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Abstract

The size reduction process of rocks in cone crushers is one of the most important issues, particularly for the secondary and tertiary
stages of crushing operations. In this study, 17 different rock types were considered for the evaluation of their size reduction
variations that occurred in a laboratory-scale cone crusher. Based on several mineralogical, physico-mechanical, and aggregate
properties determined for each rock type, the crushability tests were performed.

Before and after the crushability tests, particle size distribution (PSD) of the uncrushed (feed) and crushed (product) materials
were determined by sieve analyses. On the basis of these PSDs, the degree of rock crushability (DRC) was attempted to quantify
by simple approaches (i.e., size reduction ratio, SRR, and the theoretical square mesh aperture size that corresponds to the 10% of
the cumulative undersize in the product, P;o (mm)).

The crushability test results demonstrated that the DRC in cone crusher could be quantified by focusing on the variations in the
SRR and P;y. The SRR and P are associated with three important rock properties, Shore hardness (SH), Los Angeles abrasion
loss (LAA, %), and Brazilian tensile strength (BTS, MPa). The textural and mineralogical features of rocks also have substantial
impacts on the DRC for several rock types. It was concluded that the combination of the SRR and P;, could be considered
together for the evaluation of DRC in cone crushers. Moreover, further research potentials on the DRC were also discussed in this

study.

Keywords Crushed rock - Aggregate - Size reduction - Cone crusher - Rock crushability

Introduction

The size reduction process of rocks plays a vital role in the
quantity of desired product size with optimum energy con-
sumption. The degree of rock crushability (DRC) has recently
become a fascinated research area in terms of economic effi-
ciency, sustainability, and the productivity of rock quarrying.
In the mining industry, the size reduction processes of rocks
are mainly accomplished by gyratory, impactors (i.e., horizon-
tal and vertical shaft impactors), jaw, and cone crushers in the
primary, secondary, and tertiary crushing operations. Some of
these crushers have been investigated to clarify several issues
such as the crushing mechanism, energy consumption, reduc-
ing fines during the crushing action, and wear rate estimations
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(Guimaraes et al. 2007; Mitchell et al. 2008; Korman et al.
2015, and Terva et al. 2018). In a jaw crusher, for instance, the
crushing action occurs as a result of compression, indirect
tensile, and impact forces. Rock aggregates are broken down
under compression forces induced by the throw of moving
jaw. The evaluation of size reduction lasts by the generation
of finer materials due to contact loading of jaw plates, smash-
ing of aggregates as well as the inter-particle compression
(Fig. 1a). The size reduction process in a cone crusher, on
the other hand, evolves like a series of crushing events. It
simply occurs by the rotation of the cone mantle that squeezes
rocks with different sizes between the cone mantle and con-
cave chamber. The cone mantle rotates on the axis of main
shaft with an eccentric motion, and it approaches the concave
chamber at the same time during its rotation. In this way, rocks
are broken down and discharge the crusher by gravity (Fig.
1b).

The crushability, grindability, and cutability of rocks are
associated with many factors. During the size reduction pro-
cesses in a jaw crusher and rod mill, crushing and grinding
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1 — Crusher in open-side discharge setting (OSS), 2 — Crusher in closed-side discharge setting (CSS).

Fig. 1 Schematic representations of rock fracturing in several crushers. a Jaw crusher. b Cone crusher (modified after Kelly and Spottiswood 1982 and

Lee and Evertsson 2011)

energy consumption increase when finer size fractions of the
product are desired (Zeng and Forssberg 1992). Heikkila
(Heikkila 1991) reported that the lithological features affect
the attrition typology of rocks in primary crushing processes.
Donovan (2003) found remarkable relationships between the
specific energy consumption and several mechanical rock
properties such as deformation modulus and fracture tough-
ness for the assessment of rock comminution by jaw crusher.

The texture and mineralogical composition of rocks are
significant variables that control their crushing resistance
(Kekec et al. 2006). Olaleye (2010) stated that increasing rock
strength properties causes longer crushing times in jaw crush-
er. Gent et al. (2012) demonstrated that the grinding resistance
of brittle minerals increases with increasing their Vickers
hardness. Textural properties of rocks also have a significant
influence on the specific energy consumption during rock cut-
ability (Oztiirk et al. 2004). Yilmaz (2011) concluded that
increasing the Vickers and Rosiwal hardness of rocks leads
to increasing the specific wear rate of the stonecutter. Mwanga
et al. (2015) reviewed the applicability of several testing
methods to evaluate the size reduction rate of ores for
geometallurgical processes. The researchers pointed out that
several testing methods such as mineral hardness and ore/rock
strength (e.g., uniaxial compressive strength (UCS, MPa),
Brazilian tensile strength (BTS, MPa)) could be considered
in geometallurgical size reduction processes owing to their
simplicity and repeatability.

The DRC has mainly investigated by using jaw and cone
crushers rather than other crusher types. Excluding lithologi-
cal variances and strength properties of rocks, the DRC in jaw
crusher is closely dependent upon several operational factors
such as the distance of jaw plates (i.e., open-side discharge
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setting, OSS, and closed-side discharge setting, CSS), aggre-
gate size, the speed of moving jaw plate, wear condition of jaw
plates, and the quantity of the feed (Kahraman et al. 2018).
The DRC in jaw crusher was attempted to quantify by several
researchers (Kahraman and Toraman 2008; Toraman et al.
2010; Kahraman et al. 2018; Comakli and Cayirli 2019). In
these studies, the DRC was quantified as a crushability index
(CI, %), which was determined based on sieve analyses of the
crushed particles passing through various sieves. The re-
searchers mentioned above showed that the CI related to jaw
crushers could be correlated with Los Angeles abrasion loss
(LAA, %), impact strength index (ISI, %), UCS, and the BTS
of rocks as well.

Similarly, Koken and Ozarslan (2018) come up with a new
term, compressive crushing value (CCV), whose testing meth-
odology has several modifications of the CI testing procedure
proposed by Kahraman et al. (2018). Accordingly, strong cor-
relations were obtained between the CCV and various rock
and aggregate properties such as the UCS, aggregate impact
value (AIV, %), and the S, brittleness index, whereby lower
CCYV values represent higher crushing resistance of rock ag-
gregates. Based on these studies concerning the rock
crushability, it is clear that jaw crushers were more commonly
utilized for the assessment of the DRC. The results obtained
from the crushability tests related to jaw crushers could pro-
vide a piece of practical knowledge about the crushing resis-
tance rate of rocks since jaw crushers are mainly located be-
low the rock-feeding hopper in most crushing—screening
plants. Therefore, further efforts are needed for jaw crushers
relating to production yield and product flakiness.

Cone crushers noted for their ability to crush hard, abrasive
ores, and rocks are of prime importance in the secondary and
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tertiary stages of crushing operations. The size reduction pro-
cess in cone crushers was mainly focused on considering
crushing operational factors rather than rock properties.
Regarding the product-based evaluations, Eloranta (1995)
showed that the PSD of feeding materials and the CSS play
a significant role in the product flakiness in cone crushers.
Evertsson (1998) and Quist and Evertsson (2016) established
that the variations in the eccentric speed of the cone mantle
affect the particle size distribution (PSD) of products. For the
assessment of product flakiness in cone crushing, Bengtsson
and Evertsson (2006) established an empirical formula as
functions of the CSS and average feed size. Lee and
Evertsson (2011) stated that increasing the CSS of the cone
crusher results in obtaining various production yield rates for
specific size fractions. Ma et al. (2016) showed that the vari-
ations in the PSD of feeding material have influences on the
wear rate of the cone crusher liners. Apart from the operational
factors affecting the DRC in cone crushers, Bearman et al.
(1997) concluded that the crushing energy consumption in
cone crusher is associated with the tensile strength of rocks.

Although product-based evaluations in cone crushing have
been documented by the above-mentioned studies, it seems
that the DRC in cone crushers from engineering geological
aspects has been neither considered nor published previously.
Therefore, it seems logical to suppose that the DRC in cone
crushers should be investigated in more detail, considering
possible effecting factors on rock comminution during cone
crushing.

The scope of the present study is to investigate the
variations in the DRC that occurred in a laboratory-
scale cone crusher for different rock lithologies. For this
purpose, several mineralogical, physico-mechanical, and
aggregate properties of 17 rock types were determined.
The crushability tests were performed using rock aggre-
gates with a particle size range of 11.2—16 mm. Before
and after crushability tests, initial and final PSD of rock
aggregates were determined by sieve analyses. Based on
these PSDs, the DRC was quantified by simple ap-
proaches for each rock type. Given crushability test re-
sults as a sign of the DRC were then compared with the
mineralogical, physico-mechanical, and aggregate prop-
erties of the rocks.

Materials and methods

Representative rock samples were obtained from various
quarries located in Turkey, and a total of 17 different rock
types were used within the scope of this study. Sampling
locations and descriptive codes of each rock type are listed
in Table 1. The experimental studies were divided into three
parts. In the first part, the mineralogical characterization of the
rocks was determined by thin-section analyses. In the second

Table 1 Sampling location and descriptive codes of the rocks
investigated

Rock type Location Mentioned code
Gabbro Yenice/Karabiik R,
Granodiorite Havran/Balikesir R,
Granite Kiire/Kastamonu R;
Basalt Isikkara/Kiitahya R4
Basaltic andesite Eregli/Zonguldak Rs
Andesite Havran/Balikesir R¢
Andesite Gokgebey/Zonguldak  R;
Diabase Ulus/Bartin Rg
Trachy andesite Alapli/Zonguldak Ry
Gneiss Giiney/Denizli Rio
Fine—grained sandstone Uziilmez/Zonguldak Ry,
Medium—grained sandstone ~ Amasra/Bartin R

Coarse—grained sandstone Azdavay/Kastamonu R

Limestone Incivez/Zonguldak Ris
Limestone Eflani/Karabiik Rys
Limestone Havran/Balikesir Rig
Limestone Caycuma/Zonguldak ~ R;7

part, physico-mechanical properties of rocks such as dry den-
sity (pgs g/cm3), water absorption by weight (w,, %), Shore
hardness (SH), UCS, and BTS were determined in accordance
with the suggested methods by the International Society of
Rock Mechanics (ISRM 2007).

The mechanical aggregate properties considered in this
study were the brittleness index (S,g, %) and Los Angeles
abrasion loss (LAA, %) that were determined in accordance
with the methodologies described by Dahl et al. (2012) and TS
EN 1097-2 (2010), respectively.

In the third part of the laboratory studies, the
crushability tests were performed using a laboratory—scale
cone crusher. The technical properties of the cone crusher
and operational factors during the tests are listed in Table 2.

Table 2 Technical properties of the cone crusher and operational
factors during crushability tests

Technical properties Operational factors

Nominal voltage (V) 380 0SS (mm) 18
Nominal power (kW) 3.0 CSS (mm) 8
Frequency (Hz) 50 Eccentric throw (mm) 10
Feeding gape (mm) <30 Eccentric speed (rpm) 700
Maximum feed size (mm) <25

Feeding capacity (kg/h) <100

Power factor 0.90

OSS open-side discharge setting, CSS closed-side discharge setting
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The cone mantle was connected to a three-phase AC motor
with several worm gear kits and vee-belt pulleys. The length
of the cone mantle was approximately 40 cm, and the curve
angle of the concave chamber was 23° from top to bottom.

Laboratory studies
Mineralogical characterization of the rocks

Using a polarized microscope, the rocks were character-
ized from a mineralogical point of view. For this purpose,
thin sections were prepared for each rock type, and the
quantities of rock-forming minerals were determined
using these thin sections. Typical thin sections of the
rocks are shown in Fig. 2. According to thin section ob-
servations, investigated rocks were divided into three dif-
ferent groups with respect to their lithologies. Igneous
rocks were gabbro, granodiorites, granite, basalt, basaltic
andesite, andesite, trachy-andesite, and diabase.
Sedimentary rocks were sandstones with varying grain
sizes and limestones with different textural features. The
only metamorphic rock in this study was gneiss.
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The mineralogical composition of each rock type is listed
in Table 3. Accordingly, igneous rocks are mainly composed
of quartz, orthoclase, plagioclase, pyroxene (both
orthopyroxene and clinopyroxene), olivine, hornblende, and
opaque minerals (i.e., hematite, magnetite, rutile, etc.) with
different quantities.

The gabbros (R;) have a poikilitic texture; equant and
small prismatic grains mainly enclose phneocrystals. The
granites and granodiorites (R,_3) are granular and
phaneritic in texture. The andesitic rocks (Rs_7, Rg) have
a wide range of textures that vary from aphanitic to por-
phyritic types. Some of the andesites (e.g., Rg) have
weathering signs such as sericitization, chloritization, and
argillization in such cases. The basalts (R4) have a
hyalopilitic texture; granular minerals are observed as
floating in the groundmass (volcanic matrix).

The diabases (Rg) are in an ophitic texture, and lath-
shaped plagioclases were found to be intruded into pyrox-
enes in thin-section analyses. The gneisses (Rjp) have a
wide range of mineral assemblages (i.e., containing quartz,
orthoclase, plagioclase, biotite, muscovite, chlorite, and
opaque minerals). They have a granoblastic texture, and
rock-forming minerals were observed as foliated fabrics
in thin sections. The sandstones (R;;_;3) are mainly

Andesite
(Havran / Balikesir)

Basalt Basaltic andesite
(Isikkara / Kiitahya) (Eregli / Zonguldak)

I

Fine-grained sandst:
(Uziilmez / Zonguldak)
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(Giiney / Denizli)
LG A
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(Caycuma / Zonguldak)
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(Havran / Balikesir)

clase Cpx.—Clino-pyroxene Op.— Opaque mineral Hbl. —Horblende Qtz.— Quartz Chl.—Chloride Lit.—Lithic fragment

Orth.— Orthoclase Opx.— Ortho-pyroxene Bt.—Biotite Ep.— Epidote Cal.—Calcite Dol. — Dolomite Cal. v.— Calcite vein Fos.— Fossil remnant

Fig. 2 Typical thin sections of the investigated rocks
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Table 3  Mineralogical compositions (areal percentage) for each rock type
Minerals Rock type

Rl RZ R3 R4 RS R6 R7 R8 R9 R]O Rll R]Z Rl3 R]4 RIS R]() R|7
Quartz (%) - 23 36 - - - - - 45 62 53 34 - - - -
Orthoclase (K-feldspar, %) - 10 15 - - - - - 11 12 - - - - - - -
Plagioclase (%) 62 40 29 46 64 52 75 65 44 16 3 5 2 - - - -
Pyroxene (Opx + Cpx, %) 16 10 - 12 5 3 16 6 7 - - - - - - -
Olivine (%) 3 - - 2 - - - - - - - - - -
Hornblende (%) 4 5 7 10 20 5 1 8 15 - - - - - - -
Biotite (%) 2 8 5 6 - 10 3 5 1 - - - - - - -
Muscovite (%) - - 2 1 - - - - - - - - - - -
Epidote (%) 1 - - 1 - 2 1 - - - - - - - -
Chloride (%) - - 2 - - - - 3 - - - - - - -
Calcite (microcrystalline + sparry, %) - - - - = - - - - - 9% 74 8 80
Dolomite (%) - - = = = - = - — — — - — 12
Opaque minerals (Hematite, magnetite, etc.) (%) 12 4 4 7 6 6 7 3 5 4 - - - - - - -
Lithic fragments (in sandstone, %) - - - - = - - 35 42 64 - - - -
Fossil remnant (skeletal and non-skeletal - - - - - - - - - - 10 26 15 8

fragments in limestone, %)

Ground mass (matrix in igneous rocks, %) - - - 15 5 25 10 3 18 - - - - - - -

composed of quartz and lithic fragments, and they were
identified as lithic-arenite according to the sandstone clas-
sification of Folk (1981). A large number of soft calcite
minerals comprise limestones (R4 17), whose textures
vary from mud-supported to crystalline type.

Physico-mechanical and aggregate properties of the
rocks

The rock blocks obtained from the quarries were drilled, and
cylindrical core samples with rough surfaces were obtained
(Fig. 3a). The internal diameter of the core drill was
54.7 mm. The rough surface core samples were then cut and
polished, regarding the geometrical instructions of related
testing methods. The physical and mechanical properties of
rocks were determined using these core samples in accordance
with the suggested methods of ISRM (2007) under oven-dried
conditions.

The physical properties of rocks considered in this
study were dry density (pq, g/cm?) and water absorption
by weight (w,, %), where cylindrical core sample with a
height to diameter ratio of 0.5-1.0 were used. The core
samples were placed in a desiccator filled with distilled
water for 24 h (Fig. 3b). A vacuum pump was used to
reach an effective saturation of rock materials. Following
the immersion of the core samples, the saturated mass of
each core sample was measured. Then, the core samples
were placed in a drying oven at 105+ 2 °C for 24 h. After

reaching to room temperature of the core samples, the
oven-dried mass of each core sample was measured, and
the physical properties of each core sample were deter-
mined considering the principles of soil mechanics based
on the porosity-prism. During the determination of phys-
ical properties, five core samples were used, and the av-
erage value of each parameter was presented.

Shore hardness (SH) of rock materials was deter-
mined using a C—2 type Shore scleroscope. A
smooth-cut cylindrical core sample, whose volume was
greater than 80 cm’®, was placed into the testing appa-
ratus. The SH was determined by dropping the
diamond-tipped hammer on the core sample, namely,
recording rebounding heights of the diamond-tipped
hammer (Fig. 3c). The SH tests were carried out at each
surface (i.e., top and bottom surfaces) of the rock ma-
terials. A total of 20 measurements were recorded for
each surface. The average value of rebounding heights
of the diamond-tipped hammer was considered as the
SH of the rock.

The BTS of rocks was determined using core samples with
a height to diameter ratio of 0.5-1.0 (Fig. 3d), whereas the
core samples with length to diameter ratio of 2.5-3.0 were
used for the UCS tests (Fig. 3e). During the UCS and BTS
tests, the stress rate of the stiff loading machine was within the
limits of 0.5-1.0 MPa per second.

The mechanical aggregate properties of rocks considered in
this study were the S, brittleness index and the LAA.
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Fig. 3 Determination of physical, mechanical, and aggregate properties
of rock materials. a Obtaining drill core samples. b Saturating of core
samples. ¢ C-2 type Shore scleroscope used in this study. d Brazilian

The S, brittleness index test is suitable for aggregates with a
particle size range of 11.2—-16.0 mm. The initial mass of the
sample () for the S, brittleness index test was determined
by the following equation:

moy = (500 x p,)/2.65 (1)

where pq is the dry density of the rock material (g/cm?®), and
myg 1s in gram.

The rock aggregates with an initial mass of m, were
placed in a cylindrical steel mold whose height and
diameter was 75 mm and 125 mm, respectively. The
rock aggregates were subjected to impact loads by a
steel-hardened hammer that impacts a force of
137.34 N per drop from a specific height of 25 cm.
The process was repeated for 20 times (Fig. 3f).
Following that, the crushed particles were sieved
through an 11.2-mm sieve, and the S, brittleness index
was determined by the following equation:

S2() = (ml/mo) x 100 (2)

where my is the initial sample mass (g), and m; is the mass of
crushed particles passing through the 11.2-mm sieve (g).
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tensile strength test. e Uniaxial compressive strength test. f S, brittleness
index test. g Los Angeles abrasion test

Los Angeles abrasion test gives a relative measure
about fragmentation and abrasion resistance of rock ag-
gregates. The LAA tests were carried out in accordance
with TS EN 1097-2 (2010). A total amount of 5000 =+
5 g rock aggregates with a particle size range of 10—
14 mm was prepared for each test. The rock aggregates
together with 11 standardized steel spheres were placed
in the LAA drum that horizontally rotates with 31—
33 rpm. After 500 revolutions of the drum, the aggre-
gates were obtained from the collecting vessel, and the
LAA was determined by the following equation:

LAA = ((mz—m3)/m2) x 100 (3)

where m, is the initial sample mass (g), and m; is the mass of
crushed particles retained on the 1.6-mm sieve (g).

The laboratory test results are listed in Table 4.
Accordingly, the UCS of the rocks approximately varies
from 50 to 188 MPa. Considering these values, the in-
vestigated rocks were identified, varying from medium
to very hard rocks, according to ISRM (2007). The
brittleness degree of the rocks was found to be in a
wide range (25-74%). According to the S, classifica-
tion of Dahl et al. (2012), most of the rocks have a
degree of brittleness ranged from low to high.
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Table 4 Physico-mechanical and

aggregate properties of the Rock type pa (g/em) wa (%) SH UCS (MPa) BTS (MPa) 820 (%) LAA (%)

investigated rocks
R, 2.88 0.11 86.7 188.29 20.25 25.41 14.66
R, 2.77 0.28 73.6 154.34 7.50 33.88 25.26
R; 2.68 0.40 60.8 75.90 8.21 56.70 30.51
Ry 2.74 0.32 76.2 143.66 15.47 36.52 15.40
Rs 2.68 0.74 66.4 118.15 9.11 49.60 20.46
Re 2.38 1.55 39.5 84.54 591 40.32 35.17
R, 2.36 2.35 56.5 106.56 6.24 39.66 26.86
Rg 2.76 0.20 89.4 163.82 18.25 29.14 1291
Ro 2.53 1.40 62.5 71.10 9.20 56.30 26.85
Rio 2.64 0.44 534 80.96 7.55 54.83 29.53
Ry 2.60 1.48 62.5 144.47 11.20 30.51 21.36
R, 2.58 3.95 522 73.23 6.25 69.60 35.22
Ri3 2.59 6.83 354 49.70 2.11 74.20 44.14
Ry 2.63 0.45 37.7 70.30 6.08 56.10 30.68
Ris 2.57 0.78 41.1 64.64 4.36 65.90 3148
Rie 2.59 0.30 44.7 82.32 7.56 46.24 21.80
Ry; 2.60 0.45 49.5 108.62 8.68 39.01 24.29

pq dry density, w, water absorption by weight, SH Shore hardness, UCS uniaxial compressive strength, BT7S
Brazilian tensile strength, S, the brittleness index, LAA Los Angeles abrasion loss

Crushability tests

The crushability tests are based on the fragmentation
and comminution rate of rock aggregates occurred in a
laboratory—scale cone crusher. The size and feeding
mass of rock aggregates for the crushability tests were
adopted from Dahl et al. (2012). In this context, rock
aggregates with a particle size range of 11.2-16 mm
were prepared for each rock type (Fig. 4a). The initial
feeding mass (mg) of the rock aggregates was deter-
mined by Eq. 1.

The implementation of the crushability tests is sim-
ple. The entire mass of aggregates (mg) was fed to the
cone crusher in a single charge by hand. The elapsed
time throughout the crushing action (7., s) was recorded
using a chronometer for each test. Before performing
the crushability tests, the OSS and CSS of the cone
crusher were adjusted as to 18 mm and 8 mm, respec-
tively. The eccentric throw of the cone mantle was
10 mm. No further efforts were made about the calibra-
tion of the CSS since relatively low mass of feeding
quantities (my=445-544 g) was charged to the crusher.
During the crushability tests, the cone mantle eccentri-
cally rotated with an average speed of 700 rpm at
50 Hz (Fig. 4b). Before and after each crushability test,
uncrushed and crushed particles were sieved for the de-
termination of their PSDs (Fig. 4c). Some of the
crushed particles after crushability tests are shown in
Fig. 4d—e.

The crushability tests were repeated five times for
each rock type, and the DRC in cone crusher was quan-
tified considering two simple approaches. One of them
was based on the Taggart Method. The Taggart Method
deals with feeding and product size fractions before and
after crushability tests. Utilizing this method, the size
reduction ratio (SRR) was determined for each rock
type by the following equation:

SRR = Fg/Pso (4)

where Fgo and Pgq are the theoretical square mesh aperture
sizes (mm) corresponding to the 80% of cumulative undersize
in the feed and product, respectively.

The second approach to quantify the DRC was stated by
investigating relatively finer product achievements in cone
crushing. Herein, the DRC was assessed by determining the
theoretical theoretical square mesh aperture size that corre-
sponds to the %10 of cumulative undersize in the product
(P19, mm). The values of SRR and P;, were evaluated as a
relative measure of the DRC in the cone crusher. The varia-
tions in several PSDs of the products are illustrated in Fig. 5
for several rock types.

The crushability test results are given in Table 5.
Accordingly, the SRR of the investigated rocks was found to
be in the range of 2.69-3.52. The P, was obtained, ranging
from 0.43—1.44 mm. The T, was also between 11.4 and 29.4 s
for the investigated rocks.
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Crushing setup

OSS=18 mm CSS=8 mm
Eccentric throw = 10 mm
Eccentric speed = 700 rpm

SLTON

Seano==

Limestone — (Havran / Balikesir)
(R16)

Fig. 4 Laboratory equipment used and materials studied in the
crushability tests. a Some of the prepared crushed rock aggregates with
a particle size range of 11.2-16 mm. b Laboratory-scale cone crusher

Results and discussion

The variations in SRR, T, and P, due to rock
properties

When comparing the rock properties (Table 4) with the SRR
values, it was determined that there is a close relationship
between the SRR, LAA, and BTS of the rocks. From this point
of view, higher SRR values indicate lower crushing resistance
of rock aggregates so that the variations in SRR values could
reflect the DRC for specific crushing operations from engi-
neering geological aspects. On the other hand, the P, is high-
ly dependent upon the SH. Moreover, the BTS also seems to
have an influence on the P, (Table 6).

The variations in the Py, could be evaluated in fine
crushing resistance of the rocks, which could be attributed to
the fact that a lower value of P; represents a greater amount
of finer product achievement in cone crushing or vice versa.
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The progressive size-reduction event in cone crusher is a
complex phenomenon. It seems that, during the crushing ac-
tion in cone crusher, rock aggregates are broken down due to
exceeding the BTS of rocks. Finer materials are generated by
abrasion, smashing of crushed particles between cone mantle
and concave chamber as well as the inter-particle compres-
sion. Thus, the fine crushing event in cone crusher is gradually
accomplished under the combined effects of mineral hardness
and micro-strength of crushed particles. However, the shape
and size fraction of the products are changeable in terms of
various rock lithologies.

For very strong igneous rocks (R, Ry, R4, and Rg), the
crushed particles retained on a 6.3-mm sieve were mainly
observed as elongated products, whereas the ones passing
through a 4.75-mm sieve were almost identical and cubical.
For the andesitic rocks (Rs_7, Ry), the number of crushed
particles with —4.75 4+ 2.36 mm increased considerably com-
pared with those mentioned herein.
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Fig. 5 Typical final PSDs of the products obtained from several crushability tests

Table 5 Crushability test results

Crushing time, 7 (s)

SRR

Fgo (mm) Pgp (mm) Py (mm)

Rock type

283

2.72
3.10
2.99
2.69
2.87
3.42
3.32
2.71
3.14

1.25
1.04
0.92
1.07
0.81
0.49
0.76
1.44
0.94

5.59
433
5.04
5.39
4.89
4.36
4.17
5.28
4.73

15.21
13.43
15.06
14.52
14.03
14.92
13.85

14.31

20.7

17.4

29.1

20.6

15.7

18.5

29.4

18.7

14.87
14.28
13.57
14.59
13.97
14.50
14.03

17.2
17.7
15.5
11.4
16.8
18.4
17.3
16.7

3.22
2.85
3.37
3.52
3.17
3.34
3.09
2.84

0.88
0.81
0.56
0.43
0.66
0.63
0.70
0.85

443
4.76
4.62
397
4.57
420
4.75
5.01

14.66
14.24

pringer

Qs
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Table 6 Pearson’s correlation matrix for the variables considered in this study

Parameter Pd (g/cm3) w, (%) SH UCS (MPa) BTS (MPa) S0 (%) LAA (%) SRR Py (mm) T, (s)
pa (g/em’) 1

W, (%) -0.385 1

SH 0.680 —0.447 1

UCS (MPa) 0.619 -0.472 0.870 1

BTS (MPa) 0.666 -0.515 0.881 0.847 1

S50 (%) -0.322 0.593 -0.680 -0.890 -0.737 1

LAA (%) —0.561 0.711 -0.815 -0.834 -0.876 0.801 1

SRR —0.688 0.646 -0.779 -0.782 -0.863 0.711 0.909 1

Py (mm) 0.700 —0.609 0.926 0.795 0.878 -0.684 —0.838 -0.813 1

T, (s) 0.645 -0.569 0.879 0.816 0.911 -0.676 -0.872 -0.782 0.876 1

“Bolded values (e.g., 0.911) indicate the most important variables affecting the SRR, Py, and 7

For the sandstones (R;;_;3), the cumulative quantity of 50—
70% of the products was obtained in the particle size range of
+1.70-4.75 mm. They were almost well rounded and mostly
identical in shape for medium and coarse-grained sandstones
(R1o_13). However, plenty of products retained on a 4.75-mm
sieve were elongated for fine-grained sandstones (R;;). Rock
comminution in the limestones (R4 17) occurred as a brittle
failure. The products retained on a 2.36-mm sieve were still
elongated for mud-supported limestones (R4 16). In contrast,
they were almost cubical and identical in shape for crystalline
limestones (Ry7).

The variations in the SRR and P, values due to several
rock properties are given in Fig. 6. As seen in the figure, the
SRR varied from 2.69-3.52. In general, the DRC increases in

SRR

. +2.69t0<2.84
©2.84t0<2.99
E299t0<3.14
03.14t0<3.34
A334t0<3.52

Brazilian tensile strength, BTS (MPa)

0 10 20 30 40 50
Los Angeles abrasion loss, LAA (%)

parallel with the LAA of rocks. However, it decreases with
increasing the BTS of rocks (Fig. 6a). The P, was found to be
in the range of 0.43—1.44 mm. Finer product achievement
increases with decreasing the BTS and SH of rocks (Fig. 6b).

It was also determined that the 7 increases with increasing
SH, BTS, but decreasing the LAA of rocks (Table 5).
Increasing the T, during any crushing operation could be
linked to higher energy consumption that can be revealed as
a function of the BTS (Eq. 5) in this study. Briefly, increasing
rock strength, especially the BTS of rocks, could be consid-
ered for estimating the energy consumption in cone crushing.
Although the crusher types are different, the background of
Eq. 5 supposes the findings of Olaleye (2010) conceptually. In
addition, increasing the BTS of rock inevitably causes a

24 =
P10 (mm)

= A #0.43 to < 0.63
& ©0.6310<0.76 &
2, 209 [0.76 to < 0.85
) . 00.85t0<1.04 A
; Al1.04t0<144

116 =
£

1Y) -

5
=12 -

w
2 J
Z
ERE

=
= 7
8§ 4
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= J +

O L) l L I L) I L I L) I
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Shore hardness, SH

Fig. 6 The variations in the DRC due to several rock properties. a The SRR. b The Py,
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higher degree of wear in cone mantle liners. However, the
wear degree of cone mantle was not considered in this study.

T, =10.76 + 0.95BTS, R> = 0.77 (5)

In general, one could claim that the above-mentioned var-
iables (SRR, Py, and T,) are mainly associated with the BTS,
LAA, and SH of rocks. In this regard, these variables could
provide satisfactory knowledge and enable rapid estimations
about the rock comminution in cone crushing from different
aspects.

The variations in SRR due to textural and
mineralogical properties of rocks

Based on the petrological variances of the rocks, the mafic
rocks (R;, R4, and Rg) seemed to have a greater crushing
resistance compared with the felsic rocks (R,_3). The textural
and mineralogical properties of rocks also influenced the
SRR.

For the limestones (R;4_17), the SRR increased in
parallel with the number of fossil remnants (Fig. 7a).
However, the variations in the fossil type had no signif-
icant effects on the SRR. Focusing on the textural prop-
erties of the andesitic rocks, the variations in the textur-
al properties of andesites seemed not to affect the SRR.
However, increasing the quantity of groundmass led to
an increase in the SRR (Fig. 7b). In addition, higher
SRR values were obtained for several andesitic rocks

(R¢) that bear higher amounts of weathered rock-
forming minerals such as plagioclase, hornblende, and
biotite.

The attrition typology of rock aggregates was transformed
from fragmentation to chipping as the grain size increases in
the sandstones (R;;_;3). In addition, the SRR increased with
an increasing average grain size. It can be claimed that the
rock comminution in cone crushing could be relatively easier
for handling sandstones with coarser grain sizes (Fig. 7c).

The effects of grain size on the strength properties of the
sandstones could also be observed when focusing on the
strength properties of the sandstones (Table 3). Accordingly,
the UCS and BTS of sandstones decrease with increasing the
average grain size. This finding is also in a good agreement
with the findings of several researchers (Hugman and
Friedman 1979; Wong et al. 1996; Eberhardt et al. 1999;
Tugrul and Zarif 1999; Prikryl 2001; Cai et al. 2004;
Nicksiar and Martin 2014; Koken 2020).

Further research potentials on the DRC in cone
crusher

The quantification of DRC in cone crusher could be revealed
by the SRR and P;y. In this context, the performance of cone
crushing operations could be explored considering the varia-
tions in SRR, where higher values of SRR could point
out the relative success of crushing operations.
However, the SRR itself is not sufficient for the evalu-
ation of the DRC in cone crusher. The fine product
achievement or minimization of fines during cone

@ Springer
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crushing could be easily revealed by focusing on the
P,o. Therefore, the SRR and P,y should be considered
together for optimum rock comminution in cone
crushing. However, further efforts are still needed to
combine these variables with product flakiness and pro-
duction yield for specific size fractions. Based on the
experiences on the crushability tests and given varia-
tions in the SRR and P,y due to different rock litholo-
gies (Table 4) could encourage researchers to investigate
the performance of crushing operations either of a sin-
gle rock type or interrelated rock mixtures (e.g.,
andesites-basaltic andesites, or limestone mixtures, etc.)
by changing operational factors such as the CSS, eccen-
tric speed, or feeding size fractions.

The choke feeding method was employed manually in this
study, and the 7, was measured in this direction. Automated
systems for choke feeding could also be a great contribution to
such DRC studies in cone crushers. The effects of feed rate
concerning both production yield, product flakiness, and en-
ergy consumption could be regarded by vibrating or non-
vibrating feeders that enable researchers to investigate the in-
tensity of choke feeding during cone crushing.

The textural and mineralogical properties have several in-
fluences on the DRC for several rock types (Fig. 7). From this
point of view, the variations in the SRR and P;q values could
be taken part in evaluating the weathering degree of rocks.
Providing that all operational factors are to be fixed in cone
crushing, it is probably expected that the SRR of rocks would
change owing to mineralogical and textural variances induced
by rock weathering processes. Similarly, should the Py be
considered, it would also be a beneficial parameter to distin-
guish the structural zones in/on rock masses, where drilling
and blasting operations are performed.

Minimizing fine and flaky materials in conjunction with
optimum energy consumption is of prime importance for rock
quarrying (Briggs and Evertsson 1998; Mitchell et al. 2008;
Major 2009; Wills and Finch 2015; Lynch 2015; Gupta and
Yan 2016). In this study, it was achieved that the T, could be
correlated with the BTS, LAA, and SH of rocks (Table 5).
Therefore, these variables, one of which (BTS, MPa) was
indirectly emphasized by Bearman et al. (1997), might be
beneficial for the evaluation of crushing energy consumption.
To illustrate the effects of rock strength on the DRC, the Eq. 5
was derived. In this concept, such empirical relationships like
Eq. 5 should be further explored for specific crushing opera-
tions that provide benefits for rock aggregate manufacturers in
terms of the crushing energy optimizations.

Based on product flakiness, it was previously mentioned
that plenty of the products retained on various sieves (e.g., the
6.3-mm sieve for Ry, Ry, R4, Rg; the 4.75-mm sieve for Ry,
and the 2.36-mm sieve for R4 ;¢) were flaky. In addition to
Eloranta (1995), the minimization of flaky products and at-
tempts on increasing production yield for specific size

@ Springer

fractions should also be further investigated by changing the
quantity of feed that could have a direct link to the intensity of
choke feeding, whereby discontinuous feeding methods could
even be attempted for rocks with medium (UCS =50-
100 MPa) and weak strength (UCS < 50 MPa).

Conclusions

The DRC in cone crusher was investigated using a laboratory-
scale cone crusher. A total of 17 rock types were characterized
by mineralogical analyses, and several physico-mechanical
and aggregate properties were determined for each rock type.
The present study states the geological-based factors on the
DRC in cone crusher to some extent, and the main conclusions
could be drawn as follows:

e The DRC in cone crusher could be quantified using the
SRR and P;o. These variables are dependent upon the
BTS, LAA, and SH rocks (Fig. 6). Textural and mineral-
ogical features also have influences on the DRC for sev-
eral rock types (Fig. 7). Moreover, the 7 as a relative sign
of crushing energy consumption could also be correlated
with the BTS, LAA, or SH of rocks (e.g., Eq. 5).

* Considering the SRR and P, together, the design, opti-
mization, or routine control of secondary and tertiary cone
crushing operations could be carried out more accurately.
These variables could also be utilized in evaluating rock
weathering processes that directly affect the quality of
rock aggregates. However, further efforts are required in
this regard.

* The SRR seems to increase with:

— increasing the quantity of groundmass for andesitic rocks.
— increasing the quantity of fossil remnants for limestones.
— increasing the average grain size for sandstones.

* To minimize fine and flaky products in cone crushing,
several variables should be considered for further DRC
studies as follows:

— Rock lithology and weathering.

— Rock aggregate size and initial PSD of feed.

— Feed rate changeable with vibrating or non-vibrating
feeders.

—  CSS and eccentric speed of cone crusher.

—  Wear condition of cone crusher.

Last but not least, the quantitative approaches stated in this
study should be attempted to such industrial crushing—
screening plants operated with cone crushers to observe
difficulties/similarities of quantifying the DRC. Direct mea-
surements of crushing energy consumption in cone crushers
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could also be beneficial to achieve a comprehensive under-
standing of how effective the BTS would be in cone crushing.
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