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Abstract

This study investigates the grindability parameters of coal surroundi
Basin using Hardgrove Grindability Index (HGI) and Bond Work Index (BW|
determine the relationships between grindability and mechanical properties inclu
tensile strength (BTS), Cerchar Abrasiveness Index (CAl), Equotip hardness (ESD),
were found between HGI and UCS (R?=0.99), HGI and BWI (R?=0.92) and HGI and dri
that mechanical properties significantly affect the grindability of ro

energy. This research provides the first comprehensive ana

underground coal mining.
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one and siltStone) from the Zonguldak
ven different rock samples were tested to
iaxial compressive strength (UCS), Brazilian
rillability parameters. Strong correlations
te index (R2=0.90). The results show
with harder and more abrasive rock requiring higher grinding
indability behavior of rocks in the coal environment and
6 consumption and equipment requirements without
jde direct cost savings by enabling rapid assessment

1.  Introduction

ace ore
ining industry
. Underground
nges related to

ly during tunneling and ore
ts encompass equipment
requirements, technological
safety measures that constitute

grinding processes in the ore preparation stage are often
the most expensive factors. Only a very small percentage
(0.1-2%) of the energy spent in the size reduction process
is used efficiently; a large portion is lost as friction, noise,
and heat by the crushing and grinding equipment Ozdag
(1992) [1]. Approximately half of the energy used in ore
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preparation plants is consumed in grinding processes
Yildiz (1999) [2].

Despite the significant energy consumption and costs
associated with grinding operations in coal mining, a
critical gap exists in the literature regarding the
grindability characteristics of coal surrounding rocks.
While extensive research has focused on coal
grindability, the behavior of associated sandstone and
siltstone layers during grinding operations remains
unexplored. This knowledge gap creates substantial
challenges for mining engineers who must design
efficient grinding circuits and predict equipment
performance without reliable predictive models for these
materials.

The majority of studies in the literature to date have
focused on the grindability of coal. In recent years,
grindability indices have also begun to be applied to other
types of rocks. However, no study has been conducted
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on the grindability of coal surrounding rocks in this
context. The critical importance of this research stems
from the fact that during coal extraction and processing
operations, significant quantities of surrounding rocks are
inevitably processed along with coal, directly affecting
energy consumption, equipment wear, and operational
costs. Understanding the grindability characteristics of
these materials is essential for optimizing mill design,
predicting power requirements, and developing cost-
effective processing strategies.

A previous study by Aldi (2023) [3] investigated the
relationships between strength, drillability, abrasiveness
properties, and grindability of Armutcuk coal surrounding
rocks from the Zonguldak Basin using seven samples.
The present study extends this research by examining
eleven different samples with a more comprehensive
approach, establishing broader predictive relationships
for industrial application across the entire basin.
Additionally, the mechanical properties of the rocks in the
Armutcuk region, such as strength and hardness, are
lower compared to other areas of the Zonguldak Basin,
leading to different outcomes in terms of energy
consumption and rock grindability.

This study addresses several fundamental questions
that have remained unanswered in mining engineeri
practice: (1) Can simplified grindability tests be use
predict the grinding behavior of coal surrounding roc
(2) Which mechanical properties serve as
reliable predictors of grinding energy req [
How can mining operations optimize eq
and energy consumption base rea
property data? By answferi
research fills a critical voi
practical solutions for the mini

Ozkahraman (200
correlation coefficien
(DRI) test
rillability and Bond

arameters. Based on the results
ining the Bond Work Index and
alstrength values of the samples, they stated
that Shore hardness, point load index, and uniaxial
compressive strength values provided the strongest
relationships with the Bond Work Index.

Aras et al. (2020) [6] used rock properties such as
Schmidt hardness, uniaxial compressive strength,

indirect tensile strength, point load strength index,
ultrasonic velocity, and density in artificial neural
networks to predict Bond Work Index (BWI) values.

In recent years, some researchers have utilized the
Hardgrove Grindability Index (HGI) test as a simple and
practical alternative for determining rock grindability and
Bond parameters. Bond (1954, 1961) [7,8] exammed the
relationships between HGI and Bond in
coals. Hease et al (1975) [9] and McIntyre an
[10] separately adapted Bond's approach, d
coal, to limestone and other brittle m

relationship between HGI and
rocks.

Musci et
alternative

as a practical and easily applicable
ining the grindability of rock samples
, Abdelhaffez (2012) [14,15].

009) [14], in their study on rocks,
a very strong linear relationship (R2=0.99) between
Work Index (BWI) values they calculated using
es and the BWI values obtained from
ntal studies. These researchers demonstrated
e grindability of rocks can be easily determined

Kahraman et al. (2019) [16] investigated the
grindability of granite rocks based on their physico-
mechanical and mineralogical properties.

Rattanakawin and Tin (2019) [17] found a strong
correlation (R2=0.99) between the laboratory-measured
and calculated Bond Work Index values of sodium
feldspar samples.

Abdelhaffez (2020) [18] investigated the relationships
between mechanical and petrographic properties and the
Bond Work Index in gold ores with different mineralogical
compositions.

Lawson (2020) [19] emphasized that low HGI
(Hardgrove Grindability Index) values in coals are
associated with low carbon content.

Park and Kim (2020) [20] identified relationships
between tensile strength, Bond Work Index parameters,
and drilling rates.

Nikoli¢ and Trumi¢ (2021) [21], in their Bond Work
Index (BWI) tests conducted on soft and medium-hard
rock samples, noted that the amount of energy consumed
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varied depending on rock hardness.

Bhuiyan et al. (2022) [22] demonstrated that Bond
Work Index (BWI) values can be estimated using Equotip
Leeb Hardness (ELT) and point load strength index tests.

In a study on limestone, it was concluded that the
mineralogical properties of the rock significantly influence
its grindability. Additionally, among the Bond Work Index
(BWI) test parameters, the Bond ball mill grindability
value (Gbg) could be estimated using the Hardgrove
Grindability Index (HGI) Deniz (2022) [23].

Pyshyev et al. (2023) [24] conducted a study to
determine the grindability of 14 different coals using the
Protodyakonov and Hardgrove methods. They found an
inverse relationship between Protodyakonov's strength
coefficient and HGI (Hardgrove Grindability Index), which
was expressed as a second-degree polynomial.
Additionally, they stated that these results could be used
to estimate coal grindability and calculate the required
energy for grinding operations.

HGI is a practical test method. Especially when
reviewing the studies conducted, it can be seen that
the HGI test method has become increasingly important
and offers ease of application in determining rock
grindability.

Sakiz (2021a) [25], in his study on 14 different ro
samples, demonstrated that the drillability index (DRI)
parameter could be practically predicted using the
property of the rock. However, he emphasi
the number of rocks studied should be i
rocks should also be evaluated, based
propose a more reliable classification
prediction model. Additio
examine the precision
classification.

Sakiz (2021b) [26], dnghi ns different
andesite rocks, ex ship between
abrasiveness an

, he
interv

termined using the
) when considering
test methods (Cerchar,
wever, he stated that the
to determine rock

“He"emphasized that to develop more reliable
predictive models, the number of rocks studied should be
increased, and different rock origins should be
considered.

The novelty of this research lies in its comprehensive
approach to characterizing coal surrounding rocks

through multiple mechanical property assessments and
establishing robust predictive relationships for industrial
application. Unlike previous studies that focused on
individual rock types or specific grindability indices, this
work systematically examines the interconnections
between various mechanical properties and grinding
behavior, providing a holistic understanding of these
materials' processing characteristics.

This study aims to determine the
characteristics of coal surrounding rocks in th
Basin using the Hardgrove Grindabilit

properties of these rocks. |
investigates the u
evaluating the, en

shes the first systematic framework for
behavior of coal surrounding rocks
ilable mechanical property data,
eers to make informed decisions

predicting g

Data and Methods

Experiments were conducted on 11 different
sedimentary-origin  sandstone and siltstone rocks
collected from the Zonguldak Basin. The samples were
specifically selected to represent the typical stratigraphic
variations encountered in active mining operations within
the basin, ensuring the practical relevance of the results
for industrial applications. The samples, prepared
according to the appropriate standards, are shown in
Fig. 1. The strength values of the rocks were determined
through uniaxial compressive strength (UCS) and
Brazilian tensile strength (BTS) tests. The method
proposed by ISRM (1981) [27] was followed for the
uniaxial compressive strength (UCS) test ISRM (1979)
[28,29], while the method suggested by ISRM (1978)
[30,31] was used for the Brazilian tensile strength (BTS)
test.

The drillability of the rocks was determined using Szo
brittleness and SJ miniature drilling tests, and the drilling
rate indices (DRI) were calculated using the chart shown
in Fig. 2.
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Figure 1 Core samples prepared in accordance with

standards
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ess, and excavability values of
grams of rock samples with a

revolutions. Finally, the ground material was
sieved through a 200 mesh screen, and the HGI
results were calculated using Eq. (1) below ASTM
(1993) [33].

HGI =13 + 6.93D (1)

Here;

HGI:  Hardgrove Grindability Index,

D: The amount of rock that passed through the
200 mesh screen.

To determine the abrasiveness values of the rocks,
Cerchar Abrasiveness Index (CAl) tests were conducted.
The method proposed by Alber et al.
was taken into consideration in the experi
(2014) [35].

The Bond Work Index (BWI) can
energy consumed per ton in th
required to reduce the theoretical s

screen, to 100 mj
material is determi

Bond Work'Index (kWhtt),

screen aperture of the test (um),
g:4hBond's standard ball mill grindability value

(glrev),

P screen aperture through which 80% of the final
product passes (um),

F: screen aperture through which 80% of the fed
material passes (um).

To determine the hardness of the rocks, a highly
useful and portable Equotip hardness tester, developed
for metals and powered by an electronic battery, is
utilized. Depending on the tip width and the applied
impact energy, this device is classified into types C, D,
DC, DL, E, G, and S. The D type hardness tester, which
features a tungsten carbide tip with a diameter of 3 mm
and is used to measure the hardness of the rocks in this
study, is shown in Fig. 3. Su (2017) [36].

Another important parameter of rock properties is
brittleness. Brittleness is one of the key mechanical
properties of rocks and also plays a significant role in
excavation mechanics. When rocks are examined from
the perspective of excavation mechanics, they exhibit two
types of excavation profiles: brittle and ductile. Although
a precise definition of brittleness has not been
established, it can generally be determined through the
uniaxial compressive strength and indirect tensile
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strength of the rocks, and various brittleness criteria have
been proposed Copur et al. 2003 [37].

Figure 3 Equotip hardness tester used in the study

The literature recognizes four fundamental brittleness
criteria. B1 and B2 were proposed by Hucka and Das
(1974) [38]. Altindag (2002) [39] introduced the B3
brittleness criterion in his study. Yarali and Soyer (2011
[40] discovered the B4 brittleness criterion through t
research. The equations related to these criteria
presented below (Eqs 3-6).

Table 1 Experimental results

ucs
B1 = (57) )
_ (UCS—-BTS)
B2 = (UCS+BTS) )
BS — (UCS*BTS) (5)

2

B4 = (UCS * BTS)"72

3. Results and Analysis

represents the first co
characterization ofg coal
Zonguldak Basin,

a
rove Grindability
rilling Rate Index
(CAl), Uniaxial
ngth (UCS), Brazilian Tensile Strength
tip Hardness Index (ESD) tests. The
the experiments are presented in
used in the experiments were
ined from the Kozlu and Karadon regions of the
|dak Basin. The standards adhered to in the

Sample  Rock CAl ESD S20 SJ DRI
Name Type
1 Sandstone 2.44 617 47 81 59
Sandstone 2.26 604 51 81 61
2.59 655 48 76 58
248 610 48 79 59
2.37 600 49 81 60

6.2 0.84 524 54 85 65
13.1
13.5
9.6 1.32 556 57 88 68
9.8 1.38 564 58 85 67
12.8

629 48 75 58
672 47 76 57

3.03
2.87

2.25 600 50 77 60

The practical significance of these correlations
extends beyond academic interest, as they enable
mining engineers to estimate grinding energy
requirements and predict equipment performance using
standard rock mechanics tests that are routinely

performed during mine development phases. A simple
regression analysis was employed to investigate the
relationships between variables, as detailed in Table 3.
The correlation matrix between parameters is presented
in Table 4.
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Table 2 Recommended methods in experiments

Experiment Reference H D Number of
(mm) (mm) Repeats
Uniaxial Compressive Strength (UCS) [27,28] 108 54 5
Brazilian Tensile Strength (BTS) [29,30] 27 54 10
Cerchar Abrasivity Index (CAl) [34] 27 54 5-7
Brittleness Test (S20) [31] Sieve size 3
Sievers Miniature Drillability Test (SJ) [31] 27 54
Equotip Hardness Index (ESD) [35] 27 54
Hardgrove Grindability Index (HGI) [32] Sieve size % 3
Bond Work Index (BWI) [7 Sieve size
Table 3 Regression equations derived from experimental relationships
Relationship Equation ‘ R2
HGI and BWI HGI = 1744.6BWI-1.03¢ 92
HGI and UCS HGI =-0.6234UCS+14
HGI and BTS HGI = -5.5254BTS+, 0.52
HGI and CAI HGI = -20.226CAI+1 0.77
HGI and ESD HGI = -0.3136ESD+276. 0.72
HGI and Sz HGI = 187.63In(S20)-648.7 0.80
HGIl and SJ HGI = 3.57235J-199.88 0.92
HGI and DRI 0.90
HGI and B3 0.89
HGI and B4 0.90
Table 4 Correlation matrix for key parame
HGI BV‘ B CAl ESD S20 SJ DRI
HGI 1
BWI -0.95
ucs
BTS 1
CAl 0.77 1
0.76 0.93 1
-0.89 -0.50 -0.87 -0.81 1
-0.96 -0.74 -0.89 -0.85 0.84 1
-0.94 -0.60 -0.92 -0.87 0.98 0.93 1

he relationship’between the Hardgrove Grindability

e is used to evaluate the grindability of
rocks, and'the Bond Work Index (BWI), used to evaluate
the grinding efficiency and to calculate the required
grinding power, has been examined (Fig. 4). Upon
reviewing the graph, a high negative exponential
relationship between the two parameters has been
observed. It is understood that the easier it is to grind the

rocks, the less energy is required for grinding. Based on
this, it can be concluded that the energy values obtained
from the Bond Work Index (BWI) tests can be utilized in
future studies for evaluating the excavability of coal
surrounding rocks in the Zonguldak Basin.

This HGI-BWI relationship (R2=0.92) provides a
practical tool for mining operations to estimate grinding
energy requirements without conducting time-consuming



C. Aldi et al. / JMM 61 A (1) (2025) 23-45 29

Bond Work Index tests. The relationship can be
expressed as: BWI = 1744.6 x HGI-'.0%9, enabling rapid
energy consumption predictions during process design
phases. For typical HGI values observed in this study (65-
113), the predicted BWI values range from 13.75-22.39
kWht, which directly translates to operational costs and
equipment sizing requirements.

Similar results have been obtained in previous
studies. The observed HGI-BWI relationship (R?=0.906)
compares favorably with previous studies. Swain and
Rao (2009) [13] reported R2=0.99 for laterized rocks,
while Rattanakawin and Tin (2019) [16] found R2=0.99

HGI-BWI
120.00
110.00 oo
100.00 '
© 90.00
80.00 HGI = 1744 6BWI-1.039
Rz =(.9203
70.00
60.00
10.00 12.00 14.00

The relationships betwegfi, rock
strength tests (UCS,

(Figs. 5-6). Upon analy
relationship was found betw
strength (UCS) of the rocks an

o

ifficult to grind the
ocks of the Zonguldak Basin
stratigraphic series, and
e series may lead to differences in
the rocks used in this study belong

gth values and grindability of the rocks
was as expected Similar results have been reported in
previous studies. In their study, Sakiz (2021a) [24]
conducted experiments on 14 different rock samples and
revealed a strong correlation (R2=0.93) between the
uniaxial compressive strength of the rocks and their HGI
(Hardgrove Grindability Index).

for sodium feldspar. The slightly lower correlation in
this study may reflect the heterogeneous nature of
sedimentary coal surrounding rocks compared to more
uniform materials studied previously. The difference and
novelty of the obtained results compared to previous
similar studies is that, for the first time in this context,
the relationship between the Hardgrove grindability
index (HGI) and Bond Work Index (B
investigated for coal surrounding rocks (sa
siltstone) from the Zonguldak Basin,
predictive models specifically applicab
mining operations.

In this study, the relationships between the
grindability and abrasiveness of the rocks were examined
(Fig. 7). The graph shows a negatively linear relationship
between the grindability of the rocks and their
abrasiveness. It can be understood from the graph that
the higher the abrasiveness of the rocks, the more difficult
it is to grind them. In his study, Sakiz (2021b) [25] found
similar results. Sakiz (2021b) [25] obtained a high
correlation (R2=0.92) between HGI and CAl in their study
involving seven different andesite samples. In contrast,
the present study focuses on sedimentary rocks rather
than igneous rock samples. These results demonstrate
that the relationship between HGI and CAl exhibits strong
correlations regardless of rock type. Grindability, like the
crushing process, is a method used to reduce the size of
a material. In the CAl test, fragments are detached from
the material over a certain scratching distance, naturally
resulting in size reduction. Both experimental methods
involve similar failure mechanisms for the rock.
Therefore, as expected, the correlation between these
two parameters was found to be high.



30 C. Aldiet al. / MM 61 A (1) (2025) 23-45
HGI-UCS
2o [en HGI = -0.6234UCS + 144 81
: T R#=10.9888
_100.00 LR
@ %00 Seo
80.00 e
70.00 - s N
60.00
50.00 70.00 90.00 110.00  130.00  150.00
UCS (MPa)
Figure 5 The relationship between HGI and UCS.
HGI-BTS ‘
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Figure 7 Relationship between HGI and CAl
The relationships between the grindability and  examining the graph, a sftrong negative linear

hardness of rocks have been examined (Fig. 8). Upon

relationship between the grindability and hardness of
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the rocks has been found. The higher the hardness
of the rock, the more difficult it is to grind. Similar
results have been reported in previous studies [4,5].
The rocks used in the study are part of the Westphalian
series of the Zonguldak Basin. Additionally, it is

HGI-ESD

120.00
110.00
100.00 .
S 90.00
80.00
70.00

60.00
500.00

550.00

Figure 8 Relationship betwee!

The relationships between the grindability of rocks
and the two testing methods used to determine the drilling
rate index (DRI) and drillability (S0, SJ) have been
examined. Looking at the results between the Sz, whic
is an indicator of percussion drilling, and HGI, there i
linear increasing high relationship between HGI and
(Fig. 9). The higher the fragility of the rock (Szo),
easier it is to grind the rock. A similar hig
has also been identified between SJ, w
rotary driling, and HGI (Fig#0).
relationship has been obtained b
of the rocks and the drillin in
unexpected, the easier it is to
to grind it as well. Similar resul
previous studies [4,5, i

considered that the mineralogical properties of the
rocks such as texture, type of cement, degree of
cementation, and the size of abrasive minerals are
significant factors contributing to the results obtained in
this study.

HGI =-0.3136ESD + 276.26
R?=0.7164

L
600.00 : 700°
ESD

detached from the rock surface by the drill bits
to the grinding of the material. Therefore, the
process lies at the core of the rock failure
anism during drilling operations. Moreover, since
the failure mechanism during drilling occurs in the form of
grinding, it is particularly important to investigate the
grindability properties of rocks. From this perspective, the
significance of grinding in excavation mechanics
becomes more clearly evident through the results
obtained.

HGI = 187.63In(S,q) - 648.7 ..o
R?= 0,802 g
e

. ° .

-~ o

®

40.00 45.00 50.00 55.00 60.00
SEU

Figure 9 Relationship between HGI and Szo
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HGI-SJ
120.00
110.00 e
100.00 e
9 90.00 e
80.00 HGI=3.57235J - 199.88

70.00 . *=0.9232
60.00 ¢
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SJ
Figure 10 Relationship between HGI and SJ 6

HGI-DRI ’

120,00
110.00 HGI = 247 64In(DRI) - 930.77 .
100,00 R?=0.9016

9 90.00 PR S

80.00 s
70.00 e

L ]
60.00

55.00 57.00 59.00 61.00 63.00 65.00

Finally, the relationships between the
rocks and their brittleness have been s, the easier their grindability becomes. A lower
12-13). No significant relation’s we brittleness value indicates that the rock is more brittle,
the brittleness measures B1 and i while a higher brittleness value suggests that the rock is
less brittle. Based on the results, it is observed that the
siltstone samples are more brittle compared to the
sandstone samples.

HGI-B3
o HGI = 126.99e-8E-04B3
R*=0.8915
e ...
.. °
o
60.00
200.00 300.00 400.00 500.00 600.00 700.00 800.00 900.00
B3

Figure 12 Relationship between HGI and B3
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HGI-B4
120.00 HGI = 146.48e-0.004B4
110.00 e ® R2=(.8958
100.00 °
S 90.00 “Ngy
80.00
e e
70.00 R,
‘®
60.00
50.00 100.00 150.00 200.00 250,00
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Figure 13 Relationship between HGI and B4

The exceptionally strong correlation between HGI
and UCS (R?=0.99) demonstrates that uniaxial
compressive strength serves as the primary controlling
factor for grindability in the studied coal surrounding
rocks. This relationship enables mining engineers to
estimate grindability characteristics using routine
strength tests, eliminating the need for specialized
grindability testing in many cases. The practical
relationship HGI = -0.6234xUCS+144.81 can be directly
applied in industrial settings where UCS values ar
readily available from geotechnical investigations.

4. Discussion

extends beyond academic inte‘t, ast
engineers to estimate grinding ene

stimate grinding energy
conducting time-consuming Bond
[he relationship can be expressed as:
HGI1039, enabling rapid energy

For typical HGI values observed in this study (65-113),
the predicted BWI values range from 13.75-22.39 kWhtt,
which directly translates to operational costs and
equipment sizing requirements.

The observed HGI-BWI relationship compares
favorably with previous studies. Swain and Rao (2009)

terized . While
found R2=0.99 for
orrelation in this

studied previously. Aldi (2023) [3]
correlations for Armutcuk coal
confirming the consistency of these
different locations within the

reported
surrounding ro
relationships ac
uldak Basin.

S (R%=0.99) demonstrates that uniaxial
ive strength serves as the primary controlling
r grindability in the studied coal surrounding
s. This relationship is notably stronger than the HGI-
BTS correlation (R?=0.52), indicating that compressive
failure mechanisms dominate during grinding operations
rather than tensile failure modes. The uniform lithological
composition of the samples, all belonging to the
Westphalian series, likely contributes to this consistent
relationship by minimizing geological variability.

The weaker correlation with Brazilian tensile strength
suggests that while tensile properties influence
grindability, the grinding process in coal surrounding
rocks is predominantly controlled by compressive failure
mechanisms. This finding has practical implications for
predicting grinding behavior, as UCS tests are more
readily available in mining operations compared to
specialized grindability tests.

The negative correlations between HGI and both CAl
(R=0.77) and ESD (R2=0.72) demonstrate that
abrasiveness and hardness significantly influence
grindability behavior. These relationships are particularly
relevant for equipment selection and maintenance
planning, as more abrasive and harder rocks will cause
greater wear on grinding equipment while requiring more
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energy for size reduction. The correlation between
abrasiveness and grindability confirms that similar rock
failure mechanisms operate in both scratching (CAI test)
and grinding processes.

The strong positive correlations between HGI and
drillability parameters (Szo: R?=0.80, DRI: R2=0.90)
reveal fundamental similarites in rock failure
mechanisms during drilling and grinding operations.
These relationships validate the concept that rocks
exhibiting good drillability characteristics will generally
demonstrate favorable grindability properties. The
logarithmic relationship between HGI and DRI indicates
that improvements in drillability translate to proportionally
greater improvements in grindability, particularly for rocks
with initially poor drilling characteristics.

The differential performance of brittleness criteria in
predicting grindability provides insights into the most
appropriate  mechanical property combinations for
characterizing coal surrounding rocks. The strong
correlations observed with B3 and B4 criteria (R2=0.89-
0.90), compared to weaker relationships with B1 and B2
(R2=0.48-0.52), indicate that brittleness formulations
incorporating both UCS and BTS values are more
effective predictors than simple ratio-based approaches.

The practical applications of this research for t
mining industry include:

1. Equipment Selection  Optimization:
established correlations enable mining engi
select appropriate grinding equipment ba
available rock property data, rwzing th
over-sizing equipment a
expenditure inefficiencie

relationship allows for accur
energy requirements '
operational planning
cost estimations

ent: The strong
properties and
ntal data for optimizing
gn, inCluding mill sizing, power
pughput predictions.

Maintenance  Planning:  The
] ships between abrasiveness (CAl)
dabflity enable predictive maintenance
strategies, allowing operators to anticipate equipment
wear and plan maintenance schedules more
effectively.

The economic impact of this research extends to
multiple aspects of mining operations. By enabling

accurate prediction of grinding energy requirements,
mining companies can optimize their energy procurement
strategies and equipment utilization rates. The ability to
predict equipment wear through abrasiveness
correlations allows for better inventory management and
reduced unplanned downtime.

Future industrial applications should focus on:

1. Integration into Mine Planning
developed correlations can be i
commercially available mine
packages, enabling automatic ene
calculations and equipment selectio

2. Real-time Process Optimizati
established in this study can
developing real-ti onit

study establishes the first comprehensive
k for understanding and predicting the
ty behavior of coal surrounding rocks,
sing a critical knowledge gap in mining
engineering. The developed correlations provide practical
tools for mining operations to optimize energy
consumption, equipment selection, and process design
without extensive laboratory testing programs.

Key findings of this research include:

1. Strong HGI-BWI Correlation: A robust negative
exponential relationship (R?=0.92) enables energy
consumption prediction without time-consuming BWI
tests.

2. UCS as Primary Predictor: The exceptional
correlation between HGI and UCS (R2=0.99) establishes
uniaxial compressive strength as the dominant controlling
factor for grindability.

3. Practical Predictive Models: The developed
correlations allow mining engineers to estimate
grindability characteristics using routine strength tests,
eliminating specialized grindability testing in many
cases.

4. Equipment Optimization: Relationships between
abrasiveness, hardness, and grindability enable better
equipment selection and maintenance planning.
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5. Energy Efficiency: The established models
contribute to energy consumption optimization and cost
reduction in underground coal mining operations.

This research confirms and extends the findings of
Aldi (2023) [3] for Armutcuk coal surrounding rocks,
demonstrating the broader applicability of grindability
prediction models across the Zonguldak Basin.

The consistent relationships observed across all
tested samples confirm that the Westphalian series
coal surrounding rocks exhibit predictable grinding
behavior based on readily measurable mechanical
properties. This consistency enables the development of
empirical relationships for engineering applications,
reducing the need for extensive grindability testing
programs.

Future studies should compare similar investigations
on igneous and metamorphic rocks, consider
petrographic properties, examine combined parameter
effects through multiple regression analysis, and increase
the number of samples for more reliable results. The
development of industry-specific  guidelines  will
facilitate the transfer of academic findings to practical
applications.

Acknowledgements

The results presented in this paper are based
experimental studies. We would like to thank
DURU, Asst. Prof., Dr. Utku SAKIZ, Res.
Baris AKKAYA, Res. Asst., for %eir inval
in the experimental work.

Conflicts of Interest

The authors declar, nflicts of

interest.

Ve N

ral Processing-l. Anadolu
gineering and Architecture,

[3] Aldi, C. (2023) Determination of the Relationships
Between Strength, Drillability, Abrasiveness
Properties, and Grindability of Armutguk Coal
Environmental Rocks. Karaelmas Fen ve Miih.
Derg. 13 (2), 225-234.

[4] Ozkahraman, H.T. (2005) A Meaningful Expression
Between Bond Work Index, Grindability Index and
Friability Value, 18, 1057-1059.

[6] Ozer, U., Cabuk, E. (2007) Relationship between
bond work index and rock parameters. Istanbul
University, The Journal of Engineering Faculty's
Earth Sciences Review, 20(1), 43-49.

[6] Aras, A., Ozsen, H., Dursun, A.E.
Artificial Neural Networks for the
Bond Work Index from Rock
Properties. Miner. Process. Extr
(3), 145-152.

[71 Bond, F.C. (1954)
Calculations. CiM Bull.,

[8] Bond, F.C. (1961

(9]

[10]

818), 149-154.

Hatvani, Z., Papanastassiou, D.,

04) Investigation of Grindability of

es in Dry, Aqueous and Alkaline

Media as well as After High Pressure Crushing. Int.

J. Miner. Process., 74.

er, J.C., Barron, L.S., Moshier, S.0. (1992)

lication of the Hardgrove Grindability Index in

arbonate  Characterization.  Miner.  Metall.

Process., 9 (3), 146-150.

Mucsi, G. (2008) Fast Test Method for the

Determination of the Grindability of Fine Materials.
Chem. Eng. Res. Des., 86 (4), 395-400.

[14] Swain, R., Rao, R.B. (2009) Alternative
Approaches for Determination of Bond Work Index
on Soft and Friable Partially Laterised Khondalite
Rocks of Bauxite Mine Waste Materials. J. Miner.
Mater. Charact. Eng., 8 (9), 729-743.

[15] Abdelhaffez, G.S. (2012) Correlation Between
Bond Work Index and Mechanical Properties of
Some Saudi Ores. 40 (1), 271-280.

[16] Kahraman, S., Ucurum, M., Yogurtcuoglu, E.,
Fener, M. (2019) Evaluating the Grinding Process
of Granitic Rocks Using the Physico-Mechanical
and Mineralogical Properties, J. Met. Mater. Miner.,
29 (2), 51-57.

[17] Rattanakawin, C., Tin, A.L. (2019) Hardgrove
Grindability Index and Approximate Work Index of
Sodium Feldspar. Songklanakarin J. Sci. Technol,
41 (3), 664-668.

[11] Csoke,



36

C. Aldi et al. / JMM 61 A (1) (2025) 23-45

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[29]

Abdelhaffez, G.S. (2020) Studying the Effect of Ore
Texture on the Bond Work Index at the Mahd Ad
Dahab Gold Mine: A Case Study. Rud. Geol. Naft.
Zb., 35 (1), 111-121.

Lawson, H. (2020) Exploration of petrographic,
elemental and material properties of dynamic
failure-prone coals. International journal of mining
science and technology, 30 (1), 69-75.

Park, J., Kim, K. (2020) Use of Drilling Performance
to Improve Rock-Breakage Efficiencies: A Part of
Mine-to-Mill Optimization Studies in a Hard -
Rock Mine. Int. J. Min. Sci. Technol., 30 (2), 179 -
188.

Nikoli¢, V., Trumi¢, M. (2021) A new approach to
the calculation of bond work index for finer samples.
Minerals Engineering, 165, 106858.

Bhuiyan, M.A., Zhang, Q., Khare, V., Mikhaylov, A.,
Pinter, G., Huang, X. (2022) Renewable energy
consumption and economic growth nexus a
systematic  literature review. Frontiers in
environmental science, 10, 878394.

Deniz, V. (2022) A new model between the Bond
and Hardgrove grindability based on volumetric
powder filling by using limestones. Minerals
Engineering, 179, 107444,

Pyshyev, S., Miroshnichenko, D., Koval,
Chipko, T., Shved, M. (2023) The use
Protodiakonov and Hardgrove
determine the effect of coal quality
ability. Heliyon, 9 (10).
Sakiz, U. (2021a) Investi
Between the Mechafli
of Rocks and Their
728-740.

Sakiz, U. (2021b

on of

¥ International
and Natural

amon Press, London, 211 p.
uggested method for determining
, porosity, density, absorption and
ated p pert|es and swelling and slake-durability
index properties. Int. J. Rock Mech. Min. Sci.
Geomech. Abstr., 16 (2), 141-156.

ISRM. (1979b) Suggested Method for determining
the uniaxial compressive strength and deformability
of rock. International Journal of Rock Mechanics

[30]

[31]

[32]

[33]

[34]

[35]

[37]

[38]

[39]

[40]

and Mining Sciences and Geomechanics
Abstracts, 16, 135.

ISRM. (1978a) Suggested method for determining
tensile strength of rock materials. International
Journal of Rock Mechanics and Mining Sciences
and Geomechanics Abstracts, 15, 99-103.

ISRM. (1978b) Suggested Methods for determlnmg
hardness and abrasiveness of rocks
Journal of Rock Mechanics and Mini
and Geomechanics Abstracts, 15, 89—
Dahl, F. (2003) DRI St
Angleggsdrift, Trondheim, 21
ASTM. (1993) Standard T
Hardgrove Grindability
Coke. Des. D003 -
Alber, M., Ya

. Hagan, P,

ISRM  Suggested Method for
e Abrasivity of Rock by the
CERCHAR sivity Test. The ISRM Suggested
Methods for Rock Characterization, Testing and
nitoring: 2007-2014, pp 101-106.

0. (2017) Comparison of Rebound-Based
dness Testing Methods in Rocks and Prediction
f Drilling Rate Using Equotip Hardness Tester.
Proceedings of the 25th International Mining
Congress of Turkey, IMCET2017, April 11-14,
Antalya, Turkey, 191-198.

Copur, H., Bilgin, N., Tuncdemir, H., Balci, C.
(2003) A set of indices based on indentation
tests for assessment of rock cutting performance
and rock properties. Journal of the Southern
African Institute of Mining and Metallurgy, 103 (9),
589-599.

Hucka, V., Das, B. (1974) Brittleness determination
of rocks by different methods. International Journal
of Rock Mechanics and Mining Science and
Geomechanical Abstract, 11, 389-392.

Altindag, R. (2002) The evaluation of rock
brittleness concept on rotary blasthole drills.
Journal of the South African Institute of Mining and
Metallurgy, 102, 61-66.

Yarali, O., Soyer, E. (2011) The effect of
mechanical rock properties and brittleness on
drillability. Scientific Research and Essays, 6 (5),
1077-1088.




C. Aldi et al. / JMM 61 A (1) (2025) 23-45 37
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lzvod

Ova studija istraZuje parametre sposobnosti mlevenja stena koje okruzuju | (pedbar i iz Zonguldak basena
primenom Hardgrovog indeksa meljivosti (HGI) i Bondovog radnog indeksa ( ka stena je ispitano
kako bi se utvrdile veze izmedu meljivosti i mehanickih svojstava, ukljucujug k (UCS), brazilski

test za ¢vrstocu na zatezanje (BTS), Cerchar-ov indeks abrazivnosti (C, i ; ) i parametre busivosti.

Rezultati pokazuju da mehanicke osobine znacajno uticu na sposobnost mleve , pri ¢emu tvrde i abrazivnije stene zahtevaju
naSanja stena koje se nalaze u okruZenju
uglienih slojeva u pogledu njihove meljivosti i pruza prediktivne modele koji om ]
potrosnju energije i potrebnu opremu bez sprovodenja dugotrajnih testova meljivosti. jiene korelacije omogucavaju direktne
ustede troskova kroz brzu procenu parametara mlevenja u fazi plamiranja eksploatacije, doprinoseci optimizaciji potro$nje energije
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