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The present study investigates the effects of feeding properties on rock comminution by a laboratory-
scale jaw crusher. For this purpose, detailed crushability tests were carried out on four different rock
types to assess their degree of rock crushability (DRC). Various feeding sizes (9.5 – 19 mm) and quantities
(500 – 1500 g) were adopted to reveal the choke feeding intensity during crushing actions. The efficiency
of feeding properties was investigated through the response surface methodology (RSM). The RSM results
demonstrated that the characterized feeding size (F80, mm) dominates the general size reduction,
whereas the feeding quantity (mf, g) is associated with the crushing energy consumption and product
flakiness. Therefore, the choke feeding intensity has a direct relation to the mf and F80. In addition, novel
gene expression programming (GEP) models were employed to generate empirical formulations to pre-
dict the DRC parameters. The established GEP models have a satisfactory estimation capability. Therefore,
the DRC of the investigated rocks can be optimized through the proposed GEP models based on the cou-
pling variables of mf and F80.
� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Rock crushing is the first mechanical comminution process after
drilling and blasting operations in rock fragmentation. The energy
required for comminution depends on the physicomechanical
properties of the rocks and the quantity of materials being crushed
[1]. Although the use of different crushers should be placed in a
definite order, the efficiency of crushers may be improved, depend-
ing upon their inherent mechanism. By comparison with jaw and
gyratory crushers, impact crushers, for instance, can achieve a
higher production yield. However, their use is limited due to high
wear rates and is thus restricted to medium or weak rocks [2].

The use of unsuitable crushers, discontinuous crushing opera-
tions, and poor-quality crushing equipment results in many diffi-
culties that decrease product quality [3]. Therefore, researchers
have sought rational solutions to improve rock aggregate produc-
tion efficiency from different perspectives. Specifically, rock aggre-
gate production was handled considering rock breakage
mechanisms, improvements in product size and shape, supportive
equipment, and performance of crushers [4–9]. For instance, pri-
mary crushing is performed in mines and quarry sites, and initially
crushed materials are conveyed to stationary plants for secondary
and tertiary crushing. This technique has been mainly embraced in
Europe and has lowered the rock aggregate production cost [10].

As an alternative to the conventional crushing–screening plants,
the in-pit crushing and conveying system (IPCC) has been widely
adopted and utilized worldwide for open-pit mining operations
[11,12]. In this context, mobile crushing units are of prime impor-
tance in sand-gravel and rock aggregate production. They are
mainly endowed with gyratory, twin roll, and jaw crushers that
work in harmony with various belt conveying systems [13].

Achieving the optimum outputs from rock crushing operations
depends upon detailed investigations on the rock – crusher inter-
actions (RCI). The RCI plays a crucial role in rock breakage success,
where the crushing degree depends on the combinations of several
factors, such as crusher performance, feeding method, and rock
properties. All these parameters constitute a strong basis for sus-
tainable rock crushing. Keeping in mind that the capacity of crush-
ers decreases as the crushing rate increases.

At the same time, energy consumption increases in parallel
with the crushing rate. Therefore, when the rock properties are
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fixed, the crushing process should be optimized, considering oper-
ational features. Specific to jaw and cone crushers, the main
parameter to optimize crushing operations is the aperture of dis-
charge in the crushing medium. It is also known as the closed-
side setting (CSS) that controls the degree of rock crushability
(DRC) for compressive crushers [1,14–16]. In addition to the CSS,
Johansson et al. [17] introduced a model for the evaluation of
jaw crusher capacity and power draw in connection with various
jaw speeds.

The other optimization tool is based on the discrete element
method (DEM). The DEM provides supportive data for optimization
studies. In the DEM models, feed gradation, operational features,
and crusher components are mainly regarded. Recently, Barrios
et al. [18] performed such DEM modeling that simulates the per-
formance of a laboratory-scale jaw crusher. They concluded that
the performance factors such as throughput, product achievement,
compressive forces acting on jaw plates, size reduction ratio (SRR),
and specific energy consumption could be estimated, focusing on
the CSS. The specific energy consumption was also investigated
through statistical and machine learning methods [19]. As a gen-
eral consideration, particle size distribution (PSD) of feed, crusher
setting, and speed impinge on the efficiency of an industrial jaw
crusher [20]. Of the crusher settings, the CSS adjustment may be
a challenging issue and necessitate standard controls. It may also
be time-consuming in practical applications. Under this circum-
stance, the feeding rate and size fractions can be regarded as rea-
sonable alternatives for optimal crushing operations.

As for the fundamental rock comminution issues on jaw and
cone crushers, Tavares and Da Silveria [21] reported that cone
crusher capacity increases with decreasing the abrasion resistance
of rocks. Refahi et al. [22] found remarkable relationships between
shape parameters of the feed and production yield. Olaleye [23]
figured out that the rock strength directly relates to the wear
and energy consumption in jaw crushers. Lee and Evertsson [24]
investigated the variations in PSD of feed, which control the pro-
duct achievement for specific size fractions in cone crushing. Kor-
man et al. [25] stated that the uniaxial compressive strength (UCS)
of rocks is a dominating factor for crushing energy consumption in
jaw crushers. Kahraman et al. [26] and Comakli and Cayirli [27]
attempted to quantify the DRC from a crushability index (CI, %)
that was based on the sieve analysis of crushed particles. Köken
and Özarslan [28] also proposed a size-related methodology to
quantify the DRC.

It has been acknowledged that the UCS is a function of DRC
regarding jaw crushers [25–28]. In contrast, the Brazilian tensile
strength (BTS), Shore hardness (SH), and Los Angeles abrasion loss
(LAA) were turned out to be highly correlative parameters for the
evaluation of DRC in cone crushing [29]. Apart from strength prop-
erties, Köken [30] conducted size-related crushability tests using a
laboratory-scale cone crusher. The study concluded that the PSD of
feed controls the choke feeding intensity when the feed quantity is
fixed.

The studies mentioned above have provided adequate knowl-
edge on rock crushability as a critical phenomenon in rock aggre-
gate science and technology. However, the existing studies by
the researchers have mainly focused on three parameters for eval-
uating the DRC with respect to jaw and cone crushers. These are
rock strength, operational features (e.g., CSS and crusher speed),
and the PSD of feed. However, no quantitative data has been doc-
umented on the combined effects of feeding properties (i.e., feed-
ing size and quantity) on the DRC for compressive crushers.

For typical crushing screening plants, jaw crushers are consid-
ered the center for optimization and modeling efforts. Optimiza-
tion studies are performed to explain how energy is used during
the crushing process and how it can be improved [31]. Such efforts
have also been made within the industrial scale to improve the
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DRC with an optimal generation of fines. Based on the previous
studies, it seems logical to suppose that the DRC should be inves-
tigated in more detail, considering the size and shape properties
of materials fed to the crushers.

Assuming that an industrial jaw crusher operates under uncon-
trolled feeding conditions, the DRC for that case can be variable
from the points of size reduction, energy consumption, and gener-
ation of fines when initial scalping is included. Theoretically, if the
choke feeding intensity is relatively low, the throughput may not
be sufficient for initial rock breakage. Otherwise, excessive specific
energy consumption and wear are expected undoubtedly. In addi-
tion to those, squeezing problems are also observed in the crushing
medium under extreme loading conditions. In either case, initial
rock comminution cannot be performed in optimal conditions.
Because of that reason, the choke feeding intensity undertakes
the role of crushing efficiency. Since there is no standard approach
for the evaluation of choke feeding intensity for industrial jaw
crushers (Fig. 1), it is required to figure out the mechanism of
choke feeding as a function of feeding size and quantity.

In this direction, the present study explores the DRC variations
due to varying feeding properties using a laboratory scale jaw
crusher. For this purpose, detailed crushability tests were per-
formed on four different rock types. In the crushability tests, differ-
ent feeding sizes and quantities were adopted to reveal the
variability of DRC parameters. As a result of laboratory studies,
these effects were discussed through several statistical and
machine learning methods.

2. Materials and methods

Sampling locations and descriptive codes of the investigated
rocks are listed in Table 1. Laboratory studies were divided into
three parts. In the first part, mineralogical characterization of the
rocks was carried out by X-ray diffraction (XRD) analyses, where
a Bruker Discover D8 diffractometer was used. In the second part,
phsyico-mechanical and aggregate properties were determined.
For the last part, detailed crushability tests were carried out by
attempting various feeding features.

The experimental flow chart for the crushability tests is given in
Fig. 2. Three different feeding size fractions (S1 – S3) and feeding
quantities (F1 – F3) were adopted in the crushability tests.
Throughout the text, the feeding quantity and characterized feed-
ing size were denoted conceptionally as the mf and F80, respec-
tively. The effects of aggregate flakiness on the DRC parameters
were reduced by removing or minimizing flaky particles from the
feed. For this purpose, an 8 mm bar sieve was used (Fig. 2). The par-
ticles passing through the 8 mm bar sieve were removed from the
feed, and the remaining were weighed based on the predefined
feeding quantity (F1 – F3). The CSS of the crusher was set to
8 mm for the crushability tests. The control and calibration of
the CSS were conducted after every five test cycles.

Since the amount of applied energy determines the DRC [32],
the power consumption during each crushability test was mea-
sured using a high precision powermeter. The technical properties
of the devices used in the crushability tests are listed in Table 2.

The current (I, A) drawn by the crusher was measured by
recording them displayed on the powermeter per 0.5 s. The total
current drawn by the crusher was calculated by the following
equations.

Z b

a
f xð Þdx ’ Dx

2
f x0ð Þ þ 2 f x1 þ x2 þ :::xn�1ð Þ½ � þ f xnð Þð Þ ð1Þ

Dx ¼ Dt
n

ð2Þ



Fig. 1. Illustration of choke feeding intensity for an industrial jaw crusher a) Fully loaded feeding bunker b) Uncontrolled choke feeding intensity in the crushing chamber.

Table 1
Sampling locations and descriptive codes of the investigated rocks.

Rock type Location Code Additional information

Basalt Çaycuma � Zonguldak R1 Concrete aggregate and
paving mixture resource in
northwestern Turkey

Limestone Havran – Balıkesir R2 Concrete aggregate and
paving mixture resource in
western Turkey

Limestone Gölbas�ı � Ankara R3 Lightweight concrete
aggregate resource in
central Turkey

Dolomitic
limestone

Yahyalı � Kayseri R4 Paving mixture resource in
central Turkey
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where Dt represents the crushing time from start to finish, n is the
stepsize depending upon Dt. For the sake of clarity, the Dx was
assumed to be the response time of the powermeter (Dx = 0.5).

In this regard, the total energy consumption Et (kJ) was deter-
mined by the following equation:
Fig. 2. Experimental flow chart
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Et ¼ V � cos/

103

Xt

i¼0

Ii � ti ð3Þ

where I is the current drawn by the crusher (A), V is the voltage (V),
cos(/) is the power factor of the engine propelling the crusher, and t
is the crushing time (s).

The DRC was assessed based on four quantitative and one qual-
itative parameter. The quantitative parameters were the size
reduction ratio (SRR), size distribution width (Dw), product flaki-
ness index (FIp), and Et (Eqs (1)–(3)). The SRR was determined
using sieve analysis results (Eq (4)).

The other size-related parameter is the Dw (Eq (5)), proposed
by Evertsson [33]. In practice, similar to the SRR, the Dw is a
dimensionless parameter, where higher values of Dw point out a
higher rate of size reduction.

SRR ¼ F80

P80
ð4Þ

where F80 and P80 denote the theoretical square mesh aperture sizes
(mm) corresponding to 80% of cumulative undersize of feed’s and
product’s PSDs, respectively.
for the crushability tests.



Table 2
Technical properties of the devices used in crushability tests.

Powermeter Jaw crusher

Nominal voltage, (V) 100 – 260 Nominal voltage (V) 220
Nominal current (A) � 16 Nominal current (A) � 14
Frequency (Hz) 50 Frequency (Hz) 50
Power measurement

(kW)
� 3.68 cos(/) 0.94

Response time (s) 0.5 Power (kW) 2.20
Feeding gape (mm) 100
Capacity (t/h) � 0.2
CSS adjustment
(mm)

� 40

Plate type Convex
with
stiffeners

Plate length (mm) 340
Jaw speed (rpm) 285 – 290
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Dw ¼ P80 � P20

P50
ð5Þ

where P80, P50, and P20 are the theoretical square mesh aperture
sizes (mm) that correspond to 80%, 50%, and 20% of cumulative
undersize of product’s PSD, respectively.

The FIp was determined by flakiness index tests conducted in
accordance with BS EN 933–3 [34]. The FIp was calculated, adopt-
ing two particle size ranges: –9.50 + 6.30 mm (FIp1) and –6.30 + 4.
75 mm (FIp2). For the determination of FIp1, 4 mm and 5 mm bar
sieves were used together, and flaky materials passing through
these sieves were averaged. On the other hand, a 3.15 mm bar
sieve was used to calculate the FIp2. The qualitative parameter to
assess the DRC was based on observing failure patterns of crushed
particles for different size fractions. These failure patterns were
visualized by scanning electron microscope (SEM) analyses.
3. Laboratory studies

3.1. Mineralogical and failure characterization of the rocks

The mineralogical characterization of the rocks was conducted
through XRD analyses, where the patterns were analyzed using
the Panalytical Highscore Plus software with a mineral database
of PDF2. Typical XRD patterns are illustrated in Fig. 3.

Based on the XRD analyses, the investigated rocks were identi-
fied as regards their lithology. Hence, the investigated rocks were
found to be basalt (R1), limestone (R2, R3), and dolomitic lime-
stone (R4). The basalts were mainly made up of four mineral
groups such as plagioclase (64%), pyroxene (15%), hornblende (6),
and opaque minerals (3%).

The accessory minerals were quartz (1%), clay minerals (1%),
and zeolite (1%). Uncrystallized components in the basalts were
defined as the matrix that constituted approximately 9% in the
semiquantitative XRD analyses.

The rock types of R2 and R3 were almost composed of calcite
minerals. The R4 was a dolomitic limestone with a calcite/dolomite
ratio of 10 – 12. The SEM analysis demonstrated that the failure
mechanisms of the rocks are quite different. For instance, fracture
patterns of R1 were mainly observed as conchoidal fracture sur-
faces (Fig. 3a), which are typical for basaltic rocks. Because of the
brittle failure, micro-fissures were evident, resulting in a splitting
failure for R2 (Fig. 3b). Tabular failure is typical for R3 (Fig. 3c).
Finally, intense longitudinal micro-fissures parallel to the loading
direction were observed in R4 (Fig. 3d). Consequently, the failure
characteristics can provide a rapid estimation of how the rocks
behave under dynamic compressive forces.
1524
3.2. Physicomechanical and aggregate properties of the rocks

The physical and mechanical rock properties were determined
using core samples with a length-to-diameter ratio of 2.0–3.0.
The physical properties comprised the dry unit weight (cd) and
water absorption by weight (wa). In contrast, the mechanical and
aggregate properties considered in this study were the UCS and
LAA, respectively.

The physical and mechanical properties were determined under
oven-dried conditions in accordance with the methods suggested
by the International Society of Rock Mechanics [35]. Nevertheless,
the LAA was determined, according to BS EN 1097–2 [36]. Each test
was repeated five times, and the average values were presented.
The rock properties are given in Table 3. Considering the UCS val-
ues, the investigated rocks were identified from moderately hard
rock (UCS = 50 – 100 MPa) to hard rock (UCS = 100 – 200 MPa),
according to Deere and Miller [37].
3.3. Crushability tests

Crushability tests provide quantitative data on sizing, produc-
tion yield, and comminution rate for several crushers [30]. In the
context of crushability tests, rock aggregates with a particle size
range of 9.52 – 19 mm were prepared (Fig. 4a). As mentioned pre-
viously, the flaky materials were reduced using an 8 mm bar sieve
before crushability tests. Then, the entire mass of aggregates (F1–
F3) with different size fractions (S1–S3) was fed manually to the
jaw crusher (Fig. 4b) in a single charge.

In the crushability tests, nine coupling variables (Fig. 2) were
adopted, and five tests were conducted for each coupling variable.
In total, 45 crushability tests were performed for each rock type,
and average values obtained from the tests were presented.

Throughout the crushing action, the variations in current drawn
by the crusher were recorded systematically (Fig. 4c). After the
crushability tests, crushed particles were sieved (Fig. 4d) for
obtaining quantitative data on their DRCs. For specific size frac-
tions (–9.52 + 6.30 mm and –6.30 + 4.75 mm), flakiness index tests
were also carried out (Fig. 4e).

Typical PSDs and current measurements are given in Fig. 5. As a
result of crushability tests, the quantitative DRC parameters (i.e.,
SRR, Dw, FIp1-2, and Et) were calculated for each case. All these
parameters were recorded and transformed into a dataset for fur-
ther analyses.

The crushability test results are presented in Table 4. From S1–
F1 to S3–F3 conditions, the SRR varied from 1.46 to 2.44. The Et and
Ecs were found to be between 11.59 and 43.69 kJ and 21.18 –
33.63 kJ/kg, respectively. The results in Table 4 show that the
DRC is directly associated with the mf and F80. The underlying rea-
sons for varying DRC parameters are discussed in the following
sections.
4. Results and discussion

4.1. Assessment of the DRC based on response surface methodology
(RSM)

The crushability tests demonstrated that the mf and F80 have
remarkable impacts on the DRC from different perspectives. To
determine dominating factors affecting the DRC parameters, the
response surface methodology (RSM) was adopted. The RSM is a
useful technique for developing, improving, and optimizing pro-
cesses or products [38]. It provides absolute values of standardized
effects based on Pareto charts. Consequently, the method reveals
dominating factors and interactions on dependent variables [39].



Fig. 3. Typical XRD and fracture patterns of the investigated rocks a) R1 b) R2 c) R3 d) R4.

Table 3
Physicomechanical and aggregate properties of the investigated rocks.

Rock type Location Code cn (g/cm3) wa (%) UCS (MPa) LAA (%)

Basalt Çaycuma � Zonguldak R1 26.10 0.49 113.56 22.29
Limestone Havran – Balıkesir R2 25.41 0.30 82.32 21.80
Limestone Gölbas�ı � Ankara R3 25.62 0.85 64.57 29.72
Dolomitic limestone Yahyalı � Kayseri R4 26.29 0.18 120.54 19.61

cn : Dry unit weight wa: Water absorption UCS: Uniaxial compressive strength.
LAA: Los Angeles abrasion value.
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Fig. 4. Rock samples and devices used in the crushability tests a) Rock aggregates with reduced flaky materials (9.52 – 19 mm) b) Laboratory-scale jaw crusher c) Current
measurements at different stages of a single crushability test d) Crushed particles after a crushability test e) Flakiness index test for different size fractions.
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In this regard, the RSM analyses were conducted through the
software Minitab. The linear relationship with interactions (e.g.,
x1, x2, and x1x2) was adopted as the fitting function. The feeding
properties (Fig. 2), rock properties (Table 3), and all quantitative
DRC parameters (Table 4) were integrated into the RSM analyses.
The analysis results are given in Fig. 6.

Focusing on the SRR of rocks, the F80 dominates the size reduc-
tion. Although the Dw is regarded as a size-related parameter, the
rock properties (UCS and wa) and the mf have more significant
effects than the F80. The Dw covers size parameters (Eq (5)) highly
dependent upon choke feeding intensity in the crushing chamber.
Under this circumstance, rock properties and the mf became
prominent and agreed with Kahraman et al. [26].

Concerning the FIp1 and FIp2 values, the UCS, wa, mf, and F80 can
together take part in their variations. However, these variables do
not act at the same level when considering their standardized
effects in Fig. 6. Achieving a lower correlation of determination
(R2 = 0.57) for FIp1 may be derived from the measurement method.
Since there is no standardized bar sieve corresponding to the par-
ticle size range of 9.52–6.3 mm, two bar sieves (4 mm and 5 mm)
were used together that may cause problems in determining the
relevant parameter. Besides, for the determination of FIp2, (6.30–
4.75 mm), the 3.15 mm bar sieve conforms to the BS 933–3 [34].

Herein mentioned that the FIp decreases gradually from S1–F1
to S3–F3 conditions. For R1–R3, the FIp increases with the decrease
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in product size. For the same comparison, in contrast, it decreases
when considering R4 (Table 4). In either case, further studies are
required on whether the product flakiness would be affected by
the product’s size fractions. Finally, it is evident that the mf plays
a vital role in the Et (Fig. 6). As a result of the RSM analyses, the
mf and F80 can be declared indispensable parts in evaluating the
DRC in jaw crushing. Several surface response models are also
given in Fig. 6 to evaluate the DRC parameters in more detail.

Basically, in the case of energy concerns, the mf should be
regarded, whereas the F80 is essential in general size reduction.
The Pareto charts and response surface models reveal the charac-
teristics of the DRC parameters. Although these charts clarify
well-dominating factors, they do not state which parameter
increases or decreases the response. In these cases, surface
response models provide practical information on how effective
the factors would be.

For industrial jaw crushers, the choke feeding intensity is not
considered a critical phenomenon in initial rock breakage. How-
ever, the choke feeding intensity is highly dependent upon the
mf in the crushing chamber. The more the mf in the crushing cham-
ber, the more fine particles will be produced owing to intense
choke feeding activity [4]. As an indirect jaw crushing parameter,
the choke feeding intensity was also emphasized by Beloglazov
and Ikonnikov [40]. As the rock comminution and energy efficiency
can be defined as a function of area increment of particles in jaw



Fig. 5. Effects feeding properties on crushability tests a) PSD of products b) Variations in current drawn by the crusher.
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crusher [41], the production of fines can be diminished by regulat-
ing the mf in the crushing chamber. From this point of view, feed
level sensors or circuit breaker plugs may be beneficial for the reg-
ulation of mf during jaw crushing. In this way, the crushing energy
consumption and the generation of fines can be optimized using
these tools.

In order to avoid misconception, it should be mentioned that
the crushed particles obtained from both jaw or cone crushers
1527
may not be the actual final products ready to be used in such appli-
cations. More profoundly, as a global approach, the final shape of
products is mainly achieved by reshaping them through a vertical
shaft impact crusher [7]. Briggs and Evertsson [42] stated that effi-
cient rock comminution and obtaining optimal shape properties
might not be available simultaneously. In some cases, desirable
size reduction is accomplished, whereas concerns regarding
product shape are met in other cases. Owing to this reason, the



Table 4
Crushability test results.

Rock type Parameter S1–F1 S1–F2 S1–F3 S2–F1 S2–F2 S2–F3 S3–F1 S3–F2 S3–F3

R1 SRR 2.14 2.26 2.25 1.83 1.92 1.99 1.46 1.52 1.61
Dw 0.98 1.10 1.11 0.92 1.00 1.09 0.96 1.06 1.13
FIp1 18.13 13.82 12.93 13.00 12.30 11.44 8.43 11.69 10.23
FIp2 26.66 19.90 16.12 17.01 13.97 13.36 15.04 14.06 11.29
Et (kJ) 15.38 30.73 44.15 14.66 30.33 43.69 12.94 27.91 37.32
Ecs (kJ/kg) 30.63 30.87 29.37 29.14 30.28 29.09 25.91 27.89 24.91

R2 SRR 2.33 2.39 2.44 1.83 1.85 1.89 1.59 1.65 1.67
Dw 1.19 1.25 1.28 1.15 1.22 1.29 1.05 1.25 1.25
FIp1 14.57 10.12 10.86 11.17 11.55 11.90 13.09 13.59 11.02
FIp2 20.68 17.22 16.72 16.61 15.46 13.84 15.68 14.74 12.59
Et (kJ) 12.84 23.67 37.08 12.74 24.35 36.95 13.06 26.70 34.56
Ecs (kJ/kg) 25.45 23.60 24.70 25.56 24.24 24.62 26.04 26.70 23.01

R3 SRR 2.32 2.44 2.44 1.93 1.97 2.05 1.62 1.60 1.70
Dw 1.24 1.36 1.38 1.21 1.26 1.29 1.12 1.21 1.24
FIp1 15.69 14.77 14.65 13.20 9.52 10.02 11.78 10.64 11.50
FIp2 25.06 19.70 22.25 20.40 15.26 18.29 18.70 14.81 15.06
Et (kJ) 12.78 22.41 33.38 12.60 21.61 31.81 13.06 21.74 33.06
Ecs (kJ/kg) 25.52 22.33 22.22 25.25 21.54 21.18 26.01 21.74 22.01

R4 SRR 2.25 2.34 2.34 1.89 1.91 1.99 1.56 1.59 1.62
Dw 1.12 1.16 1.26 1.12 1.16 1.17 1.06 1.13 1.19
FIp1 21.20 16.07 19.84 23.38 17.80 15.07 17.56 18.90 13.70
FIp2 14.70 13.60 12.37 12.11 9.20 10.35 8.18 6.94 7.16
Et (kJ) 16.88 28.02 42.46 13.43 28.26 42.82 11.59 26.53 41.97
Ecs (kJ/kg) 33.63 28.02 28.28 26.80 28.19 25.53 23.01 26.56 27.95
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DRC should be investigated through dynamic simulations or soft
computing algorithms, one part of which is introduced in the fol-
lowing section.
4.2. Application of gene expression programming (GEP) for the
assessment of DRC

For a detailed evaluation of the DRC, the gene expression pro-
gramming (GEP) methodology was utilized. The GEP has been used
in various science and engineering fields to solve many problems
[43–46]. In this regard, a novel application of GEP was presented
to predict the DRC parameters. The prediction of DRC parameters
provides useful indicators on the performance of crushers.

The GeneXpro software was used in implementing various GEP
models. In the models, the number of chromosomes, head sizes,
and gen sizes were set to 30, 8, and 3, respectively. The linking
function was multiplication, and root means square error (RMSE)
was regarded as the fitness function. As a result of the GEP analy-
ses, the empirical formulae of sub-expression trees are given in
Table 5.

Apart from the FIp1, the GEP models estimated consistent DRC
parameters with a minimum R2 of 0.76 (Fig. 7). However, the
GEP requires a dataset before the calculation can be performed.
Owing to this reason, it is not appropriate for crushing design stud-
ies. It may instead be useful to analyze the crushing processes by
integrating such mathematical models (e.g., Table 5) into Matlab
or any other programming languages. In this context, such GEP
models may be suitable for optimizing some of the DRC parameters
(e.g., Et) by collecting field data.

Thanks to its dynamic calculations capability, GEP models can
also have flexibilities to analyze subsystems of crushing and
screening components that can be declared another advantage of
GEP.

It was determined that the DRC parameters could be estimated
reliably from the GEP models (Fig. 7). The findings obtained from
the present study imply that artificial sand–gravel production
processes can be optimized by regulating the mf and F80. However,
further studies should also be focused on varying CSS, mf, and F80
combinations. The study clearly shows that the generation of fines
will decrease or increase when the mf and F80 are in control.
1528
Specific to portable jaw crushers, sand-gravel producers may
benefit from this knowledge. The improvements in feed size lead
to beneficial optimization in the performance of crushers due to
lower system capital costs, reducing unit operating costs, and
increasing plant productivity [47]. Also, focusing on the mf and
F80 may enable achieving the optimal production yield for specific
size fractions, where the GEP can be the right choice of facility in
estimating the variations in production yield due to the mf and F80.

It is worth reminding that excessive fine and flaky materials and
lower SRR values are significant evidence of poor rock comminu-
tion. It is well-known that the presence of fines deteriorates the
rock aggregate quality and decreases the total production yield.
In addition, flaky products are not desired in aggregate-related
engineering applications or structures since their abrasion resis-
tance is relatively lower than the cubical ones [48,49]. Hence, the
crushing operations should be improved, considering crushing-
related parameters as many as possible. As such, the number of
crushability tests should be increased concerning parametric
approaches for a more detailed investigation of DRC.
5. Conclusions

The present study aims to reveal the effects of feeding proper-
ties (mf and F80) on the DRC that occurred in a laboratory-scale
jaw crusher. Crushability tests were performed on four rock types,
and the variations in DRC parameters were investigated through
the RSM. In addition, the DRC parameters were also predicted
using the GEP models. The crushability tests provided adequate
knowledge of how the rock aggregates behave under the choke
feeding domination at different stages.

The RSM analysis results indicated that the mf and F80 are indis-
pensable elements in jaw crushing. The F80 controls the general
size reduction, whereas the mf is responsible for the crushing
energy consumption and product flakiness. The UCS and wa are
also found to be reasonable parameters for quantifying rock
crushability. From S1–F1 to S3–F3 feeding conditions, the FIp
improves slightly. For the same comparison, the Ecs decreases grad-
ually, which clearly shows the effects of choke feeding on the DRC.
Therefore, it is evident that the choke feeding intensity can be



Fig. 6. RSM analysis results.
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regulated by changing the mf and F80. In this way, the generation of
fines can be optimized, which may provide a piece of useful infor-
mation to rock aggregate manufacturers and sand–gravel produc-
1529
ers. Several GEP models were also introduced to evaluate the
DRC parameters in this study. The proposed GEP models have a
satisfactory estimation capability. Therefore, one can claim that



Table 5
Empirical formulae of Sub-ETs for the GEP models.

GEP Model 1
(SRR)

Sub-ET1 exp d3ð Þ þ d1 þ c1ð Þð Þ=2� d3 g1c1 = 5.428
g2c7 = 4.597
g3c1 = 0.285

Sub-ET2 1= 2d3 þ c7 þ d2ð Þ=2þ d0ð Þ
Sub-ET3 1= 1� d3ð Þ þ ln c1ð Þ þ d0 þ d1ð Þ=2ð Þ=2

GEP Model 2
(Dw)

Sub-ET1 min d1=d2ð Þ þ c9ð Þ � d3 � c3ð Þð Þ; d1 þ c5ð Þ=2� d3 � c8ð Þð Þð Þ g1c9 = 4.533
g1c3 = 122.056
g1c5 = 4.550
g1c8 = 4.857
g2c6 = 0.092
g2c7 = 0.307
g2c4 = 3.425
g3c0 = 2.894
g3c2 = 3.844
g3c8 = 3.039
g3c1 = 2.625

Sub-ET2 exp min min d3; c6ð Þ; d3 � c7ð Þð Þ � d3 þ c4ð Þ=2� c1=34

� �� �

Sub-ET3 max c1 � d3 � c0ð Þ; c2 þ d3ð Þð Þ � d3 þ c8ð Þ � d2=d0ð Þð Þ

GEP Model 3
(FIp1)

Sub-ET1 ln d3ð Þ þ 2 d1 � d2ð Þ= d0 þ c1ð Þ þ d1 þ d3ð Þ=2ð Þ g1c1 = 1.299
g2c6 = 4.668
g2c1 = 2.022
g3c0 = 0.102

Sub-ET2 max max d3 þ c6ð Þ; c1=d3ð Þð Þ � d1=c6ð Þð Þ; ln d1 � c0ð Þð Þ
Sub-ET3 d23 þ 1

� �
=d3 þ 1

� �
=2þ ln c0 þ d3ð Þ=2ð Þ

GEP Model 4
(FIp2)

Sub-ET1 1= 1� d1 � d2ð Þ þ d1 � d2ð Þ=d1ð Þ=2ð Þð Þ g2c1 = 4.645
g2c3 = 4.876
g3c1 = 259.022

Sub-ET2 ln max c1; c3ð Þ � d3 � d1ð Þð Þ � d1 þ d3ð Þð Þ � d2ð Þ
Sub-ET3 d2 � d1 � c1ð Þ þ d0 � d2ð Þð Þ=2ð Þ= ðc1 � d0Þ � d3ð Þ

GEP Model 5
(Et)

Sub-ET1 d2=d0ð Þ � c3ð Þ � c1ð Þ þ d1 þ d0ð Þ � c7=d3ð Þð Þ g1c1 = 31.706
g1c3 = 5.463
g1c7 = 10.601
g2c0 = 4.944
g2c3 = 3.698
g2c4 = 1.887
g3c4 = 18.734
g3c3 = 72.770

Sub-ET2 d2 � c4 � d1ð Þ þ c0ð Þð Þ � c3 þ d3ð Þ � c1=33

� �

Sub-ET3 1= c4 � d2ð Þ � d2 � d0ð Þ � 2c3ð Þð Þ

d0: mf, d1: F80, d2: UCS, d3:wa.

Fig. 7. Correlations between predicted and measured values from the GEP models.
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the use of GEP may be a beneficial way for the assessment of issues
regarding the optimization of jaw crushing operations. Lastly, the
DRC in jaw crushers should be investigated in more detail concern-
1530
ing product achievement. In this context, investigations using a
laboratory-scale jaw crusher can represent portable crushing –
screening plants endowed with jaw crushers.
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Quantitative approaches stated in this study should be
attempted in portable crushing – screening plants to observe diffi-
culties/similarities of quantifying such DRC parameters stated in
this study. Moreover, the operational features connected with
feeding properties should be investigated from technical possibil-
ity and commercial concerns. It should be kept in mind that the
choke feeding intensity is a critical part of compressive crushers,
which varies with physicomechanical and mineralogical features
of rocks. Therefore, rock comminution optimizations should be
assessed and addressed to individual rock types because the choke
feeding intensity has individual impacts on any rock type.
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