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ABSTRACT: The structural fracture of the coal seam with its low permeability is the
dominant reason for the “difficult gas out” of the broken soft coal seam. The brittleness of
the roof and floor rock stratum of the broken soft coal seam has a significant effect on the
fracture extension pressure of the surrounding rock after casing perforation and hydraulic
fracturing of the horizontal well for coalbed methane (CBM). In this paper, 15 rock
samples were scientifically collected from the roof and floor of the main mining coal seam
of the Early Permian coal-bearing series in the Xinxie-1 well of the Huainan Coalfield in
Anhui Province, China. On the basis of mineral composition analysis of these samples, the
influence of mineral composition on the mechanics properties of the rock at the roof and
floor of the coal seam was investigated. The correlation analysis and gray correlation
analysis were adopted to construct an evaluation method for the brittleness of the rock at
the roof and floor of the coal seam based on the mineral content. The results indicated
that the most significant compositions of the minerals in the rock at the roof and floor of
the broken soft coal seam were quartz and clay minerals. The most significant types of rock cementation are quartz agglomeration
and rhodochrosite cementation. Pore destruction as a result of cementation was much greater than that of compaction. In
comparison to clay minerals, the variation in the content of brittle minerals such as quartz, plagioclase, and siderite in the rock
showed more sensitivity to the mechanics properties of the rock. The more sensitive minerals for compressive strength (CS), shear
strength (SS), modulus of elasticity (E), softening coefficient (K), and Poisson’s ratio (μ) are quartz, those for tensile strength (TS)
are plagioclase and siderite, and those for Poisson’s ratio are clay minerals. Based on the established mineral content weighting
analysis method, it was calculated that the brittleness index (BI) of the rocks at the roof of the 13-1, 11-2, 9-2, and 4-2 coal seams
was larger, which was advantageous for the formation of longer fracturing crack networks. This is theoretical guidance for the
optimization of horizontal well fracturing design in the deep coal beds of the Huainan Coalfield.

1. INTRODUCTION
At present, the exploration and development of clean energy
such as unconventional natural gas (shale gas, coalbed gas, and
tight sandstone gas) has become a hot topic in energy science
in the world today.1−3 Lianghuai coalfield in Anhui Province is
the most important coal production base in eastern China. The
potential of coalbed methane resources is huge, and the
geological resources of coalbed methane can reach 90 million
cubic meters. However, the broken soft coal seams are
extremely developed in the Lianghuai coalfield. The so-called
“broken soft coal seam” refers to the coal seam where the
original natural fracture network system was destroyed or even
disappeared under the action of structural compression and
shear stress and the coal structure was characterized by broken
block, fragmented, powder, scale, and so on. Compared with a
hard coal seam, the development of coalbed gas in a broken
soft coal seam was more difficult. A broken soft coal seam was
characterized by broken, soft, and low permeability; it was
“difficult to release gas” and rapid productivity attenuation in
coalbed gas development. Conventional fracturing along a
structural coal reservoir is not effective,4 but the fracturing

along the roof and floor of the coal seam have achieved initial
results. For example, the LG drilling group of Luling coal mine,
Huaibei coalfield, Anhui Province (Figure 1) had a daily gas
production of 10,000 m3 and a stable production of 3000 m3/d
in 100 days.5,6 Therefore, for the traditional coalbed gas
development, the parameters such as coal quality, gas content,
and reservoir physical properties (porosity, permeability) of
coal reservoirs became the key parameters of coalbed gas
reservoir evaluation. For the development of coalbed gas in a
broken soft coal seam, special attention was paid to the
evaluation and research of key parameters of reservoir
fracturing such as mineralogy, petrology and engineering
mechanics of the roof and floor of the coal seam.7−9
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The composition of the material in the coal seam is very
complex, and the minerals in it consist mainly of quartz, pyrite
and other sulfides, dolomite, siderite and other carbonates, and
a range of other clay minerals.10 There are significant variations
in the mineral composition and content of different coal seams
due to differences in a variety of factors such as geographic
location and depositional environments. For example,
synsedimentary volcanic ash causes geochemical and minera-
logical anomalies in coal seams.11 Minerals in the M9 coal from
the Yanshan Coalfield in the Yunnan Province, southwestern
China, are mainly high-temperature quartz, diabase, dolomite,
limonite, Illite, and pyrite.12 Mineral composition affects the
mechanical properties of rocks at the top and bottom of coal
seams. Jarvie et al.13 in their study of shale, noted that quartz
can effectively respond to some of the properties of shale.
However, in addition to quartz, other carbonate minerals
should not be ignored. The mineral composition of shale from
the Longmaxi Formation in the Weiyuan area of the Sichuan
Basin has a high calcite and dolomite content, which also plays
an important role in the overall brittleness of the shale.14

Not only are the minerals in a rock complex and
variable,15,16 but also the different cementation states may
have a significant effect on its various properties.17,18 In view of
different diagenetic facies that had different petrology,
diagenesis, and physical properties,19,20 these characteristics
directly determine the size of rock mechanics parameters
(including compressive strength, Poisson’s ratio, and elastic
modulus) and the reasonable evaluation of rock brittleness.21 It
is of great significance to the effective prediction of formation
fracture pressure and the evaluation of wellbore stability during
coalbed methane development.

The brittleness index of the fractured reservoir in the coal
seam top was an important evaluation index that determined
the fracturing effect and gassed production effect of coalbed
gas.8,9,22 According to Liu et al.,23 there were many factors
affecting the brittleness of rock, and it was generally believed
that the brittleness of rock was related to mineral composition
and rock mechanics properties. However, there was no
consistent definition of brittleness index in the literature,
resulting in different quantitative methods.8,24 According to
literature research, the current evaluation methods of
brittleness index include dozens of methods based on rock
strength or firmness coefficient, rock mechanics properties,
mineral composition and content, stress−strain relationship,
and so on.8,13,24−26 Among them, the most representative
brittleness evaluation methods are mainly the rock stress−
strain relationship method, the brittle mineral method, and the
comprehensive evaluation method.27 The stress−strain rela-
tionship of rock includes not only the energy conversion from
stress loading to rock fracturing but also other important
mechanics properties, such as strength, strain, hardness,
modulus (elastic modulus, postpeak modulus, etc.), Poisson’s
ratio, internal friction angle, cohesion, and so on. Based on
these parameters, various methods for calculating rock
brittleness are derived. In the concrete calculation process,
the adaptability of the calculation formula should be
considered reasonably.28−32 For example, the elastic parameter
method is commonly used to continuously calculate the
brittleness of rocks, which held that the higher the elastic
modulus, the lower the Poisson’s ratio. However, this method
has its shortcomings. First, the maximum and minimum values
of elastic modulus were difficult to determine.25 Second, the
weight of the elastic modulus and Poisson’s ratio in brittleness

Figure 1. Physical geography map of the study area. The location of the Xinxie-1 well is presented in this figure.
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evaluation was uncertain, which made brittleness evaluation
uncertain. Another method was rock mineralogy,33,34 but this
method did not fully consider the influence of other brittle
minerals on rock mechanics parameters. The brittleness of rock
was related not only to the basic mineral composition but also
to its mechanics properties. Brittle minerals make an important
contribution to rock fracture formation and evolution;
therefore, it is also necessary to determine the brittle minerals
in coal seams. Rocks with a high content of brittle minerals
usually have mechanical properties with high Young’s modulus
and low Poisson’s ratio. Different regions have different types
of brittle minerals, which are related to the sedimentary
background, lithology, and facies type.35 Therefore, when
calculating the brittleness of shale in different regions, the
calculation method should be chosen according to the actual
geological conditions. In addition, the definition of brittle
minerals was vague, and it was still controversial whether
feldspar minerals and carbonate minerals are identified as
brittle minerals.36,37

It is not sufficient to estimate the brittleness of shale using
rock mechanics or brittle minerals; even if the rocks have the
same mineral composition, their porosity, density, and other
characteristics can vary significantly after undergoing different
diagenetic processes. In addition, brittleness is affected by the
diameter of the mineral grains and the degree of cementation
in the rock. However, the traditional brittleness evaluation
method based on elastic parameters and mineral composition
analysis was limited by the anisotropic petrophysical behavior
of reservoirs and lacks universal applicability and feasibility.38

So, it was necessary to comprehensively judge the response law
of rocks and minerals in combination with the mechanical
properties of rocks. Therefore, this study intended to take
Xinxie-1 well (CBM parameter drilling) (Figure 1) in Huainan
Coalfield as an example and revealed the geological occurrence
law of rock mineral compositions in coal measures strata
through experimental research on the roof and floor system of
broken soft coal seams in the study area. The response of
mineral composition to mechanical properties of coal seam

Figure 2. Schematic diagram of the roof and floor of the coal seam sampling.
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roof and floor rocks was expounded, and the brittleness
evaluation method of coal seam roof and floor based on rock
mineral composition was established. It provided guidance for
the development practice of coalbed methane in the broken
soft coal seam development area.

2. MATERIALS AND METHODS
2.1. The Geological Background of the Study Area.

Huainan Coalfield was located in the southeast margin of
North China’s craton on the large tectonic site, and the whole
interior showed a complex syncline structural belt complicated
by a series of secondary folds. The main coal-bearing strata in
Huainan Coalfield include Permian Shanxi Formation, Upper
Shihezi Formation, and lower Shihezi Formation. Xinxie-1 well
was located in the monoclinal structure of the south wing of
the Huainan Hedging Fault Basin, and the drilled strata were
Quaternary, Neogene, Paleogene, Triassic, Permian, and
Carboniferous. The final hole depth of the Xinxie-1 well was
1541.61 m, and the final hole horizon was Carboniferous-
Permian Taiyuan Formation seventh limestone. A total of 30
layers of coal had been discovered by drilling, including 16
minable coal seams, among which 4 stable minable coal seams
were 13-1#, 11-2#, 8#, and 7#. The main lithology of the roof
and floor of the drilled coal seam were mudstone, sandy
mudstone, argillaceous siltstone, siltstone, fine sandstone, and
medium sandstone.
2.2. Sample Collection. This study focused on sampling

and field description of the core samples of the roof and floor
of the main minable seam exposed in the Xinxie-1 well (Figure
2). There are 15 samples, and the length of the samples should
be greater than 300 mm (core diameter 60 mm). There were
15 core samples collected this time, and the length of the
samples was more than 300 mm (core diameter 60 mm). The
structure of the core samples was complete and representative.
After the dirt on the surface of the samples was cleaned on site,
the samples were sealed and sent to the laboratory for later use.
The subsequent experimental procedure is shown in Figure 3.
2.3. X-ray Diffraction Analysis. The mineral composition

identification and quantitative analysis of the samples were

carried out via a YST-1 X-ray diffractometer. The weight of the
sample to be measured is approximately 15 mg. The dried rock
samples are ground until the total particle size is less than 40
μm, and the X-ray diffraction data of the samples are compared
with the standard X-ray diffraction data of minerals, so as to
accurately identify the types of minerals in the samples. The
total amounts of clay minerals and nonclay minerals are
determined by the corresponding methods, respectively. The
experimental test process was carried out with reference to the
oil and gas industry standard of the People’s Republic of China
(SY-T6210-1999).
2.4. Casting Thin-Section. A ZT-3 rock casting instru-

ment was used to prepare the rock casting sheet. First, the
project team selected representative parts of rock samples to be
measured and cut them into squares of 24 × 24 × 6 mm3, put
the samples in a drying oven for 4 h, controlled the
temperature between 105 and 110 °C, dried the moisture,
and put them into a dryer for later use after natural cooling.
Second, the prepared dyeing resin was injected into the sample
tube, and the sample was submerged for more than 10 mm.
Finally, the cast thin sections after pressure perfusion and
heating solidification were observed under a microscope, and
the types of minerals, cements, and contact types in the rock
were identified and analyzed.
2.5. Testing of Rock Mechanics Properties. The RMT-

150C rock and concrete mechanics test system was used for
the rock mechanics property test. A uniaxial compression test
(natural water-bearing condition) was carried out on the
samples to be tested according to the rock physical and
mechanics properties test regulations (DZ/T 0276.18-2015).
The test process was as follows: We processed samples into
cylinders with a diameter of 60 mm and a height of 120 mm.
The processed test piece (coated with a thin layer of vaseline
lubricant on the upper and lower bottom surfaces) was placed
in the center of the base. A rigid cushion block was placed
between the upper end of the sample and the pressure bearing
plate of the experimental machine. The pressure bearing head
was adjusted so that the sample was uniformly stressed and
loaded at a rate of 0.1−0.5 MPa/s until the sample was

Figure 3. Schematic diagram of the experimental program.
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damaged. During the test, the specimen is placed at the center
of the bearing plate of the press, and the bearing plate with a
spherical seat is adjusted so that the specimen is uniformly
loaded. The number of test specimens in each group shall not
be less than 3 under the same water content state and the same
loading direction. The display value error of the testing
machine shall not exceed ±1%. Among them, soft rock and
softer rock took a lower loading rate. According to the axial
deformation and radial deformation of the rock specimen in
the uniaxial compression test, the stress−strain curve of rock
was drawn and the corresponding rock mechanics parameters
were calculated.

3. RESULTS
In this study, experimental methods such as casting thin-
section and X-ray whole rock analysis and mineral petrology
analysis were carried out on sandstone of the roof and floor of
the main coal seam in Xinxie-1 well (Figure 4 and Table 1),
which mainly revealed the mineralogical composition,
cementation type, and dissolving attack situation of rocks.
The mineral composition of the rock at the roof and floor of
the coal seam was dominated by quartz (average of 56.9%, with
a range of 28−75.4%) and clay mineral (average of 30.4%, with
a range of 11.2−64.3%), followed by anorthose (average of
6.0%, with a range of 0−23.6%), siderite (average of 5.1%, with
a range of 0.4−43.3%), and pyrite (average of 0.4%, with a
range of 0−3%); other minerals are scattered. The compressive
strength (CS) of the roof and floor of each main coal seam was
between 17.3 and 92.3 MPa, with an average of 52.01 MPa.
The tensile strength (TS) was between 1.33 and 12.07 MPa,
with an average of 4.73 MPa. The shear strength (SS) was
between 5.3 and 18.5 MPa, with an average of 11.49 MPa. The
softening coefficient (K) was between 0.15 and 0.83, with an
average of 0.49. The modulus of elasticity (E) ranged from
5.36 to 28 GPa, with an average of 16.69 GPa. The Poisson’s
ratio (μ) is between 0.18 and 0.26, with an average of 0.22.

The results of casting thin-section analysis were consistent with
those in Table 1. It could be seen from Figure 3 that quartz,
feldspar, and siderite were widely distributed in casting thin-
section. The cementation types of the roof and floor of the coal
seam were mainly quartz enlargement and siderite cementation
(MS, FS-1, FS-2, MS-2, FS-5, and FS-6 samples), besides that
argillaceous cementation and calcareous cementation were
found in the roof of the local coal seam (MS-1, MS-3, and FS-3
samples). Except for a few feldspar and rock debris dissolved
pores (Figure 4A), a few calcite metasomatic feldspar (Figure
4F) and organic matter strips (Figure 4C,H) were found.
Quartz enlargement edges and siderite were common in the
roof and floor of other coal seams, and no obvious dissolution
was observed. In addition to the development of organic
matter and fractures in the argillaceous zone, the whole rock
was relatively dense with extremely poor porosity and
permeability, and the pore damage caused by cementation
was far greater than that caused by compaction.

4. DISCUSSION
4.1. Geological Occurrence Law of Mineral Compo-

sitions. 4.1.1. Mineral Distribution Law under Different
Sedimentary Ages and Buried Depths. With the increase of
buried depth, the mineral content in the roof and floor of
different coal seams showed different change rules. As shown
in Figure 5, the measured data are fitted by a quadratic
polynomial, so as to analyze the changing trend of mineral
content with the change of buried depth.

It could be concluded that, with the increase of buried
depth, the content of quartz in the roof and floor of the coal
seam first decreased and then increased (Figure 5A), while the
content of siderite first increased and then decreased (Figure
5B). Among them, the content of quartz was higher (>65%) in
the roof of No. 13-1 and No. 4 coal seams and lower (<60%)
in the roof and floor of No. 9 and No. 10 coal seams. The
siderite content was opposite, but the inflection point was the

Figure 4. Cementation mode of minerals in the roof with different lithology. (A) Lithic quartz sandstone, ×10, MS sample. (B1) Siderite lithic
quartz sandstone, ×10, FS-1 sample. (B2) Siderite lithic quartz sandstone, ×10, FS-2 sample. (C) Muddy siltstone, ×10, MS-1 sample. (D)
Feldspathic lithic sandstone, ×10, FS-3 sample. (E) Feldspar lithic fine sandstone, ×10, MS-2 sample. (F) Lithic quartz sandstone, ×10, MS-3
sample. (G) Feldspathic lithic sandstone, ×10, FS-5 sample. (H) Feldspathic lithic sandstone, ×10, FS-6 sample. Sd, siderite; Qz, quartz; Cal,
calcite; Fsp, feldspar; MS, muddy strip.
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same, which was located at the bottom of the Upper Shihezi
Formation and the top of the Lower Shihezi Formation. The
analysis might be related to the development of interbedded
sandstone and mudstone in the transitional zone of the delta
plain.39 In addition, with the increase of buried depth, the
content of plagioclase and clay minerals in the roof and floor of
the coal seam changed gradually. Among them, the content of
plagioclase approximately increased with the increase of buried
depth (Figure 5C), while the content of clay minerals
approximately decreased with the increase of buried depth
(Figure 5D).

Different rocks have different types, contents, and
combinations of minerals, as well as the content of elements
contained in each mineral. In addition, the duration of the
transportation distance affects the morphology and structure of
the rocks. Figure 5 indicates the lithology, composition,
particle size, sedimentary structure, sorting, and rounding
information on the roof of the main mining coal seam of the
Early Permian coal-bearing series in this study area, which
provides petrographic evidence for further understanding of
the sedimentary environments of the rock strata. It has been
demonstrated that the Huainan area experienced a seawater
oscillatory retreat event during the Early Permian period, and
the sedimentation was generally submerged.40 Quartz was
mostly dominant in the clastic composition of this sedimentary
system, and siderite was a common occurrence in riparian
avalanches. The lithological composition of the sedimentary
environment of the Lower Shihezi Formation was composed of
predominantly deltaic plain sedimentary development, which
belongs to the transition zone between the Upper and Lower
deltaic plains. The sedimentary environment of the Upper
Shihezi Formation was developed over a long period of time to
form a broader delta plain. Therefore, it is believed that the
changes in the sedimentary cyclones of the Lower and Upper
Shihezi Formations played a certain role in controlling the
formation of minerals in the sedimentary clastic rocks.

4.1.2. Mineral Distribution Law under Different Lithologic
Conditions. The mechanical behavior of rock at the macro-
scale depended largely on its granular mesoscale structure and
the properties of each mineral composition.41 It could be seen
from Figure 6 that the mineral content changed regularly
under different roof and floor conditions of coal seam lithology
conditions. The concrete manifestations were as follows: (1)
The change trend of quartz and clay minerals in the roof and
floor of the coal seam was the most obvious, followed by
plagioclase and siderite (Figure 6). (2) With the increase of
rock particle size (i.e., sandy mudstone < argillaceous siltstone
< siltstone < fine sandstone < medium sandstone), the content
of quartz and plagioclase minerals gradually increased (Figure
6A and B). The content of siderite changed relatively little,
showing a gradual increase trend (Figure 6C), whereas the
content of clay decreased gradually (Figure 6D).

It could be seen that the larger the particle size of rock (such
as medium sandstone and fine sandstone), the higher the
content of quartz and plagioclase in rock and the lower the
content of clay. On the contrary, the smaller the particle size of
rock (such as sandy mudstone and argillaceous siltstone), the
lower the content of quartz and plagioclase and the higher the
content of clay. Under different lithologic conditions, the
content of siderite did not change obviously but local
aggregation easily occurred in fine sandstone and medium
sandstone formations. The content of siderite varies insignif-
icantly under different lithological conditions (different particleT
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sizes of clasts), but it occurs as a partial occurrence of
accumulation in fine sandstones and muddy siltstones. In
general, siderite was formed in a slightly reduced−oxidized
environment.42,43 This coincides with the petrographic
characteristics of the Lower-Upper Shihezi Formations. The
postgeneration interaction was the most significant diagenetic
type for the formation of siderite in fine sandstones and muddy
siltstones.44 For sandy siltstone with a small clastic particle size,
siderite may be a product of early diagenesis.
4.2. The Relationship between Mineral Composition

and Rock Mechanics Properties of Coal Seam Roof and
Floor. In conventional reservoir fracturing design, mechanics
parameters such as the elastic modulus (E), Poisson’s ratio (μ),
and compressive strength (CS) of rocks were often used to
predict the fracturability and fracture pressure of reservoir
rocks, and petrological characteristics were the most important
factors affecting the mechanics properties of rocks.7,45,46 When
the content of mineral compositions in rocks was different, the
mechanical properties of rocks must be different. With the
change of lithologic composition, the rock mechanics proper-
ties of the roof and floor of coal seams showed different laws
(Figure 7A and B). It showed as follows: (1) With the increase
of rock particle size, the two parameters (CS and E) showed an
increasing trend. It was characterized by sandy mudstone <
argillaceous siltstone < siltstone < fine sandstone < medium

sandstone. Poisson’s ratio (μ) showed a decreasing trend, and
other rock mechanics parameters did not change obviously.
The above conclusions were consistent with:23 (2) In general,
quartz, feldspar, and clay mainly affected the elastic modulus of
shale. The increase of quartz and feldspar content led to the
increase of elastic modulus, while clay minerals had the
opposite. On the contrary, carbonate and organic matter had
little effect on the elastic modulus of rock,23 which was slightly
different from this study. In comparison to the shear strength
(SS), softening coefficiency (K), and μ, the increase of siderite
content was an important factor causing an abnormal increase
of CS, tensile strength (TS), and E values of rocks. For
example, the content of siderite in the FS-2 sample was 43%,
which corresponded to the CS, TS, and E values of this sample
being 86.4 MPa, 12.07 MPa, and 28 GPa, respectively.
Therefore, the influence of the change of carbonate content on
rock mechanics properties in the study area needed to be paid
attention to: (3) Under the same rock composition condition,
the different rock particle cementation methods would lead to
significant differences in rock mechanics parameters.47 For
example, the whole rock analysis results of the MS-2 and MS-3
samples were relatively similar. The content of quartz was
between 60 and 63%, and the content of siderite was between
2 and 3%. According to the previous analysis, the siderite
cementation of the MS-2 sample was relatively developed,

Figure 5. Variation of the contents of four minerals (quartz (A), siderite (B), plagioclase (C), and clay (D)) with sampling depth.
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while the cementing method of the MS-3 sample was mainly
siliceous cement. The difference in the type of cementation
might be an important reason for the obvious difference in the
CS, SS, and E values of the MS-2 samples.47,48 (4) According
to the physical meaning of brittleness in elastic mechanics,
more generally, the larger the E, the smaller the μ, which was
consistent with the change law of E and μ in Figure 7B. It
could be preliminarily speculated that fine sandstone and
medium sandstone with a large particle size of rock particles
had good compressive strength, tensile strength, shear strength,
elastic modulus, and brittleness characteristics. However, in
view of the differences in mineral composition and
cementation type, there would be different degrees of impact
on the mechanics properties and brittleness characteristics of
rocks. Therefore, the effective and reasonable determination of
the weight coefficients of different rock minerals was the key to
quantitatively evaluate the mechanical characteristics and
brittleness characteristics of rocks.
4.3. Contribution of Mineral Compositions to Rock

Mechanics Properties of Coal Seam Roof and Floor.
4.3.1. An Overview of Gray Correlation Model. Different
mineral components contributed differently to the mechanics
properties of rocks.49−53 In order to quantitatively evaluate the
contribution of mineral groups to the mechanics properties of
coal seam roof rock and simplify the model parameters, the

influences of minerals such as ankerite, pyrite, and calcite were
not considered for the time being.54 When considering the
contribution of mineral composition to the mechanics
properties of coal roof and floor rocks, due to the
incompleteness and uncertainty of the understanding of
internal mineral composition, the influence of various factors
on the mechanics properties cannot be determined at once,
which requires in-depth research. The gray correlation analysis
method makes up for the deficiency of using the mathematical
statistics method for system analysis. It is equally applicable to
the number of samples and the regularity of samples; the
calculation is small, which is very convenient, and there will be
no discrepancy between quantitative and qualitative analysis
results. In this paper, the gray correlation analysis method is
proposed.55

4.3.2. Preprocessing of the Initial Sequence. Due to the
different magnitude of each impact parameter, it is necessary to
carry out dimensionless processing in the gray correlation
analysis. This paper adopts the great value standardization
method, which is different according to the significance of the
parameter, and the processing method is also different, which
is mainly divided into two cases: for the positive indicator, that
is, the impact factor is positively correlated with the rock
brittleness, dividing the single parameter data by the maximum
value of this indicator; for the negative indicator, first

Figure 6. Variation of four mineral contents (quartz (A), plagioclase (B), siderite (C), and clay (D)) as a function of the particle size.
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subtracting the single parameter data from the great value of
this parameter and then dividing the great value by the
difference of the parameter.

4.3.3. Determining the Parent Sequence. Rock mineral
composition (quartz, plagioclase, siderite, and clay) and
mechanics parameters (CS, TS, SS, K, E, and μ) were selected
as subindicators and parent indicators, respectively. According
to the basic principles of the gray correlation model, computer
programming was carried out using the MATLAB language.
The contribution of each mineral content to the mechanical

properties of the rock was quantitatively calculated in
accordance with the output results.

4.3.4. Calculation of the Gray Correlation Coefficient. Let
ξi(K) (i = 1, 2, ..., m) be the correlation coefficient of xi to x0 at
the sampling position of K; then,

= +
+

K
k

K k
( )

( )i
i

min max

max (1)

where K was the resolution coefficient (the value was between
[0.1, 1], generally 0.5); Δmin is the minimum absolute value

Figure 7. (A) Variation of mineral content and rock mechanics parameters (CS, TS, and SS) in samples with different particle sizes. (B) Variation
of mineral content and rock mechanics parameters (K, E, and μ) in samples with different particle sizes.
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difference, = | |x K x Kmin min ( ) ( )
i K

imin 0 (generally, 0 is

acceptable); Δmax is the maximum absolute value difference,
= | |x K x Kmax max ( ) ( )

i K
imax 0 ; Δi(K) is the absolute differ-

ence between the factors at the sampling point K, Δi(K) = |
x0(K) − xi(K)|.

4.3.5. Calculation of the Correlation Degree. The
information represented by individual correlation coefficients
is scattered and not comparable. For comparison purposes, the
correlation degree of xi to x0 was adopted to centralize them

=
=N

K1
( )i

i

n

i
1 (2)

where γi is the correlation degree of the subindicator relative to
the parent indicator.

4.3.6. Determination of Weight Coefficients. After the
correlation degree of each evaluation index was calculated, the
weight coefficient of each evaluation index could be obtained
by normalization. The normalized equation was expressed as

=
=

ai
i

i
m

i1 (3)

where ai is the weight coefficient and m is the number of
evaluation indexes.

The normalized results are listed in Table 2, and the results
of weight coefficient calculations are presented in Table 3 and
Figure 8.

It could be seen from Figure 8 that the weight coefficients of
different mineral compositions corresponding to rock
mechanics parameters were also different, which was shown

as follows: (1) quartz minerals had the largest contribution to
the Poisson’s ratio (0.3471) and the smallest contribution to
the tensile strength (0.2058), and the contribution to other
rock mechanics parameters was about 0.28. (2) Oblique
feldspar and siderite had the same contribution to the above six
rock mechanics parameters, which generally showed that they
had a greater contribution to tensile strength, a smaller
contribution to Poisson’s ratio, and a general contribution to
other rock mechanics parameters. (3) The influence of clay
minerals on rock mechanics parameters was consistent, and
each weight coefficient was approximately 0.25. Therefore, the
variations in the content of brittle minerals such as quartz,
plagioclase feldspar, and rhodochrosite in the rocks are more
sensitive to the mechanics properties of the rocks when
compared to clay minerals. It is quartz that is more sensitive to
compressive strength, shear strength, modulus of elasticity,
softening coefficient, and Poisson’s ratio, plagioclase and
siderite to tensile strength, and clay minerals to Poisson’s
ratio. The above results were basically consistent with the
conclusion of Liu et al.23 It should be pointed out that clay
content had a direct impact on Poisson’s ratio, which was
positively correlated with Poisson’s ratio, while quartz content
was inversely related to Poisson’s ratio.

Table 2. Normalized Results of Each Evaluation Index and Brittleness Index

Subindicator Parent indicator

Sample number Quartz Plagioclase Siderite Clay CS TS SS K E μ
SM-1 0.62 0.03 0.05 0.78 0.28 0.11 0.30 0.40 0.25 0.96
SM-2 0.47 0.00 0.01 1.00 0.19 0.29 0.34 0.48 0.19 1.00
MS-1 0.77 0.03 0.11 0.56 0.45 0.27 0.49 0.77 0.39 0.85
MS-2 0.83 0.01 0.06 0.54 0.45 0.12 0.62 0.47 0.39 0.88
MS-3 0.80 0.22 0.07 0.49 0.29 0.30 0.29 0.23 0.25 0.92
MS-4 0.76 0.00 0.05 0.63 0.34 0.27 0.40 0.18 0.29 0.92
MS-5 0.77 0.46 0.02 0.46 0.32 0.43 0.77 0.86 0.36 0.88
SS 0.89 0.28 0.06 0.37 0.85 0.38 0.48 0.92 0.79 0.77
FS-1 0.77 0.46 0.02 0.46 0.94 1.00 0.98 0.90 1.00 0.69
FS-2 0.37 0.06 1.00 0.17 0.63 0.31 0.88 1.00 0.68 0.81
FS-3 0.77 1.00 0.11 0.20 0.56 0.92 0.39 0.59 0.57 0.85
FS-4 0.90 0.11 0.08 0.37 0.76 0.40 1.00 0.61 0.82 0.69
FS-5 0.78 0.54 0.08 0.35 0.82 0.50 0.88 0.43 0.86 0.73
FS-6 0.81 0.30 0.04 0.47 0.59 0.33 0.95 0.54 0.64 0.85
MS 1.00 0.30 0.01 0.26 1.00 0.20 0.56 0.53 0.93 0.73

Table 3. Weight Coefficient of Each Evaluation Index

Weight coefficient

Parent indicator Quartz Plagioclase Siderite Clay mineral

CS 0.2799 0.2431 0.2281 0.2489
TS 0.2058 0.2785 0.2578 0.2579
SS 0.2743 0.2461 0.222 0.2576
K 0.2768 0.2557 0.2141 0.2533
E 0.2722 0.2557 0.2142 0.2533
μ 0.3471 0.2116 0.1777 0.2637

Figure 8. Weight coefficients of different mineral compositions
corresponding to rock mechanics parameters.
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4.4. Evaluation Method of Brittleness of the Coal
Seam Top and Bottom Plates Based on Mineral
Composition. At present, Li et al.54 had tried to establish a
brittleness evaluation method based on rock mineral
composition and mechanics parameters, but the model lacked
universal applicability due to the influence of evaluation index
selection. Therefore, in the brittleness evaluation, the mineral
composition (quartz, plagioclase, siderite, and clay) and
mechanics parameters (E and μ) of the rock in the study
area were comprehensively considered as the key indicators for
the evaluation of rock brittleness, and a new method for
evaluating the rock brittleness−mineral weight analysis method
was proposed. This time, the rock brittleness (BIavg)
determined by the elastic parameter method was taken as
the parent indicator, and the specific calculation method of the
parent indicator was as follows:

_ = _ _ _ _E BI E C E min E max E min( )/( ) (4)

_ = _ _ _ _BI C max min max( )/( ) (5)

= _ + _BI E BI BI( )/2avg (6)

E_C and μ_C are the calculated elastic modulus and Poisson’s
ratio; E_max and E_min are the maximum and minimum of
elastic modulus; μ_max and μ_min are the maximum and
minimum Poisson’s ratio; E_BI and μ_BI are the brittleness of
rock calculated for the elastic modulus and Poisson’s ratio,
respectively; and BIavg is the average value of rock brittleness.
Since the measured sample data were few, the values of
maximum and minimum values of the elastic modulus and
Poisson’s ratio refer to Rickman et al.25 According to Rickman
et al.,25 under the condition of large sample data, E_max = 85
MPa, E_min = 5 MPa, μ_max = 0.37, and μ_min = 0.16. The
main mineral compositions (quartz, plagioclase, siderite, and
clay minerals) of the roof and floor of the coal seam were
adopted as the classification indexes, and the weight coefficient
of each mineral composition on the brittleness index was
determined using the gray correlation analysis method. After
calculation, the weight coefficients of quartz, plagioclase,
siderite, and clay minerals were 0.3271,0.2244, 0.1919, and
0.2566, respectively. In order to highlight more brittle rocks,
the author put forward a new formula for calculating the
brittleness (BI) of rocks in this area:

= [ × + × ]

[ × + ×

+ × + × ]

V V

V V

V V

BI ( 0.3271) ( 0.1919)

/ ( 0.3271) ( 0.2244)

( 0.1919) ( 0.2566)

Quartz Carbonatite

Quartz Plagioglase

Carbonatite Clay (7)

In order to verify the rationality of the above formula, the
calculation results were compared with the rock mechanics
parameter method and the rock mineralogy method (Figure
9).

It could be seen from Figure 9 that the calculation result of
the rock mechanics parameter method was low, which was
related to the lack of consideration of rock mineral
composition in this method.38 Although the results of the
rock mineralogy method were close to the results calculated by
the mineral weight analysis method, the comprehensive
influence of brittle minerals in carbonate rocks on the
brittleness index was not considered. When the content of
calcite, siderite, and other carbonate minerals in rocks was
abnormal, the calculated results would be abnormal (FS-2

sample in Figure 9). The new formula proposed by the author
considered the influence of carbonate minerals widely existing
in the study area, and the calculated results were more realistic
and could avoid the occurrence of abnormal data results.

Figure 10 shows the evaluation results of the brittleness of
the roof and floor of different coal seams obtained by using the

new calculation formula. With the increase of buried depth of
the coal seam, the brittleness coefficient of the roof and floor of
the coal seam in Xinxie-1 well generally showed a decreasing
trend. In this study, the rock samples showed typical brittle
damage after uniaxial compression tests. That is, the sandstone
showed a strong brittle fracture when compressed, and when
the load reached the maximum, the stress suddenly
experienced a drop phenomenon. In the uniaxial compression
test, the damage mode of samples with high brittleness index is
dominated by shear damage, with fewer cracks after damage;
the damage mode of samples with lower brittleness index
undergoes tensile damage, with more cracks after damage in
general. In addition, the time of occurrence of brittle fracture
varies among rock samples with different lithologies.56,57 The
roof and floor of coal seams with a brittleness coefficient

Figure 9. Comparison of different calculation methods of the
brittleness index.

Figure 10. Brittleness evaluation of the roof and floor of different coal
seams.
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greater than 70 were mainly the roof of 13-1, 11-2, 9-2, and 4-2
coal seams. The above-mentioned coal seam roof tends to form
a fracture network, which had guiding significance for the
optimization of fracturing horizon.

5. CONCLUSIONS
In this paper, the mineral composition and brittleness
characteristics of the rocks on the roof and floor of the main
mining coal seam in Xinxie-1 well of the Huainan Coalfield,
Anhui Province, China, are investigated. The following main
conclusions are obtained from the in-depth analysis of the rock
samples:
(1) Mineral contents in the rocks at the roof and floor of the

coal seam show different variation characteristics as a
function of the depth and lithology. The differences in
the mineral composition and cementation type of the
rocks are the essential factors that lead to their different
rock mechanics properties.

(2) In contrast to clay minerals, the changes in the content
of brittle minerals such as quartz, plagioclase, and
siderite in rocks are relatively sensitive to the mechanics
properties of the rocks.

(3) The evaluation method of rock brittleness of the roof
and floor of the coal seam was constructed based on the
mineral weight analysis, and the calculation results show
that the rock brittleness indexes of the roof of the 13-1,
11-2, 9-2, and 4-2 coal seams are larger, reflecting the
higher fracture extension pressure of the rock, which is
favorable for the formation of a fracturing network.
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■ NOMENCLATURE
CS compressive strength
TS tensile strength
SS shear strength
K softening coefficient
E modulus of elasticity
μ Poisson’s ratio
Sd siderite
BI brittleness index
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