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Abstract

OPEN ACCESS

When maging is used to detect the crushing effect of rock particles, the selected
characterization parameters are important factors affecting the results. The image-based

detection system is composed of three parts: an image acquisition system, a storage
platform, and a digital image processing system.The influence of loading mode and feeding
particle size on rock crushing degree and rock morphology characteristics after crushing are
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analyzed respectively; The crushing ratio and sand-forming ratio of limestone, limestone DOI:

and granite under shear and extrusion loads are analyzed. The experimental results show

10.23967/j.rimni.2023.10.007

that the crushing ratio and sand formation rate play a key role in the crushing of rocks
composed of different materials under shear compression loading. The effect analysis of

crushing under the feed particle size of 9.5 mm to 16mm shows that there is a great
correlation between edges and corners, roundness and overall contour. It provides a basis
for the follow-up research on intelligent mine construction and equipment optimization,

and is worthy of further popularization and application.

1. Introduction

As one of the most important building materials, sand and
gravel aggregate is widely used in building engineering and
represents a large proportion of the solid materials used in
construction in China. To obtain qualified products, it is
necessary to carry out quality inspection on broken aggregate,
but traditional inspection methods are mostly manual or
semimanual, which are complicated and inefficient and will
make the corresponding inspection results inaccurate.
Therefore, it is necessary to use new methods to analyze broken
rock particles.

Hamzeloo et al. [1] used image processing and neural network
technology to estimate the particle size distribution in the
crushing circuit of a copper concentrator. Chen et al. [2]
proposed an online machine-based visual inspection method for
feedback control of molecular sieve growth in drum
granulation. A comparison with micrometer measurements
confirmed the accuracy of this approach. Jug et al. [3] compared
simulated debris with actual postexplosion debris through
image processing and developed and calibrated a debris model.

Yang et al. [4] proposed an online detection system based on
size and shape that can realize the noncontact measurement of
related attributes of objects with high reliability. Zheng et al. [5]
proposed a particle size characterization method based on
three-dimensional photography that can accurately determine
the thickness of particles. Shehu et al. [6] analyzed the particle
size distribution of granite aggregate in a quarry by using
scanning digital image processing software and the Kuz-Ram
empirical model and realized the preliminary evaluation of the
blasting design. Wu et al. [7] used the discrete element method
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to analyze the energy changes in the crushing process. Chen et
al. [8] adopted RGB image processing to improve the gray level
and edge gray gradient of particle images. Yang et al. [9] used
microscopic and image processing technology to quantitatively
analyze river sand and sea sand for construction.

Li et al. [10] proposed a new particle breakage model and then
analyzed the particle breakage mechanism. Chen et al. [11]
realized the quantitative analysis of mineral particle
morphology by using the image method. Zhang Li et al. [12]
proposed a new image segmentation method based on graphs
that can extract more objects and achieve high accuracy. Wu
and Wang [13] proposed a deep learning model for predicting
the constitutive response of natural sand that successfully
predicted the mechanical properties of granular soil. Hoving et
al. [14] studied the particle size distribution of bulk samples by
using microcomputed tomography and artificial intelligence.

However, at present, there are no reports related to parameter
selection for analysis of the crushing effect of broken rock
particles, especially with respect to imaging, which is an efficient
technical approach. Therefore, this paper uses imaging to
analyze two-dimensional images of broken rock particles. The
aim is to provide more theoretical support for further analysis
of particle fragmentation.

2. Image-based detection method of coarse
particles after crushing

The particle image acquisition device in this paper is a
measurement and detection system independently built by the
school. The image-based detection process of coarse aggregate
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mainly includes camera calibration, image acquisition, and
aggregate data collection.

2.1 Image acquisition

In the two-dimensional image processing and analysis of coarse
aggregate, image acquisition is the first step. In this step, the
camera equipment Haikang Robot Industrial Camera, the
illumination intensity is 1.255 Lm and the input and output
equipment will affect the imaging quality, so it is very important
to choose appropriate equipment and parameters.

Before performing image processing, we must first collect
images. Collecting suitable digital images will enable better
image processing. Angle and illumination focal length are
factors that must be considered. The camera used in this
experiment was a Hikvision Robot in conjunction with the
Hikvision Industrial Camera Client software MVS. MVS is a
setting management software that was specially launched for
the Hikvision Industrial Camera. The official version of Hikvision
Industrial Camera Client MVS integrates a series of functions,
such as information management, IP configuration, network
card configuration, and firmware upgrading, to help users
better debug cameras. Camera related parameters are shown
in Table 1.

Table 1. Camera parameters

Camera q Data Sensor | . A Photo
model Resolution interface type Pixel size  m— Spectrum
MV-CE050-30 i Black and
= 2592x1944 GigE CMOS | 2.2u2.2u BMP i

A two-dimensional image acquisition and processing system for
coarse aggregate was designed in accordance with two-
dimensional image analysis theory. The system consists of three
parts: an image acquisition system (digital camera), a storage
platform, and a digital image processing system. he schematic
diagram of the image analysis system is mainly composed of a
computer, a brightness regulator, a camera, a backlight board,
and a material, as shown in Figure 1 below. The real view of
image acquisition is shown inFigure 2. It can be visualized that
the acquired image is displayed in real time.
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Figure 1. Schematic diagram of the image analysis system

Figure 2. Image acquisition scene

According to the principle of the imaging method, particles with
a diameter larger than 4.75 mm after mechanical screening
were uniformly spread on the glass background plate of the
image acquisition device, and the brightness of the bottom
plate is adjusted by the digital light source controller. Then, an
industrial camera with a resolution of 2592 x 1944 was used for
shooting, the Halcon version 20.11 code-based particle size
detection platform was used to process the collected pictures,
and the characteristic parameters of particles larger than 4.75
mm were obtained by the algorithm compiled by the detection
platform.

For image acquisition, parameter calibration should be carried
out first to establish the link between internal parameters and
external parameters, the pixel distance is transformed into the
overall coordinate system, and then the actual parameters are
obtained.

Calibration was performed with the standard calibration plate
method and the calibration assistant in HALCON software,
Calibration plate size: HC050-2. 5 7*7. The calibration plate is
shown in Figure 3.

Generally, 12-20 images are collected during shooting so that
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Figure 3. Calibration board (HC050-2.5 7*7)

the calibration plate covers the whole image acquisition area,
and then one image is selected as the reference. This time, 15
pictures were taken, and the file image_15 was selected. The
calibration plate was located in the center of the image
acquisition area as the reference. The image set acquired by the
calibration board is shown in Figure 4.
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Figure 4. Images collected by the calibration board method

2.2 Image processing

After image preprocessing, the boundary contour of each
coarse aggregate is obtained, and finally, the pixel coordinates
of the boundary contour are extracted. The longest axis,
shortest axis, angularity, and surface texture of the coarse
aggregate are calculated by processing the pixel coordinate
data according to the two-dimensional morphology
characterization method.

The flow chart of related algorithms used in the detection
process is shown in the figure, including basic image processing

https://www.scipedia.com/public/Yu_et_al_2023d

methods such as image enhancement and threshold
segmentation of the initial image. The details are shown in
Figure 5. Figure 6is a collection diagram with particle size
greater than 4.75 mm.

Image detection of particle size

MYVS Image
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Halcon image
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Fill small pores
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Figure 5. Detection flow chart

Figure 6. Collection diagram of particles with particle size > 4.75 mm

The following first-order parameters are obtained: area,
perimeter, equivalent ellipse perimeter, circumscribed polygon
perimeter, equivalent diameter, circumscribed circle radius, and
inscribed circle radius.

The following quadratic parameters are obtained: angularity,
flatness, roundness and roughness.
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calculation of the
of the rock

3. Selection and
characterization parameters
crushing effect

3.1 Calculation of characterization parameters
of particle breakage degree

The crushing ratio and unit power consumption (energy
consumption per unit mass of crushed products) are the basic
technical and economic indexes of crushing machinery. The unit
power consumption is used to judge whether the power
consumption of crushing machinery is economical, and the
crushing ratio is used to explain the characteristics of the
crushing process and identify the crushing quality. Even if the
unit power consumption of the two crushing machines is the
same, if the crushing ratio is different, the economic effects of
the two machines will be different. Generally, machines with
large crushing ratios have higher operating efficiency.
Therefore, to identify the operating efficiency of crushing
machinery, its unit power consumption and crushing ratio
should be considered at the same time.

The crushing ratio refers to the ratio of feed particle size to
product particle size in the crusher. This ratio indicates the
degree of material crushing, which directly affects the energy
consumption and processing capacity of the crusher.

3.1.1 Maximum crushing ratio

Tthe formula is as follows:

- Dmax
. dmax (0

where max means maximum, Dmax indicates the maximum
particle diameter of the incoming material (mm), and dmax
indicates the maximum particle diameter of the finished
product (mm).

Due to different customs, large-particle standardization
methods are different. In Britain and America, a material is
considered to have a large particle size if 80% of the material
can pass through the corresponding sieve hole width. In Russia
and China, 95% of the material must pass through the
corresponding sieve hole width.

Application object: This calculation method is often used in
concentrators and quarries because the width of the crusher
inlet should be determined according to the maximum particle
size of the feed ore.

3.1.2 Surface crushing ratio: the ratio of the
width of the inlet and outlet of the crusher

The definition is

_ 0.85B
1= 088 @

where B represents the width of the inlet (mm) and S
represents the width of the outlet (mm).

The value 0.85 is the width coefficient of the crusher used to
hold the materials. The width of the discharge port is S. Coarse
crushers are different from medium and fine crushers; the
former has a large width, and the latter has a small width.

Application object: Because this method does not necessitate

the sieving and analysis of a large amount of material, an
approximate calculation can be carried out by knowing the

https://www.scipedia.com/public/Yu_et_al_2023d

widths of the inlet and outlet of the crusher. This calculation
method is simple and rapid, so it is widely used in production.

3.1.3 Average crushing ratio: the ratio of the
average particle size of materials before and
after crushing

The value is expressed as

_DP
1= €)

where DP represents the average particle size (mm) of the
material before crushing and dp represents the average
particle size (mm) of the stone after crushing.

Application object: Because the ore before and after crushing is
different in size and shape, it can be represented by the average
particle size. Therefore, the crushing ratio calculated from the
average particle size can truly reflect the crushing degree; this
parameter is mostly used in theoretical research.

On the basis of the above considerations, the average crushing
ratio was selected for later analysis and calculation.

3.2 Sand formation rate

The sand formation rate is the percentage of sand used in
concrete relative to the total sand and gravel mass. Generally, a
change in the sand formation rate often makes the total surface
area of the aggregate change, which affects the dynamic mixing
of concrete. Therefore, the conditions producing the best
cement slurry are used to calculate the sand formation rate.

When the sand ratio is too large, the total surface area and the
corresponding porosity of the aggregate will change
accordingly; therefore, more cement will be needed as filler,
and the added cement will produce a decrease in fluidity. When
the sand ratio is too small, the void ratio of the aggregate will
change greatly, and the requirements will be high. Accordingly,
the fluidity of the concrete will be poor, so bonding and water
retention will decrease, and grouting will easily occur.

3.3 Description of geometric parameters of
particle shape

A series of indexes for evaluating the two-dimensional shape
parameters of particles have been used in previous research
[15-16].

Ye Jiabing et al.[17] selected three representative particle shape
evaluation parameters for research. The length-width ratio,
flatness, and sphericity can sensitively reflect the degree of
deviation from spherical particles and can be preferentially used
as particle shape evaluation parameters.

3.4 Angularity

Angularity, as a parameter to characterize the morphology of
particles, has been mentioned in many studies. At present, the
ratio of the circumference of the minimum circumscribed
polygon to the equivalent ellipse of the particle is generally
used to define angularity

F=£ (4)

where Pc represents the perimeter of the minimum
circumscribed polygon of the particle, and Pe represents the
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equivalent ellipse of the particle.
3.5 Roundness (shape index)

Roundness can vividly represent the roundness of particles
because of their irregularity (the projected perimeter of a
particle must be greater than the equivalent area perimeter).
Therefore, the roundness value e is always greater than 1, and
the specific calculation formula is as follows

2

where P represents the projected perimeter of the particle
itself, and A represents the equivalent projected area of the
particle.

3.6 Overall profile coefficient

The overall profile coefficient represents the ratio of the
circumference of the equivalent area 1D to the circumference P
of the particle itself. Because rock particles cannot be
completely round, this value is generally less than 1, and its
value is a maximum only when the particle has a standard
round shape. For a given area, the smaller the value of the
overall profile coefficient is, the more the overall shape of the
particle deviates from circular, and the more irregular and
coarse the shape is. Therefore, the overall profile coefficient can
describe the morphological characteristics of the particle as a
whole

=2 (6)

In this paper, the characterization parameters of the rock
crushing effect can be subdivided into two parts. The first part
describes the difficulty of particle crushing, and the other part
describes the particle shape after crushing. The crushing
difficulty is characterized by the true crushing ratio and sand
formation rate, while the particle shape is characterized by
edges and corners, roundness, and overall profile coefficient.

4. Experimental study on key parameters
affecting the crushing effect

Once the most relevant characterization parameters for
evaluating the rock fragmentation process are established by
our chosen image processing method, the influence of rock
fragmentation particles on loading mode and feeding particle
size can be analyzed.

4.1 Experimental study on the influence of
loading mode on the rock crushing effect

Shear extrusion has different effects on material crushing
because of its different mechanisms. Existing artificial sand and
gravel production equipment is mainly based on mechanical
crushing, and the force application methods of crushing
machines include crushing, splitting, breaking, grinding,
stripping, and impact. Most of the crushing machines used in
industrial production include a variety of force application
methods. At present, there is a lack of comparative analysis
between pairs of single loading modes. The equipment model
selected in this test is FZDH-01, and the shear extrusion
equipment is compared and analyzed. The experimental model
diagram and physical diagram are shown in Figures 7 and 8,
respectively.
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Figure 7. Experimental model diagram
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Figure 8. Physical diagram of the experimental crusher

The crusher squeezes the material in the vertical direction for
crushing. Shear force is used to break the material horizontally.

In this experiment, feed particles with a particle size of 9.5mm-
16 mm were selected for use in the crusher, and crushing by
shearing and extrusion was compared and analyzed.

According to the analysis of the sand formation rate and
crushing ratio under shear conditions, the crushing ratios of the
three rocks studied follow the order limestone (1.873),
limestone (1.846), and granite (1.791) from high to low. The
sand formation rate from high to low is limestone (2.016%),
granite (1.911%) and limestone (1.881%). Through Figure 9, it
can be clearly seen that gray—greenstone is more suitable for
research and analysis.

According to the analysis of sand forming ratio and crushing
ratio under extrusion, the crushing ratio of limestone, limestone
and granite increases, which are 5.61, 5.72 and 6.97
respectively. The sand-forming rate of limestone, limestone and
granite decreased by 6.97%, 19.84% and 17.91%, respectively,
as shown in Figure 10.
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Figure 10. Sand formation rate and crushing ratio under extrusion

characterization parameters of rocks composed
of different materials after crushing under
extrusion

According to the analysis of the characterization parameters of
different materials of broken rocks under shear condition, it can
be seen that the angularity and roundness at this time are close
to those in limestone and granite. As shown in Figure 12, the
angularity at this time is 1.0404 and 1.0405 respectively. The
roundness is 1.0561 and 1.0559 respectively. In the overall
contour coefficient, the maximum of limestone is 0.7021.

I Angularity [l RoundnessJll Global contour coefficient

120 08

00 00

Grey-greenstone  Limestone Granite

Figure 12. Trend of grain shape
characterization parameters of rocks composed
of different materials after crushing under
shear conditions

4.2 Experimental study on the influence of feed
particle size on granite crushing effect

4.2.1 Effect of feed particle size on crushing
degree

The feed particle size will affect the sand formation efficiency in
vertical shaft impact crushing. Because the material particles
are heterogeneous solids filled with cracks, the random
distribution of cracks determines the variation in local strength
in rocks. Generally, the larger the particle size of rock is, the
more cracks it has. The crushing effect parameters are shown in
Table 2.

Table 2. Parameters of the crushing effect

Through the analysis of crushed rocks of different materials
under extrusion, it can be seen that the influencing factors are
angularity, roundness, and overall profile coefficient. As can be
seen from the above Figure 11. It can be seen from the above
figure that granite has the smallest angularity, limestone has
the smallest roundness and granite has the smallest overall
profile coefficient.

I Angularity [l RoundnessJlll Global contour coeffient

nstone  Limestone Granite

Figure 11. Trends of grain shape
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From Table 2, we can see that the crushing ratios of limestone
and granite with different particle sizes are relatively high under
extrusion. The sand formation rates of limestone under shear
loading are 0.0609, 0.0442, and 0.0307. Gray—-greenstone,
limestone, and granite have little change in angularity. The
overall profile coefficients of the three rocks range from 0.65000
to 0.75100 under different feed particle sizes.

Figure 13 to 18 show the effect of feed particle size on breakage
under shear and extrusion, respectively. 4.75-9.5 9.5-16 16-19

Particle size(mm)

I Crushing ratiofJl] Sand forming rate

Figure 14. Gray—-greenstone extrusion
— 0.06
I Crushing ratioJll Sand forming rate
0.04
- 0.04 0.03
= 0.02 0.02
0.00 0.01
4.75-9.5 9.5-16 16-19 ,
Particle size (mm)
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Figure 15. Limestone shear
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Figure 17. Granite shear

4.2.2 Influence of feed particle size on
morphological characteristics of crushed rock

Figures 19,21 and 23 show that under shear load, the
angularity and roundness of gray-green rock with a feed
particle size between 9.5mm and 16mm are relatively good,
with values of 1.0641 and 2.0860, respectively. The overall
profile coefficient of limestone with a feed particle size between
16mm and 19mm is 0.752. The angularity and roundness of
granite decrease at a feed particle size of 9.5mm to 16mm, but
the overall profile coefficient increases to 0.7005.

Through Figures 20, 22 and 24, the analysis of the previous
figures, under extrusion, the parameters of gray—green rock
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Figure 18. Granite extrusion

after crushing change obviously starting at a particle size of
9.5mm-16mm; the angularity rises, and the roundness and
overall profile coefficient decrease. When the particle size of
limestone is 9.5mm-16mm, the trend is opposite to that of
limestone, and the angularity increases, while the roundness
and overall profile coefficient decrease. The overall profile
coefficient of granite decreases from 0.6582 to 0.6516 at a grain
size of 9.5mm-16mm, and the angularity decreases from 1.0420
to 1.0398. However, the corresponding roundness rises sharply
from 2.15 to 2.39.Due to the limitation of experimental
conditions, the current research hopes to comprehensively
utilize machine vision and advanced processing software to help
the development of particle breakage.
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Figure 19. Gray—-green rock shear
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Figure 20. Gray—-greenstone extrusion

Figure 22. Limestone extrusion
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Figure 21. Limestone shear

Figure 23. Granite shear
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5. Conclusions

An imaging approach was used to detect the crushing effect of
rock particles. The influence of loading mode and feeding
particle size on the degree of rock crushing and the influence of
rock morphology after crushing are analyzed and the
corresponding experimental study is carried out, the main
conclusions are as follows:

(1) Under a shear load, the crushing ratio decreases from 1.881
to 1.772. Under extrusion, the crushing ratio increases from
5.55 to 6.96.

(2) Under extrusion, the angularity shows an upward trend, with
the highest value of 1.04301. Roundness first decreases and
then increases with an inflection point of 2.23. The overall
profile coefficient first increases and then decreases, and the
inflection point is 0.675. Under shear loading, angularity first
decreases and then rises with an inflection point of 1.0404.
Roundness also decreases first and then increases with an
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