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Abstract: The particle size of coal particles is an important factor affecting the physical and mechanical
properties of coal. In this study, uniaxial and triaxial compression tests were conducted to investigate
the effects of coal particle size on the physical and mechanical properties of briquettes and their impact
mechanism using a rock mechanics test-150B servo system (RMT-150B). The results showed that
the uniaxial compression strength, elastic modulus and deformation modulus of briquettes increase
when particle size is decreased. The deformation characteristics of the briquettes directly prepared
by raw tectonic coal were similar to those of coal specimens with a particle size of 0.18–0.25 mm.
The cohesion and strength of coal specimens increased when particle size was decreased, and the
plastic deformation capacity decreased when particle size was decreased, showing a strong correlation.
The f briquette directly prepared by the raw tectonic coal had a strength between that of coal specimens
with a particle size of 2–6 mm and those with a particle size of 0.18–0.25 mm. The mechanical
properties of briquettes mainly depend on the meshing force between the coal particles. The smaller
the particles, the greater the mechanical meshing force. The “floating particles”, generated in the
voids between coal particles during the preparation process, are a significant factor affecting the
plasticity characteristics. The research results may be used as a basic reference in the study of the
mechanical properties of tectonic coal, gas migration and coal and gas outburst mechanisms.

Keywords: briquette; particle size; coal and gas outburst; physical and mechanical property;
floating particles

1. Introduction

A coal and gas outburst is a serious power disaster in coal mining, and can cause a large number
of casualties and property losses. At present, China is the country with the highest risk of coal and
gas outburst accidents in the world [1,2]. The mechanism of coal and gas outbursts has not been
unified, but most scholars believe that coal and gas outbursts are the result of the combined effects
of three major factors: ground stress, gas and the physical and mechanical properties of coal [3–8].
An unfavorable combination of these factors with mining methods can be a recipe for disaster if
not recognized at an early stage of mine development [6]. In general, coal seams that are prone to
outburst are subject to historical tectonic movement, resulting in the development of tectonic coal [9–11].
This type of coal is composed of coal particles of different sizes, its structure is loosened and broken and
its macroscopic strength is extremely low, making coal and gas outbursts more likely to occur [12–15].
After the occurrence of a coal and gas outburst, the particle size of coal appears to be sorted; therefore,
assessments of coal and gas outbursts must be treated with caution in view of particle size [6,7].

In order to reveal the mechanisms behind coal and gas outbursts, tectonic coal can be reconstructed
and represented by briquettes for laboratory research according to the structure and cohesive mechanical
characteristics of tectonic coal. Sobczyk et al. [16,17] conducted a laboratory study on the effects of
different types of gases (CO2, N2 and CH4) on gas pressure and coal and gas outbursts based on
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briquette specimens. Wang et al. [18] and Nie et al. [19] studied the evolution process and intensity of
coal and gas outbursts, using briquettes for research. Additionally, using briquettes, Ding et al. [20]
have discussed the influence of water content and gas pressure drop rate on coal and gas outbursts.

Obviously, the mechanical properties and structure of briquettes have a significant influence on
outburst test results that cannot be ignored. The triaxial compression seepage characteristics of briquettes
and raw tectonic coal specimens are quite different [21,22]. Skoczylas [23] found that porosity and other
factors play an important role in the macroscopic mechanical properties and adsorption–desorption
characteristics of briquettes. Yin Guangzhi et al. [24] compared the full stress–strain gas seepage
characteristics of outburst coal and non-outburst coal. Xu Jiang et al. [25,26] investigated the effect
of particle sizes on the coal and gas outburst characteristics and seepage characteristics of briquettes
using different binders. Wang Kai et al. [27] investigated the effect of coal particle size on the dynamic
characteristics of gas and pulverized coal using a self-developed pulverized coal–gas two-phase flow
test system.

The difference between the test results based on briquettes and those based on raw tectonic coal is
mainly attributed to meso-structure and coal particle size distribution. That is, particle size profoundly
affects the mechanical properties of briquettes and the laboratory test results of coal and gas outbursts.
While a large number of coal and gas outburst laboratory tests adopted briquettes, few systematic
studies focused on the physical and mechanical properties of briquettes with different particle sizes and
structural raw coal (unscreened structural coal specimens were retrieved on-site). This study aims to
investigate the influence of coal particle size on the physical and mechanical properties of briquettes.
Taking the coal and gas outburst characteristics of the Gaocheng coal mine as an example, a scientific
grouping approach to briquette specimens with different particle sizes was proposed for testing. A series
of uniaxial and triaxial tests of briquette specimens with different particle sizes were carried out, and the
meso-failure mechanism of briquette specimens affected by particle sizes was discussed.

2. Experimental Work

2.1. The Grouping Basis of Briquette Specimens with Different Particle Sizes

The Gaocheng coal mine is a typical coal and gas outburst mine in Henan province, China
(Figure 1a). The coal masses in this study were all collected from the longwall panel, 25091 (Figure 1b),
in the Gaocheng coal mine No. II-1 coal seam of the Permian Shanxi group. The strength of the No.
II-1 coal seam is very low. The coal masses are very loose due to gliding tectonics, and can be easily
handcuffed. Therefore, it is difficult to take out a relatively intact coal block. The dimensions of the
coal block are less than 5–10 cm, as shown in Figure 1c. There have been 15 coal and gas dynamic
disasters caused by the loose coal structure since the mine was built, of which two were coal and gas
outburst accidents.

It is necessary to investigate the particle size distribution characteristics of the outburst coal in the
field in order to group the briquette specimens according to a particle size range before laboratory
tests. Table 1 shows the particle size distribution of No. II-1 coals. The sieving particle groupings
were >50, 25–50, 13–25, 6–13, 3–6, 0.5–3 and <0.5 mm, and the proportion of each sieve size was 1.95%,
3.42%, 7.44%, 8.44%, 17.01%, 29.3% and 31.68%, respectively. The results show that the smaller the
particle size, the higher the proportion, and the largest proportion of pulverized coal was <0.5 mm.
To retain the similarity of raw coal, the particle size distribution of briquette specimens should be in a
range. Finally, three briquette specimen groups were determined according to particle size ranges of
2–6, 0.18–0.25 and <0.11 mm.
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Figure 1. (a) The location of the Gaocheng coal mine; (b) the specific coal collection location in the 
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Figure 1. (a) The location of the Gaocheng coal mine; (b) the specific coal collection location in the
Gaocheng coal mine; (c) the typical appearance of pulverized coal with an outburst property.

Table 1. The natural coal particle size distribution of the No. II-1 coal seam in the Gaocheng coal mine
after screening.

Particle Size (mm) >50 25–50 13–25 6–13 3–6 0.5–3 <0.5

Weight (kg) 194.41 343.62 746.93 847.12 1706.52 2983.01 3178.92
Proportion (%) 1.94 3.42 7.44 8.44 17.01 29.3 31.68

2.2. Briquette Specimen Preparation

The microstructures and components of pulverized coal are vital for studying the physical and
mechanical properties of briquette specimens. The microstructures of the pulverized coal samples were
observed using a Merlin Compact field emission scanning electron microscope (Carl Zeiss, Oberkochen,
Germany), with the results shown in Figure 2a,b. The scanning electron microscope (SEM) images
show that the surfaces of the particles were further adhered to by tiny coal pieces and that there were
voids between the particles. Micro-fractures and pores in the matrix could be seen clearly. Next,
the associated mineral compositions of the pulverized coal samples were analyzed by a D8 ADVANCE
X-ray diffractometer (Bruker AG, Karlsruhe, Germany), as shown in Figure 2c. There were two main
minerals in the pulverized coal samples, birnessite and kaolinte, which had true densities of 4.33 and
2.63 t/m3. Obviously, the true densities of minerals in coal were much greater than the true densities of
organic matter within coal. The average true density of minerals in coal was approximately 3.48 t/m3.
Four types of pulverized coal with a coal particle size range of a natural distribution (Group A), 2–6 mm
(Group B), 0.18–0.25 mm (Group C) and <0.11 mm (Group D) were screened. The pulverized coal was
mixed with a small amount of pure water and loaded into the molding abrasives. A molding pressure
of 100 MPa was maintained for 30 minutes. After demolding, the standard specimen with a diameter
of 50 mm and height of 100 mm was made. The prepared coal specimen was dried at 105 ◦C for 24 h
and reserved a sealed box; this part of the briquette specimens is shown in Figure 2d.
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Figure 2. (a,b) Surface micromorphology of the pulverized coal; (c) X-ray diffraction pattern of
pulverized coal; (d) part of the briquette specimens.

2.3. Experimental Instrument and Measurement

Uniaxial and triaxial compression tests were performed to evaluate the briquette specimens’
mechanical properties. A rock mechanics testing-150B (RMT-150B) servo system was used to obtain
the stress–strain data. The frame stiffness of the RMT-150B testing machine was 5.0 × 109 N/mm.
The maximum axial load and confining pressure capacity were 1000 kN and 50 MPa, respectively.
Additionally, the loading rate used for this study was 0.01 mm/s.

3. Results

3.1. Effect of Particle Size on Briquette Density

The density of briquettes is closely related to the mechanical properties and microstructure of coal.
The density of the briquette specimens was calculated by

ρ =
m
V

(1)

where ρ is the density of the briquette specimen; m is the quality of the briquette specimen measured
by the precision electronic scale (accuracy 0.01 g) in kg; and V is the volume of the briquette specimen
in m3.

The volume of the briquette specimen was calculated by

V = πh
d2

4
(2)

where h is the height of the briquette specimen in m; and d is the diameter of the briquette specimen in
m. The h and d of the briquette specimen were measured using a digital caliper (accuracy: 0.01 mm).
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The density of the coal sample can be calculated by Equations (1) and (2), as shown in Table 2.
The true densities of minerals in coal are much greater than the true densities of organic matter within
coal, and the higher the inorganic mineral content, the higher the true density of the coal [28]. Figure 3
shows the standard deviation of the density of different briquette specimens. As shown in Table 2
and Figure 3, the density of group A was relatively discrete, and the degree of dispersion decreased
gradually as the coal particle size is decreased. The average densities of group A, B, C and D were
1275, 1236.35, 1181.64 and 1159.81 kg/m3, respectively, showing that density decreases as particle size
decreases [29].

Table 2. The density of briquettes with different particle sizes (kg/m3).

No. Group A Group B Group C Group D

1 1322.20 1251.60 1177.35 1108.88
2 1326.04 1224.75 1172.90 1159.19
3 1261.27 1263.44 1175.54 1157.19
4 1261.36 1226.50 1181.57 1167.38
5 1210.10 1240.75 1180.20 1184.26
6 1274.34 1234.53 1174.73 1155.40
7 1218.36 1241.75 1174.04 1156.76
8 1239.78 1261.75 1175.43 1157.85
9 1217.14 1235.10 1221.93 1160.11
10 1355.11 1194.79 1173.48 1162.26
11 1304.74 1226.84 1182.29 1169.74
12 1246.63 1237.41 1186.04 1165.89
13 1337.97 1233.35 1185.76 1172.64
ρ 1275.00 1236.35 1181.64 1159.81
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3.2. Effect of Particle Sizes on the Uniaxial Compression Test Results

3.2.1. Deformation Characteristics

Table 3 and Figure 4 show the uniaxial compression test results for briquettes with different
particle sizes. RC, ET and E50 are the uniaxial compressive strength, elastic modulus and deformation
modulus, respectively. Elastic modulus (ET) refers to the slope of the approximate straight line segment
with a peak strength range of 30–70% in the stress–strain curve, and deformation modulus (E50) is the
ratio of 50% peak strength to the corresponding strain [30,31]. As shown in Table 3, the RC variation
coefficients of the four groups were less than 0.3. Group D had the highest RC variation, followed by
group A, then group B and, finally, group C, indicating that the dispersion of group C was the smallest.
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Table 3. The uniaxial compression test results of briquettes with different particle sizes.

Group No. RC/MPa ET/MPa E50/MPa

A

A-1 0.86 63 52
A-2 0.78 70 57
A-3 0.69 66 62

Mean 0.77 66.33 57.00
Coefficient of variation 0.11 0.05 0.09

B

B-1 0.31 32 32
B-2 0.35 30 30
B-3 0.26 26 26

Mean 0.31 29.33 29.33
Coefficient of variation 0.15 0.10 0.10

C

C-1 1.05 56 47
C-2 1.01 54 43
C-3 1.00 54 45

Mean 1.02 54.67 45.00
Coefficient of variation 0.03 0.02 0.04

D

D-1 1.57 79 62
D-2 1.57 79 64
D-3 1.90 127 96

Mean 1.68 95.00 74.00
Coefficient of variation 0.11 0.29 0.26

As shown in Figure 4, the RC, ET and E50 of the briquette specimens showed an increasing trend
as particle size decreased, with those of group B representing the lowest. Compared with the RC of
group B, that of group C and D increased by 229.03% and 441.94%, respectively; the ET of group C and
D increased by 89.40% and 265.38%, respectively; and the E50 of group C and D increased by 53.43%
and 152.30%, respectively. Compared with group A, the RC of group B, C and D decreased by 59.74%
and increased by 32.47% and 118.18%, respectively, while the ET of group B decreased by 55.78% and
17.58% and increased by 43.22% respectively. The E50 of group B, C and D decreased by 5.78% and
17.58% and increased by 43.22%, respectively. The uniaxial compressive strength, elastic modulus and
deformation modulus of group A were similar to those of group C.

Energies 2019, 12, x  6 of 16 

 

followed by group A, then group B and, finally, group C, indicating that the dispersion of group C 

was the smallest. 

Table 3. The uniaxial compression test results of briquettes with different particle sizes. 

Group No. RC/MPa ET/MPa E50/MPa 

A 

A-1 0.86 63 52 

A-2 0.78 70 57 

A-3 0.69 66 62 

Mean 0.77 66.33 57.00 

Coefficient of variation 0.11 0.05 0.09 

B 

B-1 0.31 32 32 

B-2 0.35 30 30 

B-3 0.26 26 26 

Mean 0.31 29.33 29.33 

Coefficient of variation 0.15 0.10 0.10 

C 

C-1 1.05 56 47 

C-2 1.01 54 43 

C-3 1.00 54 45 

Mean 1.02 54.67 45.00 

Coefficient of variation 0.03 0.02 0.04 

D 

D-1 1.57 79 62 

D-2 1.57 79 64 

D-3 1.90 127 96 

Mean 1.68 95.00 74.00 

Coefficient of variation 0.11 0.29 0.26 

As shown in Figure 4, the RC, ET and E50 of the briquette specimens showed an increasing trend 

as particle size decreased, with those of group B representing the lowest. Compared with the RC of 

group B, that of group C and D increased by 229.03% and 441.94%, respectively; the ET of group C 

and D increased by 89.40% and 265.38%, respectively; and the E50 of group C and D increased by 

53.43% and 152.30%, respectively. Compared with group A, the RC of group B, C and D decreased by 

59.74% and increased by 32.47% and 118.18%, respectively, while the ET of group B decreased by 

55.78% and 17.58% and increased by 43.22% respectively. The E50 of group B, C and D decreased by 

5.78% and 17.58% and increased by 43.22%, respectively. The uniaxial compressive strength, elastic 

modulus and deformation modulus of group A were similar to those of group C. 

Group A Group B Group C Group D
0.0

0.4

0.8

1.2

1.6

2.0

R
c/
M

P
a

(a)

 

Figure 4. Cont.



Energies 2019, 12, 3618 7 of 16
Energies 2019, 12, x  7 of 16 

 

Group A Group B Group C Group D
20

40

60

80

100

120

E
T
/M

P
a

(b)

 
 

Group A Group B Group C Group D
20

40

60

80

100

E
5
0
/M

P
a

 

(c)

 

Figure 4. Variation of the uniaxial compression test result error bars with the coal particle size. (a) 

The relationship between uniaxial compressive strength and coal particle size; (b) the relationship 

between elastic modulus and coal particle size; and (c) the relationship between deformation 

modulus and coal particle size. 

Figure 5 shows the stress–strain curves of the four groups during the uniaxial compression 

tests. As shown in Figure 5, the stress–strain curves had four stages: compaction, elasticity, yield and 

failure. The compression stage of group A was not obvious, the elastic stage and the plastic stage 

were obvious, the post-peak strength did not drop obviously and it was clear that there was a yield 

platform near the peak strength. The stress–strain curves of group B were similar to those of group A 

in the elastic and plastic stages, but the post-peak softening was more obvious. The elastic stage of 

group C was obvious, the compaction stage and plastic stage were not obvious, the post-peak 

strength dropped obviously and the yield platform near the peak was not obvious, showing brittle 

characteristics. The elastic stage of group D was similar to that of group C, and the strength of group 

D showed an obvious step drop after the peak, showing brittle characteristics. The plastic 

characteristics of the briquette specimens showed a strong negative correlation with particle size. 

The deformation characteristics of briquette A were similar to those of briquette B. 

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

σ
1
/M

P
a

ε/10
-3

 A-1

 A-2

 A-3

(a)

 
0 5 10 15 20

0.0

0.1

0.2

0.3

0.4

σ
1
/M

P
a

ε/10
-3

 B-1

 B-2

 B-3

(b)

 

Figure 4. Variation of the uniaxial compression test result error bars with the coal particle size. (a) The
relationship between uniaxial compressive strength and coal particle size; (b) the relationship between
elastic modulus and coal particle size; and (c) the relationship between deformation modulus and coal
particle size.

Figure 5 shows the stress–strain curves of the four groups during the uniaxial compression tests.
As shown in Figure 5, the stress–strain curves had four stages: compaction, elasticity, yield and failure.
The compression stage of group A was not obvious, the elastic stage and the plastic stage were obvious,
the post-peak strength did not drop obviously and it was clear that there was a yield platform near the
peak strength. The stress–strain curves of group B were similar to those of group A in the elastic and
plastic stages, but the post-peak softening was more obvious. The elastic stage of group C was obvious,
the compaction stage and plastic stage were not obvious, the post-peak strength dropped obviously
and the yield platform near the peak was not obvious, showing brittle characteristics. The elastic stage
of group D was similar to that of group C, and the strength of group D showed an obvious step drop
after the peak, showing brittle characteristics. The plastic characteristics of the briquette specimens
showed a strong negative correlation with particle size. The deformation characteristics of briquette A
were similar to those of briquette B.
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3.2.2. Failure Morphology

Figure 6 shows the failure mode of briquettes with different particle sizes after uniaxial compression.
From Figure 6, it can be clearly seen that coal samples with fractures were damaged to varying
degrees [31,32]. Group A and B were relatively complete on the whole, showing strong plastic deformation
characteristics, but group C and D had a poor integrity with a large number of coal fragments along the
fractures, especially group D, which had more serious damage, showing strong brittle characteristics.

Energies 2019, 12, x  8 of 16 

 

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

σ
1
/M

P
a

ε/10
-3

 C-1

 C-2

 C-3

(c)

 
0 5 10 15 20 25 30

0.0

0.4

0.8

1.2

1.6

2.0

σ
1
/M

P
a

ε/10
-3

 D-1

 D-2

 D-3

(d)

 

Figure 5. Stress–strain curves of the uniaxial compression of briquettes with different particle sizes: 

(a) group A, (b) group B, (c) group C and (d) group D. 

3.2.2. Failure Morphology 

Figure 6 shows the failure mode of briquettes with different particle sizes after uniaxial 

compression. From Figure 6, it can be clearly seen that coal samples with fractures were damaged to 

varying degrees [31,32]. Group A and B were relatively complete on the whole, showing strong 

plastic deformation characteristics, but group C and D had a poor integrity with a large number of 

coal fragments along the fractures, especially group D, which had more serious damage, showing 

strong brittle characteristics. 

(a)

 

(b)

 
(c)

 

(d)

 

Figure 6. Uniaxial compression failure morphology of briquettes with different particle sizes: (a) 

group A, (b) group B, (c) group C and (d) group D. 

3.3. Effect of Particle Size on the Triaxial Compression Test Results 

3.3.1. Deformation Characteristics 

Table 4 shows the triaxial compression test results, with σ3, σ3-1, σ1, ET ε0 and ε1 being the 

designed confining pressure, actual confining pressure, peak strength, elastic modulus, strain 

corresponding to the peak strength and strain corresponding to a peak strength range of 70–100% in 

the stress–strain curve, respectively. Figure 7 shows the variations of σ1, and ET with particle size. As 

shown in Figure 7, σ1 and ET with same particle size were positively correlated with the confining 

pressure. Under the same confining pressure, σ1 increased as the particle size decreased. The σ1 of 

group A was between that of group B and C. 

Figure 6. Uniaxial compression failure morphology of briquettes with different particle sizes: (a) group
A, (b) group B, (c) group C and (d) group D.



Energies 2019, 12, 3618 9 of 16

3.3. Effect of Particle Size on the Triaxial Compression Test Results

3.3.1. Deformation Characteristics

Table 4 shows the triaxial compression test results, with σ3, σ3-1, σ1, ET, ε0 and ε1 being the designed
confining pressure, actual confining pressure, peak strength, elastic modulus, strain corresponding to
the peak strength and strain corresponding to a peak strength range of 70–100% in the stress–strain
curve, respectively. Figure 7 shows the variations of σ1, and ET with particle size. As shown in Figure 7,
σ1 and ET with same particle size were positively correlated with the confining pressure. Under the
same confining pressure, σ1 increased as the particle size decreased. The σ1 of group A was between
that of group B and C.

Table 4. Triaxial test results of briquettes with different particle sizes.

Group No. σ3/MPa σ3-1/Mpa σ1/MPa ET/GPa ε0/10−3 ε1/10−3

A

A-4 0.20 0.23 2.85 0.13 44.25 26.72
A-5 0.40 0.37 3.67 0.17 31.11 9.31
A-6 0.60 0.58 5.28 0.23 29.17 11.67
A-7 0.80 0.78 6.01 0.24 51.20 29.85
A-8 1.00 1.01 7.92 0.35 32.80 12.01

B

B-4 0.20 0.17 2.04 0.10 39.39 22.54
B-5 0.40 0.42 3.49 0.13 40.95 18.86
B-6 0.60 0.61 4.95 0.19 38.83 15.98
B-7 1.00 0.98 6.61 0.29 51.01 35.79

C

C-4 0.20 0.22 3.36 0.10 37.99 12.09
C-5 0.40 0.38 4.61 0.14 40.32 11.13
C-6 0.60 0.58 6.23 0.18 46.97 15.65
C-7 0.80 0.78 7.61 0.21 47.81 14.74
C-8 1.00 0.98 8.76 0.24 47.85 15.22

D

D-4 0.20 0.17 4.06 0.15 31.41 9.34
D-5 0.40 0.38 5.68 0.16 47.60 15.46
D-6 0.60 0.58 6.81 0.20 41.80 12.56
D-7 0.80 0.78 8.55 0.31 31.62 9.53
D-8 1.00 1.01 10.14 0.25 52.62 17.11
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Figure 7. Test results concerning variations of triaxial compression with particle size: (a) peak strength
and (b) elastic modulus.

Figure 8 shows the stress–strain curves of briquettes with different particle sizes under triaxial
compression. The demarcation points between the elasticity and yield stages were not obvious for
group A and B, and their bearing capacities remained constant near the peak values. Meanwhile,
deformation increased continuously and the stress dropped slowly after the peak values, showing
obvious plastic characteristics, especially in group B. For group C, the stress drop appeared after the
peak at a low confining pressure, but it slowed down after the peak at a high confining pressure. Group
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D showed no obvious drop after the peak, except when the confining pressure was 1 MPa. Under other
confining pressure conditions there were obvious post-peak stress-drop phenomena, showing brittle
characteristics on the whole. In a word, the briquette specimens had strong plastic characteristics.
The plastic properties of the briquette specimens of group B were the strongest, followed by those of
group C and then those of group D. The plastic properties were negatively correlated with particle size.
The deformation characteristics of group A were between those of group B and C.
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Figure 8. The triaxial compression stress–strain curves of briquettes with different particle sizes:
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3.3.2. Strength Characteristics

Figure 9 shows the relationship between the triaxial compression strength and confining pressure
of briquettes with different particle sizes. It can be seen in Table 3 and Figure 9 that the triaxial
compression strength of briquette specimens with different particle sizes increased approximately
linearly with an increase of confining pressure, conforming to the Mohr–Coulomb strength criterion.
Moreover, as the particle sizes decreased, the intercept values increased. Group B had the lowest slope
and intercept values. The particle sizes played an important role in the strength of the coal, which had
a critical influence on coal mine accidents.
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According to the Mohr–Coulomb strength criterion:

σ1 = Kσ3 + Q (3)

where Q and K are the strength parameters. The relationship between them and the internal friction
angle ϕ and cohesion c are as follows:

ϕ = arcsin(
K − 1
K + 1

) (4)

c =
Q(1− sinϕ)

2 cosϕ
(5)

K and Q are shown in Table 5. As shown in Table 5, the confining pressure influence coefficient (K)
of group A was 6.35, while that of group B, C and D was 5.71, 7.18 and 7.23, respectively. K increased
as particle size decreased. According to the linear fitting results, the correlation coefficient of each
group was greater than 0.95, which indicates that the conventional triaxial compression strength under
different particle sizes had a good linear correlation with the confining pressure.

Table 5. Linear fitting results for group A, B, C and D.

Group K Q R2 (Correlation Coefficient)

A 6.35 1.38 0.972
B 5.71 1.16 0.965
C 7.18 1.90 0.994
D 7.23 2.83 0.996

The c andϕ of briquettes with different particle sizes are shown in Table 6 and Figure 10. Compared
with group B, the c of group C and group D increased by 25% and 83.33% respectively, and their ϕ
increased by 10.07% and 10.36%, respectively. The c and ϕ of group A were 0.13 MPa and 46.71◦,
respectively. Compared with group A, the c of group B, C and D decreased by 7.79% and increased by
15.58% and 69.23%, respectively, while the ϕ of group B, C and D decreased by 4.56% and increased by
5.05% and 5.33%, respectively. As the particle size decreased, c and ϕ showed an increasing trend. The
c of group A was between that of group B and C.

Table 6. Cohesion and internal friction angle of briquettes with different particle sizes.

Group c/MPa Variation of c Based on Group A/% ϕ/(◦) Variation ofϕ Based on Group A/%

A 0.13 N/A 46.71 N/A
B 0.12 −7.79 44.58 −4.56
C 0.15 15.38 49.07 5.05
D 0.22 69.23 49.20 5.33
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Q in Equation (3) is the theoretical uniaxial compression strength calculated from the triaxial
test results. It is the uniaxial compression shear strength. However, coal specimens under uniaxial
compression do not constitute a single-shear failure; rather, most of them constitute a shear-tension
composite failure, so their actual strength is usually lower than their theoretical strength. It is impossible
to obtain Q from a single specimen, and it should be calculated by a regression analysis of the triaxial
compression strength of multiple specimens under different confining pressures [30,33]. The strength
Q of briquettes with different particle sizes is plotted in Figure 11a, and the relationship between
plasticity and particle sizes in different groups can be seen in Figure 11b in an indirect way.
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As seen in Figure 11a, the Q of each group under different confining pressure conditions was
somewhat discrete, especially for group A and B, the Q of which were close and relatively small.
Under different confining pressures, Q tended to increase as the particle size decreased. The ε1 of
the stress–strain curves was the plastic deformation stage [32,34]. The smaller ε1 was, the higher the
strength, and the worse the plasticity. The highest ε1 of groups B, C and D decreased gradually, with
the Q increasing; in other words, the plasticity of groups B, C and D decreased (Figure 11). Meanwhile,
the ε1 of group A was discrete, with poor regularity.

4. Discussion

From the above results, it can be seen that the dispersion of the physical and mechanical
properties of group A was stronger than that of the physical and mechanical properties of other groups.
The mechanical strength of briquettes increased as particle size decreased, and the plastic properties
increased with an increase in particle size. Therefore, the influence of the particle size of pulverized
coal on the physical and mechanical properties of briquettes cannot be ignored.

The coal particle distribution maps of groups A, B, C and D were obtained by the Stereo Discovery
V20 (Carl Zeiss, Germany), as shown in Figure 12.

From Figure 12, it can be seen that the coal particle distribution of each group is obviously different.
The larger the particle size, the more macro-cracks the coal contains, the more irregular the contact
between particles and the rougher the cross-sections are. As particle size decreases, the section becomes
more regular and smoother. There are many kinds of forces between briquette particles, such as
mechanical meshing force, chemical force, solid bridge bond and van der Waals force. The mechanical
properties of briquette without binders mainly depend on the mechanical meshing force between
particles. Usually, coal particles show simple stacking under the condition of no stress, and the contact
between particles is mostly point contact, as shown in Figure 13a. There is a certain space between the
coal particles, so that the coal particles can be crushed and fill the gap between the particles during
the preparation process, as shown in Figure 13b. Before compaction, the particle skeleton makes it
difficult for coal particles to form a strong bond, resulting in a "loose particle" distribution [35]. Under
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compaction, the internal cracks of coal particles are compressed, the contact of coal particles are closer
(showing surface contact) and the particles can even be embedded within each other (Figure 13c).
Under this condition, the phenomenon of shear self-locking occurs, which can form a strong mechanical
meshing force.
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Figure 13. Schematic diagram of the molding process during briquetting. (a) Loosely packed particles,
(b) particles formed under loading and (c) the interpenetration of particles.

Figure 14 is a schematic diagram of briquette failure under loading. When briquettes are subjected
to external forces, there is a structural surface friction between particles (Figure 14a), structural wedge
friction (Figure 14b), fragmentation along the fracture surface (Figure 14c) and compaction of loose
particles (Figure 14d) between the coal particles. The failure mechanism of briquettes with different
particle sizes is different. The structure of briquettes with different particle sizes is abstracted, as shown
in Figure 15. The red part in the picture shows "loose particles". The volume fraction of loose particles
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decreases as particle size is decreased. When briquettes are loaded, loose particles will be compacted
again, so the plastic characteristics of briquettes will be proportional to the volume of loose particles.Energies 2019, 12, x  14 of 16 
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Figure 15. Abstract diagram of the structure of briquettes with different particle sizes: (a) group A,
(b) group B, (c) group C and (d) group D.

Because group A contains many kinds of coal particles with different sizes, the gap between large
particles is filled by small particles, and the cohesion between particles is closer, so the mechanical
characteristics of group A are stronger than those of group B. In addition, with the decrease in
coal particles, the specific surface area increases, the contact between coal particles becomes closer,
the cohesion becomes stronger, there are fewer structural planes among coal particles and there is less
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damage along the structural planes. Therefore, the briquettes compacted by small particles show a
higher mechanical meshing force and higher cohesion.

5. Conclusions

This study aimed to investigate the influence of coal particle size on the physical and mechanical
properties of briquettes. Taking the coal and gas outburst characteristics of the Gaocheng coal mine as an
example, a scientific grouping approach of briquette specimens with different particle sizes was proposed
for testing. A series of uniaxial and triaxial tests using briquette specimens with different particle sizes
were carried out, and the meso-failure mechanism of the briquette specimens affected by the particle size
was discussed. According to the experimental results, the following conclusions are drawn:

(1) The uniaxial compressive strength, elastic modulus and deformation modulus of briquettes
increase as particle size decreases. The difference in uniaxial compression strength, elastic modulus
and deformation modulus between the briquettes made from natural raw coal and those with a particle
size of 0.18–0.25 mm is the smallest.

(2) Under the triaxial load condition, the cohesion, internal friction angle and peak strength of
briquette specimens increase as particle size decreases, while the plastic deformation capacity decreases
and the regularity of the cohesion and peak strength are more obvious. The strength characteristics of
briquettes made from natural tectonic raw coal are between those of briquettes with particle sizes of
2–6 mm and 0.18–0.25 mm, and their plastic characteristics are significant.

(3) In the briquette preparation process, the loose particles in the voids between the coal particles
are the main factors affecting the plastic characteristics of the briquette specimens, and their mechanical
properties mainly depend on the mechanical meshing force between particles—the smaller the particles,
the greater the mechanical meshing force.
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