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Deep mining is the most important way to obtain the resource in China now. Thus,
rock is the main objective that the deep mining will encounter. Meanwhile, the
frequent catastrophes in deep mining such as rock burst, coal and gas bursts, roof
caving, water bursts, is the most serious problem. To have a better understanding
of the mechanisms of fracture and the laws of damage evolution of rock and coal
under deep environment, in this paper, the micro- and meso-scale method is em-
ployed to study the behavior of coal under different temperature, confining pres-
sure and gas pressure. Then, the significance of the effect of temperature, confining
pressure, and gas pressure on mechanical parameters is analyzed by using the
ANOVA method. The fractal study of coal failure pattern by employing the SEM
test and fractal dimension was carried out. The fractal dimension of coal fractures
was calculated by using the box-covering method. Then, the effects of all factors
on the fractal dimension of coal fractures were analyzed.
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SEM test fractal dimension

Introduction

Deep mining is the most important way to obtain the resource in China now [1]. Thus,
rock is the main objective that the deep mining will encounter. Meanwhile, the frequent ca-
tastrophes in deep mining such as rock burst, coal and gas bursts, roof caving, water bursts, are
the most serious problem. This indicate that the understanding and knowledge of the physical
and mechanical behavior of rocks cannot yet fully meet the needs of engineering design. The
mechanisms of fracture and the laws of damage evolution of rock and coal under deep environ-
ment in the micro- and meso-scale has theoretical and practical significance.

At present, a large number of studies have shown that temperature, confining pres-
sure, gas and other factors have important influence on the Mechanical properties of coal [2].
Du [2] obtained that the elastic modulus and compressive strength of coal increased with in-
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creasing confining pressure through triaxial tests. Li e al. [3] obtained that the confining pres-
sure improves the mechanical properties of coal, and the effective stress improves the mechan-
ical properties of coal in the triaxial compression test of gas-bearing coal. Meng [4] conducted
triaxial compression tests of sandstones under different temperature and pressure conditions.
The results showed that the temperature had a weakening effect on the strength and stiffness
of sandstone, while confining pressure had a strengthening effect. Zha [5] carried out triaxial
tests of coal under different temperatures and found that there are differences in the effect of
temperature on the compression characteristics of coal.

It is well known that fractures after coal failure record its fracture process, and
information about the fracture mechanism is stored on the fracture. At present, the analy-
sis of rock fractures mainly uses fractal theory. For example, Babadagli [6] studied fractal
characteristics of rock fracture surfaces under tension, and found that there exists a trend
between the fractal dimension and loading rate. Ren [7] carried out a sandstone fracture test
and analyzed the relationship between fracture fractal dimensions and loading methods. Ai
[8] the existing method for calculating the fractal dimension of rock fractures is mainly the
box covering method. Ai has improved it and verified the effectiveness of the method through
experiments.

However, the study on the changes of mechanical properties and fractal characteristics
of coal under the different temperature, gas and confining pressure is not enough. Therefore, in
this paper, the orthogonal test of coal under different temperatures, different confining pressures
and different gas pressures was carried out. The changes of the mechanical parameters and the
fractal characteristics of fractures of coal under the effects of temperature, confining pressure
and gas are analyzed.

Table 1. Design of orthogonal table Mechanical test of the coal
Group No. T'[°C] | G[MPa] | C[MPa] Test design and specimen preparatio
M20-0-0 20 0 0 To carry out a comprehensive test, a lot of
M20-1-4 20 1 4 manpower and material resources are required,
M20-3-8 20 3 3 54 samples required for two repeated tests. It
M40-0-4 40 0 4 is difficult to meet such conditions in the test.
MA0-18 20 | . Therefore, efficient test methods are necessary
- for multi-factor and multi-level tests.
M40-3-0 40 3 0 Orthogonal test [9] is an effective test
M80-0-8 80 0 8 method for studying multi-factor and multi-lev-
MS80-1-0 30 1 0 el tests. Orthogonal table, is the basic tool for
MS80-3-4 80 3 4 orthogonal test, which is based on the combina-

T, G, and C represents temperature, gas pressure, and tion theory. The orthogonal table deSigned for
confining pressure, respectively this study is shown as tab. 1. Two specimens
are tested in each group. The group number de-
notes the test condition of the group, for exam-
ple, M20-3-8 represents that this group of spec-
imen will be tested at the condition of 20 °C,
3 MPa gas pressure, and 8 MPa confining pres-
, sure.
The coal samples are collected from
Shoushan mine in Xuchang, Henan Province,
Figure 1. Location of the coal samples China as shown in fig. 1. The depth of the
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working face is 580~705 m and the gas pressure is 1.5-2.0 MPa and the gas content is
20-22 m? per tonne. The composition of coal samples is analyzed by X-ray diffraction
(XRD). As shown in fig. 2, the main components of coal samples are calcite, kaolinite and
quartz. Cutting and polishing work of the cylindrical cores are carried out by a diamond
cutter with an acute blade and a grinder, respectively. The specimens are prepared in gen-
eral accordance with ISRM standard [10]. The height and diameter of the test specimens
are 100 mm and 50 mm.
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8 H H : Q: t
800 [~ {-- oK i FAUANZ et
600 E
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Figure 2. The XRD test on the coal; (a) X-ray equipment, (b) X-ray testing results

The test is carried on by using the TAW-2000 servo-control rock triaxial testing facil-
ity and pulse gas facility as shown in fig. 3. The experimental process is:
— to install the sensor and fix the specimen in the pressure chamber,
— to zero the readings of axial and radial sensors,
— to apply the confining pressure (for triaxial test),
— to heat up the triaxial cell (for tests at 40 °C and 80 °C),
— to apply the confining pressure (for triaxial test),
— to apply gas pressure, and
— to apply the axial load at an axial strain rate of about 3.3 - 10%/s until the specimen
broken.

Figure 3. Experimental facility; (a) mechanical test system, (b) SEM test equipment
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Test results and analysis
Mechanical parameters and analysis

According to tab. 2 and fig. 4, it’s can be concluded that there are obviously different
within the peak stress, denoted as o, elastic modulus, denoted as £ and poisson’s ratio, denoted
as u of coal. Therefore, analysis the effect of various factors on ¢, £ and x of coal. by using the
ANOVA.

Table 2. Summary of test data

Group No. o, [MPa] & E [GPa] 7

M20-0-0-1 6.55 0.00898 1.48 0.19
M20-0-0-2 6.06 0.00505 1.95 0.17
M20-1-4-1 12.12 0.00623 2.76 0.37
M20-1-4-2 13.53 0.00687 3.30 0.30
M20-3-8-1 24.65 0.00708 3.64 0.27
M20-3-8-2 22.35 0.00683 3.60 0.25
M40-0-4-1 15.85 0.00884 2.11 0.18
M40-0-4-2 9.87 0.01562 1.26 0.31
M40-1-8-1 19.71 0.00848 3.83 0.26
M40-1-8-2 20.57 0.00624 4.06 0.39
M40-3-0-1 9.13 0.00530 1.70 0.36
M40-3-0-2 12.39 0.00640 231 0.24
M&80-0-8-1 18.76 0.00958 3.48 0.26
M80-0-8-2 14.49 0.00590 3.10 0.28
MS80-1-0-1 11.20 0.00515 2.79 0.29
MS80-1-0-2 9.35 0.00495 3.19 0.25
MS80-3-4-1 27.60 0.00895 4.19 0.41
M&80-3-4-2 18.42 0.0054 4.56 0.34

0,, €1, E, and u represents peak stress, axial strain, elastic modulus, poisson’s ratio, respectively

Table 3. The ANOVA results of peak stress

Factor Squared sum of deviation df sl\éllf:rne F Sigrlléf‘i,zellnce

G 284.739 1 284.739 24.659 ok

T 175.892 1 175.892 15.233 *x

C 629.517 1 629.517 54.519 **
Error 173.203 15 11.547 - -
Total 1263.351 18 - - -
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It can be seen from tabs. 3-5 that all factors have a significant effect on the elastic
modulus, poisson’s ratio, and peak stress of coal. The significant level of confining pressure and
gas pressure on the o, £, and x is above 95%. The significant level of temperature on the g,and
E is above 95%. But the significant level of poisson’s ratio is 90%.

Table 4. The ANOVA results of elastic modulus

Factor Squared sum of deviation df Mean square 7 Significance level
G 11.817 1 11.817 19.774 o
T 16.548 1 16.548 27.691 *E
C 9.927 1 9.927 16.612 **

Error 8.964 15 0.598 - -

Total 47.256 18 - - -

Table 5. The ANOVA results of poisson’s ratio

Factor Squared sum of deviation df Mean square F Significance level
G 0.041 1 0.041 3.218 *
T 0.239 1 0.239 19.312 **
C 0.075 1 0.075 6.02 ok

Error 0.186 15 0.006 - -

Total 0.541 18 - - -

" Significance level larger than 95% and 90%, respectively, the same blew

The influence of various
factors on g, E, and u

The significance of each factor was studied, but the quantified relationships among
them have not yet been analyzed. Table 6 summarizes the relationships of confining pressure, C,
temperature, 7, and gas pressure, G, with the mechanical parameters obtained in some previous
studies. It can be observed that the relationship between peak stress, elastic modulus, Poisson’s
ratio and temperature, confining pressure and gas pressure can be approximated by linear mod-
el. The non-linear part of the non-linear model is very small compared with the linear part. In
this study, linear models will be used to describe the relationship between various factors and
mechanical parameters of coal.

As shown in tab. 7, the significance of each factor’s linear fitting to mechanical pa-
rameters can be expressed:

E(T,C,G)=0.0137+0.131C+0.434G +1.346 €))
0,(T,C,G)=0.042T +1.372C +2.38G +4.524 2
u(T,C,G)=0.001T +0.006C +0.009G +0.214 3)

where E(T, C, G), o(T, C, G), and u(T, C, G) are the functions related to the paremeters 7, C,
and G, respectively.
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Table 6. Relationship between 7, C, G and rock mechanics parameters

No. | Property | Factor Equation form Parameters Test range Ref.
_ k=-0.12
1 G, T 6, =kT+Db b =23 54
i~ 6l 20°C<T<80°C
2 E T E=kT+b b— 5579
Xuetal [11]
=-0.0014 20°C<T<60°C
b=10277
3 " r p=kr+b k= 0.0043
- o, o
b=_007 60°C<T=<80°C
ky =-0.002
4 o, T 0, =kT*+ kT +b ky,=0.143,
b=149
25°C<T<700°C Yin et al. [12]
k=9-10°
5 E T E=kT + kT +b k, =0.004,
b=31.1
_ k=3 .477
6 % ¢ o, =kC+b b=45217
k=-4.68 0MPa<C<24MPa | Yangetal [13]
7 E C E=kC*+kC+b k=2 17.09
b =4793
B k=02
8 E c E=kC+b b — 093
= 00176 6 MPa< (C<7.5MPa
9 # ¢ p=kCHb b=0323 ,
k=-0.546 Lifl4
10 E G E=kG+b b 3013
= 0,026 2.5MPa<G<4MPa
11 i G u=kG+b b=0'.12
_ =-2.64
12 o G 6, =kG+b 89
o4l 025MPa<G<2MPa| Lietal [3]
13 E G E=alnG+b “b‘:IOO'I

Table 7. Linear fitting results of peak stress

Factor Dependent variable Significance level
T 0, *
G E sk
C U Kk

" Significance level is larger than 95 and 90 %, O below 90%, respectively

From the equations, we can found that all factors are positively correlated with the g,,
E, and u. And the influence weight of gas pressure is the highest, the confining pressure is the
second, and the temperature is the least.
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Analysis of fractal characteristics
of fracture surface of coal

Scanning electron microscope
test of coal fracture

The quanta 250 SEM is used in the test. Cutting 1 cm? size slices at the fracture
surface of the specimen and wipe the surface clean with alcohol. Then fix it on the SEM test
bench with a conductive adhesive. Electron beams generate charge accumulation on the surface
of rock minerals, affecting the observations. Therefore, the surface of the specimen should be
sprayed with gold before observation. The result can be seen from fig. 4.

Figure 4. The SEM results of coal specimens fracture, (a) M20-0-0-2, (b) M20-1-4-3, (¢c) M20-3-8-3,
(d) M40-0-4-2, (e) M40-1-8-2, (f) M40-3-0-1, (g) M80-0-8-2, (h) M80-1-0-3, (i) M40-3-4-1

Fractal theory and calculation method of fractal dimension

Mandelbrot proposed a fractal theory based on self-similarity and scale invariance of
the measurement object’s body shape. It’s can be used to characterize certain irregular geomet-
ric shapes. Fractal has become a powerful tool for natural structures modelling such as fracture
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surfaces, cracks and fault traces [15-20]. Both micro- and macro-structure have fractal property
and can be characterized by the fractal dimension. The information of the fracture process is
recorded on the rock fracture and has statistical self-similar characteristics. Therefore, fractal
geometry theory was used to calculate the fracture fractal dimension, and then quantitatively
describe the complexity of fracture morphology.

First, the images of SEM test were binarized. Then, use box counting method to calcu-
late fractal dimensions of fracture microscopic images. Overlay the image with squares of size
r, and then change the size of 7 to get the number of grids N with different » values covering the
fracture defects. Double-logarithm processing for » and N. The slope is the fractal dimension D.
The result is shown in tab. 8. Finally, by ANOVA, the significance of the influence of various
factors on the fractal dimension of coal fracture surface.

D =0.000236T +0.001C —0.000159G +1.965

According to the statistical analysis results, tab. 9, the temperature and confining pres-
sure have a significant effect on the fractal dimension of coal fracture surface, and the signif-
icant level is above 95%. From tab. 10, it can be seen that the significant level of the fracture
surface with a linear relationship between confining pressure and temperature is above 90%,
and the temperature and confining pressure are positively correlated with the fractal dimension
of the coal fracture surface, and the gas pressure is negatively correlated.

Table 8. The result of D

20-0-0-2 | 20-1-4-3 | 20-3-8-3 | 40-0-4-2 | 40-1-8-2 | 40-3-0-1 | 80-0-8-2 | 80-1-0-3 | 80-3-4-1
1.967648 | 1.969054 | 1.9736 | 1.982327 | 1.988142 | 1.979653 | 1.990819 | 1.98129 | 1.985741
Table 9. The ANOVA results of D of coal failure surface
roor | Staiam |y [ M [ | S
T 0 2 0 139.7 *x
G 9.8E-7 2 4.9E-7 0.3 o
C 9.8E-5 2 4.9E-5 31.7 wx
Error 4.95 2 1.6E-6 - —
Total 4.95 8 - - -

Table 10. Linear fitting results of D of coal failure surface

Factor Coefficient Error Significance level
constant 1.965 433.4 ox
T 0.000236 3.5 **
G —0.000159 -0.1 (@)
C 0.001 1.9 *

" Significance level larger than 95 and 90 %, O below 90%, respectively, the same blew

Conclusions

¢ The significance of the effects of 7, C, G on the o, E, 1, and D of coal was analyzed by using
ANOVA. It can be seen from tabs. 3-5 that all factors have a significant effect on the o, E,
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u. of coal. The significant level of C, G on the o, , E, and x is above 95%. The significant
level of T on the op and E is above 95%. But the significant level of u is 90%. Temperature
and confining pressure have a significant effect on the D of coal fracture surface, and the
significant level is above 95%.

® The linear model is used to describe the variation law of the peak stress, poisson’s ratio,
elastic modulus of the coal under the confining pressure, the temperature and the gas pres-
sure. Temperature and confining pressure are positively correlated with the D of the coal
fracture surface, and the gas pressure is negatively correlated.

Nomenclature

C — confining pressure, [Nm2] Greek symbols

df  —degree of freedom, [-] & —axial strain of the specimen, [-]

£ —Fvalue of the ANgVA’ (-] u — Poisson's ratio of the specimen, []
G —gaspressure, [Nm™~] . 0,  —peak stress of the specimen, [MPa]
E — elastic modulus of the specimen, [GPa]

T — temperature, [K]
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