 
of the equipment, the abrasiveness of the ore, the resistance to breakage of the ores 
for each particle size distribution, the breakage velocity and resultant size distri-
bution of the particles (appearance function and selection function), according to 
[9]-[11]. All these parameters can impact the specific energy consumption. The 
mathematical functions that describe these processes can be determined with la-
boratory assays [12]. However, these assays are performed with a few samples and 
generally come from pieces of drill cores, which may not be representative on the 
industrial scale [13]. This also occurs because the ores are usually subjected to 
blasting, which can modify these breakage characteristics. The blending, the cir-
cuit design, the number and type of crushing and grinding equipment, work to-
gether with a specific configuration. All these factors can modify the breakage 
characteristics, as well as the specific energy consumption [14] and [15]. Then, 
industrial-scale testing based on the optimized sampling protocols and appropri-
ately designed and automated sample collection equipment is essential and should 
perhaps be prioritized instead of laboratory assays. This is not always possible, 
unfortunately. 

Although we know that tests with reduced amounts of mass may result in low 
representativeness [16], many researchers have discussed more about the time to 
carry out a Bond assay [17]-[20]. They are proposing alternative methods that 
would be simpler and faster to determine the WI (also called BWI, Bond Work 
Index). Table 1 shows some of these alternative procedures. 
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Table 1. Procedures and equations proposed to determine the WI by contemporary researchers. 

Authors  

Smith and Lee (1968) 
100

0.82
16WI,SL 1.1

100
P

G
= × ×  

Bond WI estimation in the first grinding cycles 

Kapur (1970) ( ) ( )0.853 0.0990.406 0.81
100 2WI,K 1.1 2.648 1P K X X M X− −−= × × × × × −  

Bond WI estimation in the first two grinding cycles 

Karra (1981) 
0.308 0.696 0.125

80WI,Kr 1.1 9.934 cP G F− −= × × × ×  
Bond WI estimation in the first two grinding cycles 

Mular and Jergensen (1982) 
80 80

WI,An
1 1

A

P F

=
 

−  
 

 

Does not require standard Bond mill (ANACONDA Methodology) 

Menéndez-Aguado et al. (2005) ( )0.820.23
100

44.5WI,MA
10 102.15P G

P F

=
 × × − 
 

 

Smallest sample mass required for the test 

Saeidi et al. (2013) 

( )0.752

80

5.6WI,SA
1 0.6 0.0004 0.3397

1
10 10

0.1085 122.56

E t t

t F

=
− − + +

×
−

− +

 

Grinding cycles with time intervals of 20, 60, 120 and 180s 

Duque et al. (2014) ( )0.820.23 0.0641

1.0271
80

1.1 44.5BWI
1 10.0641 10

0.7124
MT MT

AMT

×
=

 
× × × × −  × 

 

Determination of WI for titanium ore and any test mesh 

 
[21] reduced the assay time by using only two grinding cycles to determine the 

BWI. Later, [22] proposed using three grinding cycles to obtain more reliable re-
sults. [23] used first-order grinding kinetics based on the results of two grinding 
cycle tests to develop a faster method and to determine the BWI (Bond Work In-
dex). [24] provided an abbreviated method for determining BWI that consisted of 
two grinding tests. The first test was performed with only one grinding cycle and 
the second test with three grinding cycles. [25] also presented an abbreviated 
method that can be performed with two, three or four grinding cycles. Each grind-
ing cycle was performed in the same way as in the standard Bond procedure. 

[26] developed a methodology called Anaconda, which was implemented at the 
mining company Vale (Brazil). [27] proposed alternatives to the Bond test, but 
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the suggested equations require calibration (adjustment). Each material has a dif-
ferent correlation with Bond’s WI, so their analyses are limited to a specific type 
of. 

[28]-[32] proposed smaller mills to determine the BWI. They investigated var-
iations in mass and size distribution of the grinding media in the standard Bond 
assay (mill 30.5 cm × 30.5 cm). [33]-[39] performed the Bond assay varying test 
meshes and verifying if there was an adherence to the Bond law. They interpreted 
their results according to the theory of Griffiths A.A. [40]: smaller particles are more 
resistant to breakage and show higher specific energy consumption. 

[41] determined in the laboratory, a parameter called WFm (BWI for fine mate-
rials). These were tests with samples smaller than 3.35 mm, such as the standard 
Bond test. They generate an equation to estimate the BWI for meshes smaller than 
test mesh (reference mesh). For example, they perform the Bond assays for 150 
µm (test mesh), and estimate the WI for 100 µm and 75 µm. Their experiments used 
a significant sample number as well as a large range of ores (dolomite, copper ore 
and quartzite). The authors considered this method to be very accurate (absolute 
errors did not exceed 2.5%). 

In another approach, [42] proposed a methodology to estimate the WI for prod-
uct particle sizes (P80) outside the range in which Bond law can be applied. They 
studied particle size distribution for restricted ranges and since it impacts the en-
ergy consumption, regarding the desired P80. They tested the following ranges 
(F80): +2 mm, −2 mm + 0.9 mm and −0.9 mm. Furthermore, the experiments 
were carried out with a significant variety of ores (dacite, basalt and six types of 
copper ores) and for the following test meshes: 300, 212, 150, 106 and 75 µm. The 
authors proposed equations to correct the WI values, based on results of tests per-
formed on an industrial scale. They found errors varying from 0% to 12%. 

[43] used the Hardgrove mill traditionally used in laboratories to determine the 
energy required to grind coal in a roller mill. This test required 50 g of sample, 
and the result was based on the amount of fines at the end of grinding at a fixed 
time. Their research involved a modified Hardgrove to predict the BWI. Their test 
involved measuring torque, a fixed sample volume with different particle feed sizes 
from the Hardgrove standard, and determining the specific energy related to the 
percentage of product passing through the Bond test closing screen opening, de-
fined as the size-specific energy. His results indicated that for a set of 13 samples with 
the 150 µm closing screen, the average error associated with the predicted BWI is 
within ±2.3%. Other results indicate an error of ±3.1% for 20 samples with the 106 
µm closing screen. 

From the research, it can be concluded that the Bond assay and WI parameter 
are still being widely applied. In addition, the general trend is to reduce the masses 
and make the grinding assays easier to perform. Researchers sometimes use mills 
smaller than the standard Bond mill. On the other hand, we believe that it would 
be better to use larger equipment (larger masses) to reduce the uncertainties of en-
ergy consumption estimates regarding the industrial scale.  
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The works cited above show that the determination of WI is largely dependent 
on the Mobility index (Mob), A80, and P80. In other words, they depend on the Bond 
method, which provides the result of only one point on the curve. This makes these 
methods very limited. Therefore, the motivation for our research is to present a 
new methodology that is capable of showing the complete particle size distribu-
tion of the feed and product, which does not require the calculation of P80 and 
Mob to determine the WI, which is a methodology that is totally independent of 
the Bond test for estimating WI, simulates the actual residence time of particles 
other than zero in the mill, and estimates WI based on its power. 

Then, this study proposed an assay similar to the Bond, but carried out with a 
maximum of three grinding cycles, larger amounts of mass and in a mill with twice 
the length of the standard Bond mill. We would like to verify whether the results 
of the Bond assays (BWI) were similar to those obtained by the proposed new assay 
called Simplified assay (SWI—Simplified Work Index). We also wished to verify 
the effect of the particle size distribution of the feed (restricted size ranges) on the 
BWI and SWI (−3.35 + 0.85 mm and −0.85 + 0.15 mm). 

The following parameters were measured in this study: particle size distribution 
of the product at different grinding time intervals, mass balance to define the work 
index (BWI and SWI), and the specific energy consumption. Furthermore, chem-
ical and mineralogical characterization was carried out to verify possible differ-
ences in the composition of each tested size class.  

In the end, we were able to present an equation to determine the SWI, based on 
the new assay, according to the particle size distribution of the feed samples and 
the P80 required. We measured the following parameters: laboratory mill power, 
mass and grinding time basically. After each grinding cycle of Bond standard assay, 
we had to remove the mass passing through the test mesh and replace it with a new 
material (new batch of feed). We also do not know, in fact, which size distribution 
is actually feeding the mill. The Bond assay only requires that the material be crushed 
below 3.35 mm, without considering the effect of the feed’s size distribution. In the 
simplified test, all material is classified after a short time interval and all material is 
then mixed and returned to the mill for a new grinding cycle. This would simulate 
a residence time of the fine particles different from zero. 

Therefore, despite the limitations of the Bond assay and the WI parameter itself, 
as the industry continues to use it frequently, we, firstly, wished to verify the effect 
of the particle size distribution of the feed on the energy consumption for a large 
range of P80. This is especially important in cases where mining progresses and we 
come across harder rocks (resistant to breakage). At this stage, we almost always 
need to improve the blasting and one question often arises: can we reduce energy 
consumption by making the size of particles smaller (reducing the reduction rate 
in the mills, despite Griffiths A.A., 1921)? 

2. Methodology 

The simplified assay was carried out in a ball mill measuring 30.5 cm × 61.0 cm, 
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with the same grinding media size distribution as the standard Bond assay, but 
with twice the grinding load and mass, due to the length of the mill. A significant 
number of tests were carried out with two types of Brazilian ores with high re-
sistance to breakage: pegmatite from Paraíba (Brazil) and copper sulfide ore. Fur-
thermore, Bond assays were carried out using the same materials from the same 
lots. About 75 kg of rock was prepared, consisting essentially of feldspar (pegma-
tite). This material was crushed to a granulometry minor than 3.35 mm, minimiz-
ing the generation of fines, as determined in the technical standard for the Bond 
WI [44]. Afterwards, granulometric analyses of the material were carried out with 
a sequence of Tyler series from -3.35 mm to +0.150 mm. The granulometric dis-
tribution showed a median of 0.85 mm, following the Gaussian pattern [45]. Based 
on this result, the material was separated into two portions according to the me-
dian: +0.85 mm (coarse) −0.85 mm (fine). Thus, two lots with very different gran-
ulometric distributions were produced to verify the effect on the BWI, among other 
measured parameters. Assays were also carried out with pegmatites with a particle 
size distribution of −3.35 mm, which was called “mixed lot”. Figure 1 shows the 
average of three lots for coarse, fine and mixed lots of feed.  
 

 
Figure 1. Particle size distribution for pegmatite ore. 

 
Feldspar was used as the reference ore in this study due to its abundance, well-

defined chemical composition, and physical properties, which make it a versatile 
material for various industrial applications. 

In order to obtain the aliquots for carrying out the grinding assays, the mass 
was determined according to the procedures described by Bond [46]. In this case, 
a mass that occupies a volume of 700 ml is required in a beaker of 1 liter. This 
procedure is repeated three times, and the average value of the masses is used. For 
simplified assays, twice these mass amounts were used. For standard Bond and 
simplified assays, the test mesh was 0.150 mm for pegmatite and 0.106 mm for cop-
per ore. 
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Assays with sulfide ore were carried out using only samples with a single feed par-
ticle size distribution (−3.35 mm) according to the standard Bond assay. Thus, these 
lots were not separated into coarse and fine (mixed lot), as shown in Figure 2. 

Remembering, that the simplified assay is different because for each short grind-
ing interval, the material passing through the test mesh is neither discarded nor 
replaced by new feed. After each grinding cycle, the complete particle size distri-
bution is determined, and then, all the material is placed back into the mill for a 
new grinding cycle. This procedure continues until the desired mass passing through 
the test mesh is obtained. This mass corresponds to 28.5% of the feed material for 
both kinds of assay, simulating a closed circuit in a stationary state. Therefore, 
there is a fundamental difference: a simplified assay simulates a non-zero resi-
dence time of the finer particles. On an industrial scale, we know that a major part 
of the fine material still remains inside the mill, until it undergoes total classifica-
tion and is removed from the grinding circuit. 
 

 
Figure 2. Feed particle size distribution for copper ore. 

 
During the simplified assay, the material returns to the mill finer and possibly 

more resistant to breakage. When we simulate a non-zero residence time, regard-
ing fine particles, we could, in theory, avoid an underestimation of the energy 
consumption. Therefore, it is very important to compare the parameters meas-
ured and obtained by the two types of assays. Generally, we expected higher en-
ergy consumption for results coming from the simplified assays. Anyway, by clas-
sifying the materials into two different and restricted size classes, we are trying to 
simulate the effect of the variation of the feed particle size distribution on the 
measured parameters. This objective arises from the fact that in the industry, 
blasted ore, even after crushing/classification, results in different particle size dis-
tributions [47]. 
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The masses for each type of ore were respectively: 2.1 Kg for coarse and fine 
pegmatite and 2.25 kg for copper ore and mixed pegmatite. Dividing the masses 
obtained from the coarse and fine samples by 3.5, the mass to be achieved in the 
test mesh was approximately 600 g and 640 g for the mixed samples. In the case 
of copper ore, the mass to be obtained was 743 g. 

Figure 3 shows a flowchart of the procedures to prepare the samples for the 
simplified assay (coarse and fine pegmatite, feldspar ore). Briefly, the samples 
were separated into narrow bands of particle size distribution. The test was then 
carried out as described, and based on the results, all parameters for the following 
test meshes: 0.300 mm, 0.212 mm, 0.15 mm, 0.106 mm and 0.075 mm were calcu-
lated.  

Samples of mixed pegmatites and copper ore were prepared using the same 
procedures shown by the flowchart, Figure 3. The only difference is that there was 
no separation by class size, as already mentioned. 
 

 
Figure 3. Flowchart of the procedures to prepare the samples for the simplified assay (coarse and fine pegmatite, feldspar ore). 

 
During the simplified assay, the samples are comminuted initially for one mi-

nute and then the mill is unloaded and the complete particle size distribution is 
determined. The material is mixed and placed back into the mill, milled for an-
other minute and procedures are repeated. After the second minute of grinding, 
an estimation of the time required to complete the test is made according to the 
desired mass (about 600g). The Bond assays were performed in a standard mill 
(30.5 cm × 30.5 cm), with a smooth coating, in order to compare the results 
obtained from both assays. The BWI was calculated by applying the Bond Equa-
tion (1). 
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0.23 0.82

80 80

44.5WI 1.102
10 10Am Mob
P F

= ×
 

× × −  
 

           (1) 

where, WI is the Work Index (kWh/t); Am is the test mesh (µm); Mob is the 
Grindability Index (g/rot); P80 is the mesh opening by where 80% of the product 
passes through and F80 is the mesh opening by where 80% of the feed passes 
through. The power of the mill was calculated applying Equations (2) and (3), 
according to [48]: 

c c fT M gd T= +                         (2) 

where, Mc is the total mass of the mill [kg]; dc is the distance from the central point 
of the mill until the central point of gravity [m] and Tf  is the required torque to 
overcome friction [N.cm].Finally, applying Equation 3, we have: 

2 fP NT= π                          (3) 

where, N is the rotation number of the mill (rpm); Tf is the required torque to 
overcome friction, which is calculated based on the mill information: power, re-
duction and rpm (Table 2). The mill rotation speed was only achieved due to the 
installation of a frequency inverter capable of increasing the mill rotation to 2.200 
rpm when the reduction is applied. 
 
Table 2. Technical information of the laboratory mill (simplified assay). 

Power (HP) Reduction Rpm for 3 HP Rpm applied 

4.5 31 1.740 2.200 

 
For a value of 70 rpm and a ratio 2.200/31, it was possible to find the required 

torque to overcome friction, by applying an empirical method, widely used in me-
chanical engineering as shown in Equation (4): 

( )
( )

7.024 Power HP
Rpm reductedfT

×
=                      (4) 

Replacing the values in equation (4), we obtained 445.39 N.m. This is the torque 
required to mill rotate, according to the information shown by Table 3 (replacing 
values in equation 2). 
 
Table 3. Parameters for the laboratory mill (simplified assay). 

Total load (Kg) RPM Dc (m) g (m/s2) 

43.23 (Coarse Feldspar) 
43.27 (Fine Feldspar) 

43.41 (Mixed Feldspar) 
43.76 (Copper ore) 

70 0.13 9.81 

 
The torque value applying equation 2 was 501.20 N.m and Applying equation 
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(3), we obtained a power of the mill equal to 2.70kWh. The energy consumption 
was calculated using Equation (5): 

CE P t= ×                         (5) 

where EC is the energy consumption (kWh); P is the power of the mill and T is 
the grinding time (h). 

To obtain SWI values equivalent to BWI values, based on the mill power, equa-
tion (6) was applied, where K is a granulometric factor, as shown in Equation (7). 

SWI
KP t

M
× =  

 
                       (6) 

where, SWI is the Simplified Work Index (KWh/t); P is the power of the mill 
(kWh); t is grinding time (h); k is the granulometric factor and M is the mass 
(metric tons) passing through the opening of the test mesh. 

The granulometric factor (K), shown in Equation (6), is the result of the relation-
ship between specific energy consumption (CE) and the reduction ratio (RR), which 
are the relationships between the averages of A80 and P80, as the reference opening 
of each sieve. The granulometric factor (K) also depends on the diameter of the mill. 
Based on these correlations, it was possible to establish an empirical formula for 
determining K. Thus, a (K = 0.48) was obtained for coarse pegmatites, a (k = 0.55) 
for fine pegmatites, (k = 0.49) for mixed pegmatites, and (k = 0.49) for sulfide ore. 

D
CEK
RR

 
=   
 

                        (7) 

where, K: Granulometric factor; RR: Reduction ratio A80/P80; CE: Specific energy 
consumption in kWh and D: Mill diameter in m. 

The operational energy consumption (SWIop) was calculated by Equation (8). 

opSWI CE
Mt

=                          (8) 

where (Mt) is the total mass of the assay. In addition, we performed a mineralog-
ical characterization of the samples in order to show the possible differences be-
tween the fine and coarse samples.  

We carried out X-Ray Fluorescence (XRF) and X-Ray Diffraction (XRD), in the 
Technologic Characterization Laboratory of the University of São Paulo (USP, 
Brazil). X-Ray Fluorescence (XRF) analyses were determined on the molten sam-
ple with lithium tetraborate, in the QZF-1 calibration (Quartz and Feldspar), rel-
ative to the quantitative analysis by comparison with certified reference materials, 
in an X-ray fluorescence spectrometer, Malvern Panalytical, Zetium model. Loss 
on Ignition (LF) was performed at 1020˚C for 2 h. X-Ray Diffraction (XRD) anal-
yses were performed using the powder method for global feldspar (coarse + fine), 
using an Empyrean X-ray diffractometer with a position-sensitive detector. The 
crystalline phases were identified by comparing the sample diffractogram with the 
PDF2 databases of the ICDD—International Centre for Diffraction Data and ICSD—
Inorganic Crystal Structure Database. 
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3. Results and Discussions 
3.1. XRF and XRD Analysis 

Table 4 shows the results of the X-ray fluorescence analyses for the coarse and 
fine feldspar samples. X-Ray Diffractogram. XRF analyses showed that coarse and 
fine feldspars are homogeneous, even after separating the sample into two frac-
tions (coarse and fine), since they presented practically the same (%) SiO2 and Al2O3 
in their main constituents for both kinds of samples. 
 
Table 4. X-ray fluorescence chemical analysis of the feldspar samples. 

PEGMATITE (feldspar ore) 

Sample COARSE FINE 

SiO2 (%) 66.0 65.4 

Al2O3 (%) 18.0 18.1 

Fe2O3 (%) 0.06 0.20 

MnO (%) <0.01 <0.01 

MgO (%) <0.05 <0.05 

CaO (%) 0.05 0.13 

Na2O (%) 3.19 3.15 

K2O (%) 10.9 11.0 

TiO2 (%) <0.01 <0.01 

P2O5 (%) 0.43 0.40 

Cr2O3 (%) <0.01 <0.01 

ZrO2 (%) <0.01 <0.01 

PF (%) 0.53 0.73 

 
Table 5 shows the results for the global feldspar sample (coarse and fine), as 

does Figure 4, which presents the X-ray diffractogram. Figure 4 shows the min-
eralogical composition. No difference was found between the samples. Samples 
are composed of minerals, such as microcline, anorthite, quartz and muscovite in 
minor quantities (possible presence). 
 
Table 5. Mineralogical analysis by global XRD for feldspars (coarse and fine). 

Legend Mineral  

 Microcline K(AlSi3O8) 

 Anorthite (Na0.45Ca0.55) (Al1.55Si2.45O8) 

 Quartz SiO2 

 Muscovite K(Al3Si3O10) (OH)2 
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Figure 4. X-Ray diffractogram. 

3.2. Grinding Assays  

Parameters as EC, SWI and SWIop were calculated by equations (5), (6) and (8) 
for the test meshes of 0.300 mm, 0.212 mm, 0.150 mm, 0.106 mm and 0.075 mm 
as shown in Tables 6-8. We chose, as a reference for validation purposes, the 0.150 
mm test mesh for coarse, fine and mixed feldspar samples. For the cooper ore, the 
tested mesh size was 0.106 mm. 
 
Table 6. Results for coarse feldspar pegmatite samples. 

Mesh (mm) Parameter LOT 1 LOT 2 LOT 3 

0.300 

Time (min) 1.92 1.99 2.00 

Mass (g) 592.56 592.88 591.53 

EC (kWh) 0.09 0.09 0.09 

SWIop (kWh/t) 0.70 0.72 0.73 

SWI (kWh/t) 10.93 11.12 11.16 

0.212 

Time (min) 2.25 2.27 2.26 

Mass (g) 591.23 591.38 591.31 

EC (kWh) 0.10 0.10 0.10 

SWIop (kWh/t) 0.82 0.82 0.83 

SWI (kWh/t) 11.81 11.86 11.83 

0.150 

Time (min) 3.38 3.58 3.59 

Mass (g) 593.00 631.00 593.00 

EC (kWh) 0.15 0.16 0.16 

SWIop (kWh/t) 1.22 1.30 1.32 

SWI (kWh/t) 14.33 14.30 14.75 

https://doi.org/10.4236/jmmce.2025.135015


W. J. G. Florêncio et al. 
 

 

DOI: 10.4236/jmmce.2025.135015 279 J. Minerals and Materials Characterization and Engineering 
 

Continued 

0.106 

Time (min) 4.31 4.18 4.52 

Mass (g) 591.00 591.00 591.00 

EC (kWh) 0.19 0.19 0.21 

SWIop (kWh/t) 1.50 1.59 1.60 

SWI (kWh/t) 16.13 15.90 16.51 

0.075 

Time (min) 5.71 5.43 6.02 

Mass (g) 591.00 591.00 591.00 

EC (kWh) 0.26 0.24 0.27 

SWIop (kWh/t) 1.87 1.98 2.00 

SWI (kWh/t) 18.47 18.03 18.96 

 
Table 7. Results for fine feldspar pegmatite samples. 

Mesh (mm) Parameter LOT 1 LOT 2 LOT 3 

0.300 

Time (min) 1.56 1.59 1.59 

Mass (g) 601.21 602.26 601.67 

EC (kWh) 0.07 0.07 0.07 

SWIop (kWh/t) 0.56 0.57 0.57 

SWI (kWh/t) 13.72 13.84 13.85 

0.212 

Time (min) 1.97 2.00 1.78 

Mass (g) 601.88 601.30 601.35 

EC (kWh) 0.09 0.09 0.08 

SWIop (kWh/t) 0.70 0.71 0.63 

SWI (kWh/t) 15.61 15.72 14.74 

0.150 

Time (min) 2.56 2.90 2.56 

Mass (g) 581.00 606.00 575.00 

EC (kWh) 0.12 0.13 0.12 

SWIop (kWh/t) 0.91 1.03 0.91 

SWI (kWh/t) 18.33 19.20 18.45 

0.106 

Time (min) 3.63 3.91 3.41 

Mass (g) 601.00 601.00 601.00 

EC (kWh) 0.16 0.18 0.15 

SWIop (kWh/t) 1.13 1.31 1.08 

SWI (kWh/t) 21.10 22.33 20.74 
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Continued 

0.075 

Time (min) 4.56 5.27 4.42 

Mass (g) 601.00 601.00 601.00 

EC (kWh) 0.21 0.24 0.20 

SWIop (kWh/t) 1.38 1.66 1.32 

SWI (kWh/t) 24.38 26.28 23.93 

 
Table 8. Results for mixed feldspar pegmatite and copper ore samples. 

  Mixed Feldspar Copper Sulphide Ore 

Mesh (mm) Parameter LOT 1 LOT 2 Single Lot 

0.300 

Time (min) 2.02 1.97 2.16 

Mass (g) 640.53 640.28 758.41 

EC (kWh) 0.09 0.09 0.09 

SWIop (kWh/t) 0.68 0.66 0.61 

SWI (kWh/t) 11.34 11.20 10.78 

0.212 

Time (min) 2.24 2.23 2.22 

Mass (g) 640.19 640.7 765.18 

EC (kWh) 0.10 0.10 0.10 

SWIop (kWh/t) 0.75 0.75 0.62 

SWI (kWh/t) 11.93 11.90 10.88 

0.150 

Time (min) 3.93 3.62 2.31 

Mass (g) 642.8 611.5 759.14 

EC (kWh) 1.32 1.21 0.65 

SWIop (kWh/t) 5.17 4.39 1.50 

SWI (kWh/t) 15.68 15.44 11.14 

0.106 

Time (min) 4.86 4.44 6.20 

Mass (g) 640 640 753.40 

EC (kWh) 0.22 0.20 0.28 

SWIop (kWh/t) 1.63 1.49 1.74 

SWI (kWh/t) 17.78 17.54 18.15 

0.075 

Time (min) 6.25 5.63 6.53 

Mass (g) 640 640 762 

EC (kWh) 0.28 0.25 0.29 

SWIop (kWh/t) 2.09 1.88 2.22 

SWI (kWh/t) 20.91 20.58 21.32 
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The masses and times for the 0.300 mm openings in Table 6 of batches 1 and 
2, as well as for the 0.300 mm and 0.212 mm openings in Table 7, were obtained 
from interpolations. With the exception of batch 2 of the fines, for the 0.212 mm 
test mesh, the time was exactly two minutes. Therefore, it was not necessary to 
interpolate the data. It was only possible to estimate the mass and time of these 
tests for all test meshes, because the complete particle size distributions were per-
formed for each grinding cycle. 

As expected, the SWI values suggest that fine feldspars are more resistant to 
breakage than coarse feldspars. According to the previous results, SWI values are 
not different because of the mineralogical and chemical characterization. 

The graphs in Figure 5 and Figure 6 show the average SWI for coarse and fine 
feldspars when performed by the new test until the system reaches equilibrium. 
 

 
Figure 5. Coarse feldspar samples. 

 

 
Figure 6. Fine feldspar samples. 

 
The graphs in Figure 5 and Figure 6 show that the SWI increases as the test 

mesh decreases, which in turn is related to the grinding time, since the longer the 
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grinding time, the SWI tends to increase. 
It was observed that the slopes of the straight lines for the averages of pegmatite 

samples have very similar behaviors. However, the equations present a small dif-
ference in their exponents. Generally, these exponents are −0.5 when the WI is 
calculated by the Bond method, and are very close, showing that the new test pre-
sents results within the conventional grinding range. 

Two Bond tests were also performed for the feldspars, one for coarse and one 
for fine feldspars on the 0.15 mm mesh, in order to compare their results with the 
SWI estimated by the new assay. The results can be seen in Table 9. 
 
Table 9. Results for both essays: Bond x Simplified. 

 

Bond (BWI) Simplified (SWI) 

 (Lot 1) (Lot 2) (Lot 3) 

Coarse Fine Coarse Fine Coarse Fine Coarse Fine 

WI (kWh/t) 14.7 18.6 14.33 18.46 14.30 19.20 14.75 18.45 

Relative 
difference (%) 

  0.81 1.2 0.54 3.22 3.64 0.59 

 
The average SWI values for coarse feldspar were 14.46 kWh/t and 18.70kWh/t 

for fine feldspar. This represents a difference of 1.63% and 0.53% for coarse and 
fine feldspar respectively, regarding the WI obtained by the standard Bond test.  

Bond tests were also carried out on the 0.106 mm test mesh for a copper sulfide 
ore and for the mixed feldspar on the 0.150 mm mesh, which were fed with a −3.35 
mm grain size in accordance with the standard for the Bond test. Their WI values 
were compared with the SWI values, both of which are shown in Table 10. 
 
Table 10. Results for both essays: Bond x Simplified. 

 Bond (BWI) Simplified (SWI) 

 
Mixed feldspar 

ore [49] 
Copper ore 

Mixed feldspar ore 
Copper ore 

(Lot 1) (Lot 2) 

WI (kWh/t) 14.01 18.2 15.68 15.55 18.01 

Relative 
difference (%) 

  11.92 10.99 0.05 

 
It was observed that the SWI values were very close to the BWI, with differences 

of less than 12% for mixed feldspar and less than 1% for copper sulfide ore. The 
particle size factor (k) can be calibrated according to the power of the mill and the 
grinding time. It is also suggested that pegmatite ore be used as a reference for 
testing other ores. It is easier to estimate a heterogeneity factor: the difference be-
tween the reference ore and the ore to be tested. 
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3.3. Correlations between Work Index and Size Reduction Ratios 

We found a strong correlation between the average values of the SWIop/SWI 
ratio (called RWI) and the A80/P80 reduction ratio (called RR) for the coarse feld-
spar samples, which had an average A80 of 2.195 mm and 0.631 mm for the fines. 
Table 11 presents the P80 sieve meshes and the results. 
 
Table 11. Simplified assay results. 

 
Feldspar 

Coarse Fine 

Mesh (mm) RWI RR RWI RR 

0.300 0.06 7.32 0.04 2.10 

0.212 0.07 10.35 0.04 2.98 

0.150 0.09 14.63 0.05 4.21 

0.106 0.10 20.71 0.05 5.95 

0.075 0.11 29.27 0.06 8.41 

 
It is observed that the RWI values for both materials increase when the test 

mesh opening decreases. These ratios are lower for fine feldspars when compared 
to coarse feldspars. This occurs due to the grinding time being shorter for fine feld-
spars; thus, the particle size distribution directly impacts these ratios.  

During a project to optimize the blasting process and reduce energy consump-
tion, we have doubts on the effect of the ROM particle size distribution on the 
comminution. This project lasted about 10 years. The results showed a significant 
reduction of the A80 of the ROM: from 100 cm to 60 cm [47]. On this occasion, we 
obtained very low wear of the grinding media and energy consumption. Now, we 
can deduce why this happened, regarding Figure 7(a) and Figure 7(b): we can 
observe a strong correlation between RR and SWI for coarse and fine feldspar 
samples. 
 

 
(a) 
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(b) 

Figure 7. (a) RR and SWI for coarse feldspar; (b) RR and SWI for fine feldspar. 
 

This suggests that for a determined Reduction Ratio (RR), it is possible to esti-
mate the SWI for any size classes. The graphs in Figure 8(a) and Figure 8(b) show 
the behavior of the curve when the RR values are correlated to the RWI values for 
coarse and fine feldspar samples respectively. 
 

 
(a) 

 
(b) 

Figure 8. (a) RR and RWI for coarse feldspar; (b) RR and RWI for fine feldspar. 
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Finally, we can obtain a very accurate prediction about RWI as a function of 
RR. In this case, for coarse samples, the RWI would be 6% for RR equal to 7.32 
(P80 equal to 0.300 mm), according to Table 11). For the fine feldspar samples, 
this energy relationship would be 4% for a reduction ratio of 2.10 (P80 equal to 
0.300 mm). The RWI of coarse samples is greater than of fine samples for P80 of 
0.075 mm. Therefore, this methodology could be applied to better understand the 
effect of the particle size distribution on RWI, especially, after optimizing the 
blasting. 

Correlations were also found between the average RWI and RR values for the 
mixed feldspar samples, which had an average A80 of 2.043 mm and 2.390 mm for 
the copper sulfide ore. The results are shown in Table 12. 
 
Table 12. Simplified assay results. 

 Mixed Feldspar Copper Sulfide Ore 

Mesh (mm) RWI RR RWI RR 

0.300 0.06 6.81 0.06 7.97 

0.212 0.06 9.64 0.06 11.27 

0.150 0.08 13.62 0.06 15.93 

0.106 0.09 19.28 0.10 22.55 

0.075 0.10 27.25 0.10 31.87 

 
As had already occurred with the coarse and fine feldspars, the RWI values for 

both materials increased as the test mesh opening decreased. The RWI values were 
very similar for both materials. This may have been due to the particle size distri-
bution of the feed, which was unique at −3.36 mm even though the grinding time 
for the sulfide ore was longer than that for the mixed feldspar. 

Figure 9(a) and Figure 9(b) show the correlation between RR and SWI for 
mixed feldspar samples and sulfide ore. 
 

 
(a) 
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(b) 

Figure 9. (a) RR and SWI for mixed feldspar; (b) RR and SWI for copper sulfide. 
 

Figure 9(a) shows a very strong correlation for the mixed feldspars, as was the 
case with the coarse and fine feldspars. For sulfide ore, Figure 9(b) shows a very 
good correlation, above 0.9, but not as strong as for feldspars. Even so, for a given 
reduction ratio (RR), it is possible to estimate the SWI for any size class, obtaining 
a good correlation. The graphs in Figure 10(a) and Figure 10(b) show the behavior  
 

 
(a) 

 
(b) 

Figure 10. (a) RR and RWI for mixed feldspar; (b) RR and RWI for copper sulfide. 
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of the curve when the RR values are correlated to the RWI values for mixed feldspar 
and sulphide ore samples, respectively. 

Even so, we can get a very accurate prediction of the RWI as a function of RR. 
In this case, for mixed samples, the RWI would be 6% for RR equal to 6.8 (P80 
equal to 0.300 mm), according to Table 12. For the sulfide sample, this energy 
ratio is also 6% for a reduction ratio of 7.9 (P80 equal to 0.300 mm), because the 
grinding times are very close for this mesh. However, on the 0.150 mm mesh, the 
RWI of the mixed samples is greater than that of the sulfide ore.  

4. Conclusions 

The results strongly suggest that the new assay could be an alternative to the Bond 
Standard assay. The simplified assay presented very reliable SWI results with rel-
ative differences not exceeding 2% for coarse and fine feldspars, less than 12% for 
mixed and 1% for Copper ore. 

We concluded that the granulometric factor K depends on the Energy Con-
sumed (EC), the RR, and the diameter of the mill. Based on this finding, it may 
vary for certain types of ores. This study found that the K values were the same 
for sulfide and mixed pegmatite. This may be related to the particle size distribu-
tion of the feed, which was unique, −3.35 mm. 

The particle size distribution of the feed influenced the BWI and SWI results: 
different values were obtained for coarse and fine feldspar samples by both kinds 
of assays.  

For the simplified test, only three grinding cycles were necessary. This kind of 
test is advantageous because we can estimate very important parameters for sev-
eral P80.  

The results of both assays show similar behavior, as they presented logarithmic 
equations with exponents close to -0.5, within the range where we can apply Bond 
law, according to the Hukki function. In addition, everything indicates that the 
new test could be applied to release sizes below 100 µm. It is necessary, however, 
to have tests carried out on an industrial scale. In industry, there are many physical 
and operational factors that interfere with energy consumption, such as the lining 
profile, the distribution of the grinding load, and the viscosity of the pulp, among 
many others. It is worth remembering that the Bond test is performed with a 
smooth and dry lining. 

The correlations between RR and SWI are strongly correlated for pegmatites, 
with an R2 = 0.98, and show a good correlation for sulfide with R2 = 0.90. This is 
interesting because it will be possible to estimate SWI using the reduction ratio 
that relates A80 to the test mesh. The correlations between RR and RWI are strong, 
but with R2 = 0.91 for pegmatites on average and R2 = 0.87 for sulfide. Thus, it is 
possible to know how much SWIop will be less than SWI. Finally, the results 
strongly suggest that WI is not a constant and that it depends on the blasting, 
crushing and grinding, particle size distribution and equipment power. The better 
the blasting, the lower the reduction ratios, the lower the WIop, whereby the re-
quired minimum equipment power can be lower, even with higher WI values. 
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There is a much larger variety of ores, in addition to blends, so we should per-
form more tests. It is also recommended to carry out tests with mills of different 
sizes, including tests on an industrial scale to verify the effect on the variables 
studied. Although we have not found significant differences between BWI and 
SWI, it is strongly suggested that larger masses be used, as they will be more rep-
resentative. 
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