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Abstract

Studying the effects of the micro- and meso-scale characteristics of coal-bearing sandstone on its mechanical properties can
provide basic data and accumulated experience for the development of technology for the in situ testing of the strength of rock
masses. In this paper, the micro- and meso-structures, mineral composition, and elemental contents of 16 kinds of sandstone from
three coal mines were studied through X-ray diffraction and polarizing microscope analysis. The stress—strain evolutional
characteristics of different sandstone samples were obtained through uniaxial compression, tension, and shear tests under acoustic
emission monitoring, and the effect of various micro- and meso-characteristics on the mechanical properties and failure charac-
teristics of the sandstones was investigated. The results show that the strength, elastic modulus, cohesion, and friction coefficient
all increase with increasing quartz content and degree of particle contact, and decrease with increasing plagioclase and clay
mineral content, especially kaolinite content. The failure mode of sandstone samples is mainly shear failure during uniaxial
compression, the larger the particles and the lower the quartz content, the higher the RA value generated near the peak, indicating
that more tensile failure occurs. Furthermore, the strength damage model and damage constitutive model are established by
acoustic emission measurement data. These results could provide useful reference for the development of intelligent systems for
the in situ testing of the mechanical properties of coal and rock masses.

Keywords Coal-bearing sandstone - Micro- and meso-characteristics - Mechanical properties - Damage model

Introduction rock masses mostly depends on laboratory tests and in situ tests.

The latter is widely used because it can overcome the disadvan-

Coal accounts for 58% of China’s energy consumption, and it is
expected that China’s energy consumption will still be domi-
nated by coal (more than 50%) in the next 10 years (Yao et al.
2020). The development of rock mechanics theory has laid a
foundation for the development of the coal mining industry
(Meng and Su 2006). In the process of coal mining, the under-
standing of the physical and mechanical properties of coal and
rock masses profoundly affects the safety of mining operations.
At present, the evaluation of the strength and stability of coal-
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tages of disturbance and size effects of samples in laboratory
tests (Ma et al. 2012). In situ test methods for coal-rock mass
strength include large-scale compression shear tests (Hudson
and Harrison 2009), impact hammer method (Peng et al.
2007; Zhao and Wu 2009), acoustic detection method (Bai
et al. 2007), drilling measurement method (Wang and Yu
1998), and borehole penetration method (Kang and Wang
2007; Kang and Lin 2001). The relatively advanced ones are
portable in situ test systems developed by Yao et al. (2019),
which can realize large-scale and rapid test of the strength,
elastic modulus, cohesion, internal friction angle, and ground
stress of coal and rock mass on site. However, the current tech-
nologies lack the ability of systematic in situ automatic identi-
fication and intelligent decision-making, and cannot adapt to
the complex geological conditions with many types of coal
and rock masses and various mineral compositions.
Laboratory measurements of the strength of coal and rock
masses at the micro- and meso-scale can provide a foundation,
which can quantitatively investigate the relationship between
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the strength of coal and rock masses and the surface particle
distribution and meso-structure characteristics of such rock
masses. Therefore, it is of great importance to study the influ-
ence of micro- and meso-scale characteristics on the mechanical
properties of rock to improve technologies for the in situ auto-
matic determination of the mechanical properties of coal-rock
masses and improving the safety of coal mine production.

Due to differences in diagenesis and stress environments,
the micro- and meso-characteristics of minerals can vary sig-
nificantly during the process of rock formation (Meng et al.
2002). Many scholars have extensively studied the mechani-
cal properties of rocks based on their micro- and meso-char-
acteristics. It is found that mineral composition, microfracture,
porosity, particle size, particle shape, and intercrystalline
structure are the most important factors affecting rock me-
chanical properties (Réisdnen 2004; Lindqvist et al. 2007,
Johansson 2011). Ersoy and Waller (1995) quantitatively an-
alyzed the influence of fabric coefficient on rock mechanical
properties by using imaging analysis system and found that
the mechanical properties of the rocks depended on the rock
fabric. Based on existing theory, Li and Michel (2003) devel-
oped and generalized a more suitable formula for the estima-
tion of the uniaxial strength and porosity of materials, and
applied this formula to materials, such as rock, ceramics, and
concrete. Additionally, the researchers noted that the effect of
fabric characteristics on the rock’s mechanical properties is
stronger than the effect of mineral composition. Charles
(2002) and Homand et al. (2004) studied the effect of the
mineral composition of clay rocks on the rocks’ compressive
strength and investigated the strength change and deformation
characteristics of the clay rocks under saturated and partially
saturated conditions. Thury and Bossart (1999) investigated
the effect of micro-crystalline particles in clay rock on the
rock’s mechanical strength. Meng et al. (2000, 2002)
established a quantitative relationship between rock micro-
structure and macro-mechanical properties. From the above
researches, the internal factors that cause differences in the
macro-mechanical properties of rocks were the mineral com-
position of rock-forming materials; the size, shape, and distri-
bution characteristics of diagenetic particles; and micro-
fissures (Zhao et al. 2013).

Research on the influence of micro- and meso-scale charac-
teristics on rock mechanical properties always involves the in-
vestigation of rock damage mechanisms. Fonseka and
Krajcinovic (1981) first introduced the concept of rock damage
mechanisms. Starting with an analysis of the stress and strain
states of brittle rock, they carried out relevant experimental
research and theoretical derivation about rock damage
mechanisms. Lemaitre (1996) established a constitutive relation-
ship by representing complex rock-fissure parameters. Arbabi
and Sahimi (1993) and Sahimi and Arbabi (1993) developed a
theory regarding the weakest chain strength of materials. Barbero
et al. (2005) stated that the general behavioral model of self-
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healing materials included irreversible processes and healing
processes, and proposed a constitutive model of damage
healing based on continuous thermodynamics. Darabi et al.
(2012) established a damage-healing model based on the con-
cepts of Kachanov effective configuration and effective stress
space. The experimental research and theoretical analysis of the
above researchers has promoted the development of research into
rock damage mechanics and laid a foundation for the application
of such research in engineering.

In conclusion, many factors affect the mechanical proper-
ties of rock. Besides the effects of external factors, such as the
stress conditions, environment, and characteristics of a sedi-
mentary rock, the rock structure and composition also play a
decisive role in determining the rock’s mechanical properties
(Meng et al. 2002). At present, there are few comparative
studies on the mechanical properties of rocks in specific areas
from the micro- and meso-scale. Therefore, research on the
factors which affect the mechanical properties of rocks (espe-
cially for specific regions) is of great significance for the in
situ testing of the strength of coal-rock masses.

Experimental scheme
Experimental materials and sample preparation

In this study, coal-bearing sandstones from the Jining No. 3
coal mine, the Dongqu coal mine, and the Xingiao coal mine
(mine locations shown in Fig. 1) were taken as research sam-
ples. The Jining No. 3 coal mine is located in Rencheng
District, Jining City, Shandong Province (Fig. 1). The mine’s
strata mainly include the following: Middle and Lower
Ordovician rocks, the Upper Carboniferous Benxi
Formation, the Carboniferous Permian Taiyuan Formation,
the Lower Permian Shanxi Formation, the Middle Permian

Dongqu SN
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7 Jining 3th
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Xingiao
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Fig. 1 Locations of the coal mines from which the sandstone samples
were obtained
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Table 1 Classification of sandstone samples
Mining area Group number ~ Rock name Description of ~ Sampling position
rock structure
Jining No. 3 Al-1-1 Argillaceous fine-grained feldspar quartz greywacke 1 Belt haulage roadway (roof;
coal mine A2-1-1 Medium-fine lithic-debris feldspar sandstone 1 2 working face no. 7304)
A3-1-1 Medium-fine lithic-debris feldspar sandstone 11 2
A4-1-1 Fine-medium lithic-debris feldspar sandstone 2
A5-1-1 Medium-fine lithic-debris feldspar sandstone 11 2
Dongqu coal mine ~ BI1-1-1 Calcareous fine-grained lithic-debris quartz sandstone 3 Maintenance roadway
B2-1-1 Medium-grained lithic-debris sandstone 4 (roof; 860 m a.s.l.)
B3-1-1 Fine-grained lithic-debris greywacke I 4
B4-1-1 Medium-fine lithic-debris greywacke I 5
B5-1-1 Fine-grained lithic-debris greywacke I1 6 Track transport roadway (roof;
B6-1-1 Medium-fine lithic-debris greywacke 11 5 working face no. 24808)
B7-1-1 Coarse-grained lithic-debris greywacke I 6
B8-1-1 Coarse-grained lithic-debris greywacke 11 7
Xinqgiao coal mine ~ C1-1-1 Coarse medium-grained feldspar lithic-debris 1 7 Main haulage roadway (roof)
sandstone I
C2-1-1 Coarse medium-grained feldspar lithic-debris 11 8
sandstone 11
C3-1-1 Coarse medium-grained feldspar lithic-debris 111 8

sandstone 111

Note: 1: argillaceous fine sandy structure, sub-edge-angular, particles sit in a miscellaneous matrix, base-type cementation, miscellaneous-matrix
support; 2: medium-fine sandy structure, sub-edge-angular and sub-circular mineral shape, main particle contact is line contact, a small amount of point
contact and concave—convex contact, porosity cementation, particle support; 3: fine sandy structure, edge-angular mineral shape, main particle contact is
non-contact or point contact, a small amount of line contact, matrix-type cementation, miscellaneous-matrix support; 4: fine sandy structure, sub-edge-
angular mineral shape, main particle contact is line contact, a small amount of concave—convex contact, porosity cementation, particle support; 5: fine
sandy structure, sub-edge-angular and sub-circular mineral shape, main particle contact is non-contact, a small amount of point contact, matrix-type
cementation, miscellaneous-matrix support; 6: medium-fine sandy structure, sub-edge-angular and sub-circular mineral shape, main particle contact is
non-contact, a small amount of point contact, matrix-type cementation, miscellaneous-matrix support; 7: coarse sandy structure, sub-edge-angular and
sub-circular mineral shape, main particle contact is non-contact or point contact, a small amount of line contact, matrix-type cementation, miscellaneous-
matrix support; 8: coarse- to medium-grained sandy structure, sub-edge-angular, main particle contact is point contact, a small amount of line contact,

porosity cementation, particle support

Lower Shihezi Formation and Upper Shihe Formation, the
Upper Jurassic Mengyin Formation, and Quaternary rocks
(Song et al. 2016a; Song et al. 2016b). The Dongqu coal mine
is located to the southeast of Gujiao City, Shanxi Province
(Fig. 1). The mine’s strata are Cambrian, Ordovician,
Carboniferous, Permian, Triassic, Neogene, and Quaternary
in age (Su 2016; Zhou et al. 2017). The Xingiao coal mine
is located to the southwest of Yongcheng City, Henan
Province (Fig. 1). The mine’s strata are Cambrian,
Ordovician, Carboniferous, Permian, Triassic, Tertiary, and
Quaternary in age (Feng 2012; Xue 2012). The sandstone
samples used in this study are from coal-bearing strata of the
Lower Permian Shanxi Formation.

A total of 144 rock samples, representing 16 different types of
sandstone, were selected, and the sedimentary rock classification
scheme in the book Sedimentary Petrology by Zhang (1990) was
adopted to classify them, as shown in Table 1.

In accordance with the requirements of the Test
Specifications of the International Society of Rock
Mechanics (Muralha et al. 2014) and Test Rules for the

Physical and Mechanical Properties of Rocks (Ministry of
Land and Resources of the PRC 2015), the original sandstone
samples were respectively prepared into 48 cylinders with
®50 x 100 mm, 48 cylinders with ®50 x 25 mm, and into 48
cubes with a side length of 50 mm, for uniaxial compressive
strength (0., tensile strength, and shear strength tests respec-
tively. The samples were grouped and numbered based on
their lithological characteristics and source mine (Table 1).
The letters A, B, and C indicate that the sample was obtained
from the Jining No. 3 coal mine, Dongqu coal mine, and
Xingiao coal mine, respectively. The first number after the
letter represents the type of sandstone, the second number
represents the type of mechanical experiment, and the third
number is the sample number. For example, sample A1-1-1
represents the first sample of argillaceous fine-grained feld-
spar quartz greywacke from the Jining No. 3 coal mine for
uniaxial compression test. Additionally, the samples were
crushed to allow X-ray diffraction analysis, while petrograph-
ic thin sections were prepared from each sample to facilitate
polarizing microscope observation (Fig. 2).
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Fig. 2 Thin sections (a) and hand
specimens (b) of the analyzed
sandstones

Experimental equipment and methods

According to the requirements of the Test Rules for the
Physical and Mechanical Properties of Rocks (Ministry of
Land and Resources of the PRC 2015) and the requirements
for X-ray diffraction analysis, the rock samples were dried
using a 101-2 air-blowing drier (Shanghai Instrument
Factory, Shanghai, China). The drying temperature was set
to 105 °C and the drying duration was 12 h. X-ray diffraction
analysis was conducted on powdered rock samples using an
X’Pert PRO X-ray diffractometer (PANalytical B.V., Almelo,
Netherlands) in order to determine the mineral content
of the rock samples. Microscopic analysis was per-
formed on the rock thin sections using an XP-300 trans-
mission digital polarizing microscope (Shanghai
Tianxing, Shanghai, China) in order to obtain informa-
tion about the micro- and meso-characteristics of the
mineral composition, internal particle shape, particle ar-
rangement, cementation, etc.

Uniaxial compressional, tensional, and shear tests
were performed on the rock samples using a
CMT5305 electronic universal testing system controlled
by a micro-computer servo control system (Shenzhen
SANS, Shenzhen, China). Uniaxial compression tests
were conducted on the cylindrical samples with $50 x
100 mm, uniaxial tension tests were conducted on the
cylindrical samples with ®50 x 25 mm, and uniaxial
shear tests were performed on the cubic rock samples.
The loading rate was 0.5 mm/min under displacement
loading. In the process of compressional failure of the
rock samples, a TS3890N static resistance strain indica-
tor (Beijing Zhongxi, Beijing, China) was used to re-
cord the axial strain of the rock samples, while a PCI-II
AE system (PAC) was used to monitor the acoustic
emission signals. The test system is shown in Fig. 3.

Analysis of micro- and meso-characteristics
of sandstone

X-ray diffraction analysis and polarizing microscope ob-

servation were carried out for the 16 different types of
sandstone in order to determine their mineral
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composition and mass fraction. The results are given
in Table 2. Although 16 rock types were studied, due
to the limitation of article length and similar analytical
methods, only the results for argillaceous fine-grained
feldspar quartz greywacke are presented. The results of
the X-ray diffraction and polarizing microscope analysis
of this rock sample are shown in Fig. 4.

From the polarizing microscope images, it can be
seen that the argillaceous fine-grained feldspar quartz
greywacke is gray in color, has a dominantly fine-
grained sandy structure, and that its miscellaneous ma-
trix has a mostly argillaceous structure. The content of
lithic-debris (mainly including quartz debris, rock de-
bris, and plagioclase debris) is about 56%, and the con-
tent of miscellaneous matrix is about 44%. The debris
sits in an argillaceous miscellancous matrix, and forms
the support of this matrix and the matrix-type cementa-
tion. Most of this debris is sub-edge-angular; however,
some is edge-angular. The results of the X-ray diffrac-
tion analysis show that the main minerals in the argil-
laceous fine-grained feldspar quartz greywacke sample
(A1-1-1) are quartz, potassium feldspar, plagioclase, cal-
cite, pyrite, illite, and kaolinite. Among these, quartz is
dominant, accounting for 46.8% of the minerals, the
potassium feldspar content is 2.0%, and the plagioclase
content is 7.6%, while other clay minerals account for
43.6% of the minerals.

As shown in Table 1, the particle contact can be
divided into four types: non-contact, point contact, line
contact, and concave—convex contact. With increasing
particle size, the particle-contact ratio decreases and
the contact-type transitions from concave—convex con-
tact or line contact to point contact or non-contact. As
shown in Table 2, the selected sandstone is mainly
composed of quartz, feldspar, and clay minerals. In all
of the sandstones from the Jining No. 3 coal mine
(mine A), the main minerals are fine-grained quartz,
potassium feldspar, and plagioclase, and the contents
of siderite, ankerite, and calcite are close to 0. In all
of the sandstones from the Dongqu coal mine (mine B),
the main minerals are medium- to fine-grained quartz
and plagioclase; the contents of siderite, ankerite, and
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Fig. 3 Schematic showing the
testing system used for the
analysis of rock mechanical
parameters and acoustic
emissions (AEs). 1: master

Load control system
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calcite are around 10%; and almost no potassium feld-
spar is present. In the Xingiao coal mine (mine C), the
main type of sandstone is lithic-debris greywacke with a
relatively coarse grain size. These rocks contain quartz,
plagioclase, siderite, calcite, pyrite, and clays; however,
they do not contain potassium feldspar or ankerite. The
main clay minerals in the rock samples from the three
mines are illite, smectite, kaolinite, and chlorite, the first
two of which occur in mixed layers, and the clay min-
eral contents of different types of sandstone are differ-
ent. This analysis of sandstone composition lays a foun-
dation for future analysis of the effects of clay minerals
on the mechanical properties of rocks.

Study of the effects of micro- and meso-scale
characteristics on the strength of sandstones

Mechanical properties and fissure characteristics
of sandstones under uniaxial compression

Figure 5 shows the experimentally derived stress—strain
curves for different types of sandstone from the three different
mines under uniaxial compression, Table 3 shows the me-
chanical properties of these rock samples. Sandstones in mine
A have uniaxial compressive strengths of 18.47-58.34 MPa,
elastic modulus of 1.18-2.19 GPa, and Poisson’s ratios of
0.16-0.44; sandstones in mine B have uniaxial compressive

Table 2 Whole-rock mineral

contents (in vol. %) of different Group Total rock mineral content Relative clay mineral content
types of sandstone number
Q K- Pl Sid Ank Cal Py Clays I Kao Chl Formation
spar _—
ST S%
Al-1-1 468 20 76 00 00 07 02 427 20 280 0 0 -
A2-1-1 375 223 174 00 00 04 01 223 24 34 21 21 15
A3-1-1 420 132 170 00 00 00 00 278 25 68 6 0 -
A4-1-1 387 187 190 00 00 08 01 226 27 37 24 12 12
AS5-1-1 348 110 172 1.6 00 00 00 355 18 39 7 35 32
B1-1-1 492 00 74 19 00 00 0.1 415 68 12 3 18 12
B2-1-1 40.3 0.0 00 44 87 89 00 378 329 2 57 15
B3-1-1 46.5 0.0 00 15 13 00 01 506 96 1 2 0 -
B4-1-1 57.3 0.0 1.8 06 08 67 00 328 58 24 4 14 8
B5-1-1 443 0.0 40 07 00 1.6 00 494 63 5 1 31 8
B6-1-1 402 0.0 108 1.0 00 00 00 479 79 8 2 11 10
B7-1-1 442 0.0 32 41 00 38 00 4438 82 7 2 9 9
B8-1-1 394 00 129 00 00 00 00 478 83 0 0 17 8
Cl1-1-1 354 00 67 45 00 00 13 521 58 28 4 11 9
C2-1-1 558 00 210 00 00 03 00 228 18 21 25 36 28
C3-1-1 638 0.0 187 1.8 00 00 00 157 70 0 0 29 8

0, quartz; K-spar, potassium feldspar; P/, plagioclase; Sid, siderite; Ank, ankerite; Cal, calcite; Pv, pyrite; Clays,
clays; /, illite; Kao, kaolinite; Chl, chlorite; Formation, illite/smectite formation; 7, illite; S, smectite
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Fig. 4 Polarizing microscope
images (a and b) and the X-ray
diffraction spectrum (c¢) of argil-
laceous fine-grained feldspar
quartz greywacke

Indensity/10°
-

1 — Al-1-1

1 Quartz (46.8%)

2 Kaolinite (34.2%)

3 Pyrite (0.2%)

4 Tllite (8.5%)

5 Potassium feldspar(2%)
6 Plagioclase (7.6%)

7 Calcite (0.7%)

16!

strengths of 26.81-82.83 MPa, elastic modulus of 1.27—
2.62 GPa, and Poisson’s ratios of 0.12-0.26; and sandstones
in mine C have uniaxial compressive strengths of 26.87—
82.08 MPa, elastic modulus of 1.31-2.67 GPa, and
Poisson’s ratios of 0.25-0.30. As shown in Fig. 5, different
types of rocks show different deformation and failure charac-
teristics under uniaxial compression. The pre-peak-stress de-
formation of samples in mine B is almost linearly elastic,
showing obvious brittle failure characteristics. These rocks
showed no precursory signals before failure; however, a loud
noise and flying debris were produced when the rock samples
were destroyed. As lithology changes, the uniaxial compres-
sive strength of samples in mine A shows a decreasing trend,
while their Poisson’s ratio shows an increasing trend. The
stress—strain curve for samples in mine C, especially sample
C3-1-1 shows a serrated shape and an obvious stress drop
during the fissure growth stage, which indicates that structural
failure occurred before the sample had reached peak stress.
The cracks generated during brittle rock failure mainly con-
sist of two kinds of crack: tensile cracks and shear cracks. The
generation of different types of cracks generates different
kinds of AE waveforms (Grosse and Ohtsu 2018). For exam-
ple, the AEs generated by tensile fissures have shorter wave-
lengths, and the AE waveform has a shorter rising time and a
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higher frequency. Meanwhile, shear fissures generate AEs
with longer wavelengths, and the AE waveform has a longer
rising time and lower frequency. Therefore, the ratio of rising
time to amplitude of AE signals (RA; units: ms/V) can be used
to study rock failure mechanisms. Higher RA values corre-
spond to tensile fissures and lower RA values correspond to
shear fissures. Figure 6 shows plots of sample stress and RA
with compressional loading time for different types of
sandstone.

As shown in Fig. 6, the RA values of the AEs of the sand-
stones are generally low during the compression, and only a
small number of higher RA values occur at around the time of
failure. This shows that shear failure is dominant in the sand-
stones, and only a few tensile failures occur near the peak
stress under uniaxial compression. This can be attributed to
the fact that, in the fissure closure stage, the original cracks
inside the sample are compacted. This means that no fissures
grow and converge, and the occurrence frequency of AEs is
relatively low. After entering the elastic deformation stage,
with increasing stress, the fissures inside the sample are
completely closed and begin to sprout and propagate, and
some cracks begin to appear. The above process is accompa-
nied by a small number of AEs, and the RA values of these
AEs are small, thus suggesting that shear fissures are the
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Table 3 Mechanical properties of
different types of sandstone

Sample o, E; n Sample o, Sample  Angle C tan w(©)
(MPa) (GPa) (MPa) ©) (MPa) ©
Al-1-1 1847 1.18 016 Al-2-1 3.3 Al-3-1 45 3.57 0.62 3195
Al-1-2  50.85 2.18 026 Al-2-2 159 Al-32 55
Al-1-3 3434 1.80 032 Al-2-3 377 Al-3-3 65
A2-1-1 3325 1.26 022 A2-2-1 269 A3-1 45 3.71 0.67 3374
A2-12  38.02 1.92 023 A2-22 372 A2-32 55
A2-1-3 3992 1.83 022 A2-2-3 444 A2-3-3 65
A3-1-1 3473 1.38 044 A3-2-1 334 A3-3-1 45 457 0.78  38.1
A3-12  41.12 2.19 026 A3-2-2 513 A3-32 55
A3-1-3 3734 1.92 028 A3-2-3  4.69 A3-3-3 65
A4-1-1 2447 1.18 0.19 A4-2-1 6.02 A4-3-1 45 6.32 0.61 31.25
A4-1-2 4371 1.87 021 A4-22 549 A4-32 55
A4-1-3  51.50 2.01 022 A4-2-3 573 A4-3-3 65
A5-1-1  37.19 1.61 0.18 A5-2-1 511 A5-3-1 45 4.57 0.78  38.1
A5-1-2  45.03 1.97 0.16 A5-2-2 382 A5-32 55
A5-1-3 5834 1.97 0.19 A5-2-3 453 A5-33 65
B1-1-1 28.83 1.42 0.16 Bl1-2-1 1.14 B1-3-1 45 6.84 0.56 2944
B1-1-2  42.05 2.05 024 Bl122 3.66 B1-3-2 55
B1-1-3  82.83 2.62 0.19 BI1-2-3 359 B1-3-3 65
B2-1-1  48.32 1.56 023 B22-1 281 B2-3-1 45 5.1 0.72  35.65
B2-1-2 28.48 1.84 0.16 B2-2-2 495 B2-3-2 55
B2-1-3 7250 242 023 B2-2-3 565 B2-3-3 65
B3-1-1  41.20 1.28 021 B3-2-1 435 B3-3-1 45 3.08 0.69 3479
B3-1-2  57.27 1.97 022 B322 432 B3-3-2 55
B3-1-3  28.96 1.45 021 B3-2-3 420 B3-3-3 65
B4-1-1  50.33 1.48 0.14 B4-2-1 499 B4-3-1 45 8.42 042  22.68
B4-1-2  41.27 1.91 0.12 B4-22 637 B4-3-2 55
B4-1-3  73.38 248 0.15 B4-2-3 497 B4-3-3 65
B5-1-1  55.32 1.56 020 B5-2-1 381 B5-3-1 45 7.4 0.14 79
B5-1-2  40.25 1.79 025 B522 387 B5-3-2 55
B5-1-3  53.62 243 022 B523 515 B5-3-3 65
B6-1-1 4571 1.44 0.15 B6-2-1 181 B6-3-1 45 6.67 0.6 30.95
B6-1-2  74.78 225 020 B6-22 274 B6-3-2 55
B6-1-3  74.95 2.25 019 B6-2-3 223 B6-3-3 65
B7-1-1  27.15 1.28 026 B7-2-1 473 B7-3-1 45 7.5 0.55 28.87
B7-1-2  56.27 2.02 024 B7-22 435 B7-3-2 55
B7-1-3  52.30 2.13 019 B7-2-3 384 B7-3-3 65
B8-1-1  31.40 1.27 023 B8-2-1 1.13 B8-3-1 45 2.76 0.75 369
B8-1-2  26.81 1.79 026 B82-2 1.50 B8-3-2 55
B8-1-3  56.27 2.02 024 B82-3 233 B8-3-3 65
Cl-1-1  29.86 1.44 026 Cl1-2-1 0.80 Cl1-3-1 45 3.06 0.66  33.56
Cl-1-2 3992 1.83 025 Cl1-222 261 Cl-32 55
Cl-1-3  27.74 1.31 028 Cl1-2-3 083 C1-3-3 65
C2-1-1  41.20 1.87 029 (C22-1 822 C2-3-1 45 9.18 0.59  30.58
C2-1-2 6155 1.87 029 (C2-22 545 C2-32 55
C2-1-3  29.15 1.79 026 C2-2-3 695 C2-3-3 65
C3-1-1 6345 1.49 026 C3-2-1 1772 C3-3-1 45 7.87 0.63 32
C3-1-2  82.08 2.67 030 C3-22 5.62 C3-32 55
C3-1-3  26.87 1.79 029 (€323 823 C3-3-3 65

o, uniaxial compressive strength; £, modulus of elasticity; 1, Poisson’s ratio; o, tensile strength; angle, angle of
the plate clamp, which is also the angle between the shear stress and the horizontal direction; C, cohesive force; ¢,
angle of internal friction
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Fig. 5 Experimentally derived stress—strain curves for different types of sandstone under uniaxial compression. (a), (b), and (¢) show the results for mine
A (Jining No. 3 coal mine), mine B (Dongqu coal mine), and mine C (Xingiao coal mine), respectively

dominant fissure type during this stage. In the inelastic defor-
mation stage, internal fissures begin to propagate and con-
verge around the main fissure. This leads to an increase in
the number and amplitude of AE events, which results in the
occurrence of many high RA values near the peak stress. This
indicates that mostly tensile cracks are generated during the
inelastic deformation stage.

As shown in Fig. 6, when the grain size of the sandstone
increases, the number of high RA values observed in samples
B3-1-1, B4-1-1, B1-1, and B7-1-1 near the peak stress signif-
icantly increases. This shows that the larger the grain size of
the sandstone, the more tensile failures occur near the peak
stress, with shear failure being the main failure mode in sand-
stone with smaller grain size near the peak stress.
Additionally, the mineral content (e.g., quartz content) also
affects the crack properties of the rock samples. The sandstone
with a higher quartz content mainly suffers shear failure near
the peak stress, while the sandstone with a lower quartz con-
tent mainly suffers tensile failure near the peak stress. For

@ Springer

example, in the coarse-grained lithic-debris greywacke (sam-
ple B7-1-1), whose quartz content is 2.3% lower than that of
the fine-grained lithic-debris greywacke I (sample B3-1-1
shown in Table 2), a larger number of high RA values are
observed near the peak stress.

Effect of mineral content on the mechanical
characteristics of sandstone

Coal-bearing rocks are formed in the shallow crust (Meng
et al. 2002). The diagenetic mechanism and disturbance of
the external environment greatly influence the mineral com-
position and meso-structure of different rocks (Zhao et al.
2013). The main intrinsic factors which control the macro-
mechanical properties of rock materials are mineral composi-
tion, particle size, and cementation type. Based on the micro-
and meso-analysis of sandstone samples in the “Analysis of
micro- and meso-characteristics of sandstone” section and the
results of the stress—strain analysis in the “Mechanical
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Fig. 6 Stress and AE RA versus uniaxial compression loading time for various sandstone samples. (a) Sample B3-1-1. (b) Sample B4-1-1. (¢) sample

B2-1-1. (d) sample B7-1-1

properties and fissure characteristics of sandstones under uni-
axial compression” section, in this section, we adopt a single-
variable approach and select three rock samples which have a
similar structure, cementation, particle contact, particle sup-
port mode, and particle size, in order to study the effects of
mineral content on the mechanical properties of rocks.
Figure 7 shows the experimentally derived relationships
between the mineral contents and uniaxial compressive pa-
rameters of rock samples. The analysis of microscopic and
mesoscopic characteristics of sandstones in the “Analysis of
micro- and meso-characteristics of sandstone” section shows
that quartz mainly occurs as single crystals with a low poly-
crystalline content, undeveloped cleavage, and a Mohs hard-
ness of 7 (Sun 2002). The chemistry of quartz is very stable.
Therefore, the presence of quartz can be assumed to increase

the uniaxial compressive strength and elastic modulus of the
sandstone, as is suggested by Fig. 7a, b. This is consistent with
the results of previous studies (Zhao et al. 2013). On the con-
trary, with increasing plagioclase content, the uniaxial com-
pressive strength and elastic modulus of the rock samples
decrease, as shown in Fig. 7c, d. This can be mainly attributed
to the development of cleavage in the plagioclase (as observed
by microscopic observation) and the fact that the plagioclase
is partly sericitized and lightly fractured. Plagioclase feldspar
is an aluminosilicate mineral. Compared with quartz, feldspar
has lower hardness and less stable chemical properties.
Moreover, it is easily weathered into clay minerals under nat-
ural conditions. Therefore, the presence of feldspar reduces
the uniaxial compressive strength and elastic modulus of the
sandstone.
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Fig.7 Experimentally derived relationships between sample mineral content and uniaxial compression. Mine A represents Jining No. 3 coal mine, mine

B represents Dongqu coal mine, and mine C represents Xingiao coal mine

Figure 7 e and f show the effects of clay mineral contents
on the mechanical properties of rock samples. From the figure,
it can be seen that the uniaxial compressive strength and elas-
tic modulus of sandstones are negatively correlated with clay
mineral content. This can be attributed to the fact that the clay
minerals are mainly kaolinite, illite, chlorite, etc., which have
low hardness and unstable chemical properties, and therefore
lead to the reduction of the rock’s macroscopic compressive
strength and elastic modulus. Previous researchers (Lindqvist
et al. 2007) have come to the same conclusion. As shown in
Table 4, kaolinite is the dominant clay mineral in all of the
sandstones analyzed in this study. Kaolinite is chemically un-
stable. In sandstone samples with a higher kaolinite content,
pores are larger and more abundant, the internal connection of
the rock is low, and the rock compactness is low. Accordingly,
such rocks will have weaker macro-mechanical properties, as

@ Springer

reflected in the reduction of compressive strength and elastic
modulus shown in Fig. 7g, h.

By also considering the results shown in Table 3 and Fig. 8,
it can be seen that the effect of mineral content on the tensile
strength, cohesion, and internal friction angle of rock samples
is similar to its effect on compressive strength. This further
shows that mineral content is one of the controlling factors of
rock micro- and macro-mechanical properties.

Effect of particle contact rate on the mechanical
characteristics of sandstones

Based the analysis of the micro- and meso-characteristics of
sandstones presented in the “Analysis of micro- and meso-
characteristics of sandstone” section, the contact modes of
particles can be divided into four types: non-contact, point
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Fig. 7 (continued)

contact, line contact, and concave—convex contact. With in-
creasing particle size, the contact mode of particles changes
from concave—convex contact or line contact to point contact
or non-contact, and the contact rate of particles decreases.
Figure 9 shows the relationship between the particle contact
style and the mechanical parameters of rock samples. From
Fig. 9a, b, it can be seen that with increasing particle contact
rate, the uniaxial compressive strength and elastic modulus of
sandstones in mine B increase from 26.81 to 82.83 MPa and
from 1.36 to 2.62 GPa, respectively. The values of the com-
pressive strength and elastic modulus of mine A and mine C
are relatively dispersed, but the overall trend is also increasing.
That is, the mechanical properties of rock samples clearly
increase with increasing particle contact rate. This is similar
to the conclusions reached by earlier researchers (Pfikryl
2001).

Figure 9 ¢ and d show the relationships between particle
contact degree and rock cohesion and internal friction angle.
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With increasing particle contact rate, the cohesive force of
sandstones in mine C increases from 3.06 to 9.18 MPa, and
the tangent of internal friction angle increases from 0.59 to
0.66, respectively. Although the data of sandstones in mine A
cannot be well fitted linearly, the overall trend is also increas-
ing. The data of sandstones in mine B are relatively dispersed,
which may be related to the degree of sample integrity. In a
word, the cohesive force and tangent of internal friction
angle of rock samples are positively correlated with the
particle contact rate, that is, on the whole, the cohesive
force and internal friction angle of the rock sample both
increase with increasing particle contact rate. This is
similar to the conclusions reached by earlier researchers
(Zhao et al. 2013). This is mainly due to the fact that
the larger the particle contact rate, the larger the number
of particles per unit volume, the more compact the rock,
and the greater the contact force between the particle
units.
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Table 4  Uniaxial compressive strength and cementation of different types of sandstone

Sample o (MPa) E{(MPa)

Cementation type

Cement content
(vol.%)

Description

Al-1
A2-1
A3-1
A4-1
AS5-1
Bl1-1
B2-1

B3-1

B4-1

B5-1

B6-1

B7-1

BS-1

Cl-1

C2-1
C3-1

18.47
38.02
41.12
24.47
58.34
82.83
28.48

57.27

50.33

55.32

74.95

27.15
31.4

27.74
29.15
26.87

118242 <1
191553 <1
2187.60 <1
117941 2
1965.71 2
261839 25
1841.78 1
1966.84 5
147988 3
156432 3
224868 8
1282.19 2
1265.70 2
1311.14 1
179039 1
1787.86 1

Mainly authigenic clay minerals and argillaceous cementation.

Carbonate content is very low, metasomatic feldspar.

Carbonate content is very low, metasomatic feldspar.

Carbonate content is very low, metasomatic feldspar.

Carbonate, ankerite, and siderite

Carbonates—mainly calcite, ankerite and siderite; iron after oxidation of siderite

A small amount of ankerite and siderite. Limonitization occurs along
rhombic cleavage for locally idiomorphic-crystal ankerite.

Calcite is dominant; a small amount of rhombic idiomorphic crystalline
dolomite; flash protrusion is obvious.

Calcite is dominant; a small amount of rhombic idiomorphic crystalline
dolomite; flash protrusion is obvious.

Calcite is dominant; a small amount of thombic idiomorphic crystalline
dolomite; flash protrusion is obvious.

Siderite content is about 4%, with siderite occurring as micro- to fine-grained single crystals; aggregates
are irregularly shaped blocks distributed in micro-sections; calcite content is about 3%.

Mainly authigenic clay minerals, occasionally rthombic crystalline dolomite.
Mainly authigenic clay minerals, occasionally thombic crystalline

Mainly authigenic clay minerals, occasionally siderite

Mainly authigenic clay minerals, occasionally siderite

Mainly authigenic clay minerals, occasionally siderite

Analysis of the qualitative relationship between
cementation type and uniaxial compressive strength

In rock debris, cementation includes cements or fissure fillings
and the contact between cements and debris particles.
Cementation is usually divided into argillaceous, calcareous,
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siliceous, and iron. Table 4 shows the uniaxial compressive
strength and cementation type of different types of sandstone.

From Table 4, it can be seen that the higher the percentage
of cement, the higher the compressive strength and elastic
modulus of the rocks. This can be attributed to the fact that
rock porosity reduces with increasing cementation. As shown
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Fig. 8 Experimentally derived relationships between sample mineral content and tensile and shear parameters
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Fig. 9 Experimentally derived relationships between particle contact mode and the mechanical parameters of rock samples

in Table 4, the uniaxial compressive strengths of samples B3-
1 and B6-1—which are cemented with carbonate and siderite,
respectively—are 57.27 and 74.95 MPa, respectively, while
the uniaxial compressive strength of sample C2-1, whose ce-
ment is mainly composed of clay minerals, is 29.15 MPa. This
indicates that rocks which are cemented by carbonate and
siderite are stronger than those which are cemented by clay
minerals.

Evolution characteristics of sandstone
damage
Strength damage model for sandstone specimens

Damage mechanics is generally used to study the rela-
tionship between the strength and deformation of rocks.

In this study, based on the randomness of the strength
distribution of rock micro-elements, a quantitative rela-
tionship between damage variables and stress and strain
is established for the rocks, and then a constitutive
model for this relationship is established to simulate
the damage to the rocks with increasing stress. Then,
the simulation results of the established constitutive
damage model were compared with the experimentally
derived stress—strain relationships. In this section, the
mechanical failure characteristics of different types of
sandstone specimens under uniaxial compression are
studied, and a piecewise-curve damage model based on
cumulative AE counts is established. The piecewise-
curve model considers that damage evolution always
occurs before and after the peak strength is reached.
The following equations were adopted to fit the stress—
strain data (Xu 2007):
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(0<e<e.)

D=yp—¢ (ec <€) (1)

Bie
A .
Where a, b, ¢, d, and k are material constants; @ + ¢ = 1; and
d and k are determined by fitting the experimental data. In this
paper, values of = 1.765 and £ = 0.002 1o, were taken, where
o, represents the uniaxial compressive strength.
According to boundary conditions,cr|5:& = o, ‘;—‘E’
0 then

e=¢.

Ee.—o,
— 2
¢="p (2)
Oc
= 3
Ee.—0o, (3)
Oc
= 4
‘=i (4)

The stress—strain curve and damage evolution curve obtain-
ed using the piecewise-curve damage model are shown in
Fig. 10. This model considers that there is damage evolution
before and after the stress reaches the peak stress, which is
indicated by dotted lines. It is close to the Mazars model (Li
2002), except that the phase before the peak of the o-€ curve is
not linear, and therefore more scientific.

The simulated damage evolution curve based on cumula-
tive AE counts was fitted using the Origin software
(OriginLab Corporation, Northampton, MA, USA), as shown
in Fig. 11. Because the fitting process is relatively simple, and
in order to reduce the length of the paper, only the damage
curves of A2-1 and A3-1 are shown in the paper.

After fitting the damage evolution curve, the damage evo-
lution equation was obtained using the following equation:

(5)

m
D= 1+ e k(e—n)

where &, m, and n are curve parameters obtained by fitting the
damage curve.

Damage constitutive relation of sandstone under
uniaxial compression

According to Lemaitre’s strain equivalence hypothesis (Li
2002), in the one-dimensional case, the stress term [o] in the
strain constitutive relation of intact materials can be replaced
by the effective stress [o]" (Yu 2009). Therefore, the damage
constitutive relation can be expressed as follows:

lo] = [o] (1-D) = [H][](1-[D]) (6)
where [07] is the stress matrix, [o] is the effective stress matrix,

[H] is the material elastic matrix, [€] is the strain matrix, and
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[D] is the variable damage matrix.

Assuming that the damage distribution in the sandstone
samples is isotropic, under loading, local micro-fissures will
change the mechanical properties of the samples, and macro-
fissures will not appear. From continuum damage-mechanics
theory (Zhao 2002; Xie et al. 2004; Liu 2012), the constitutive
stress—strain relation of the sandstone samples can be obtained
as follows:

o = [o] (1-D) = E=(1-[D)) (7)

Within the rock samples, there are many defects such as
fissures, pores, and material interfaces. The sizes, shapes, and
spatial distributions of these defects are random, and conse-
quently the rock strength (which is closely related to these
parameters) is also a random variable. Furthermore, a “size
effect” exists in the rock samples. That is, with decreasing
rock-sample size, the relative degree of nonlinearity of the
rock’s mechanical characteristics decreases. When the size
of'the rock sample decreases to a certain point, the mechanical
properties of the rock sample show obvious elastic—brittle
characteristics.

By introducing the damage variables which were deter-
mined from the fitting of the cumulative AE counts into Eq.
(7), the one-dimensional elastic damage constitutive model for
the sandstone based on the experimentally derived stress—
strain curves can be obtained as follows:

m
g _Eg(l_m> (8)

The simulated and experimentally derived stress—strain
curves are shown in Fig. 12.

From the simulated and experimentally derived damage
curves for the sandstone under uniaxial compression (Fig.
12), it can be seen that the established damage constitutive
model is consistent with the experimental results. However,
there are differences between the simulated and experimental-
ly derived results. For example, for a few samples, the simu-
lated stress is slightly larger than the experimentally derived
stress. These differences may be due to the following:

1. For a given strain, the simulated peak stress is greater than
the experimentally derived peak stress. This may be due
to the fact that, during the initial deformation of the sand-
stone, micro-crack events are less energetic, and the am-
plitudes of the resulting AEs are too low to be detected by
the AR, thus leading to a discrepancy between the mea-
sured and simulated number of AEs.

2. The measured acoustic emission signals are composed of
(1) the p-wave and s-wave which are emitted by the acous-
tic emission source and (ii) the sum of a series of waves
transmitted to the interface of the rock sample after the
transformation of various waveforms. This can lead to
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Fig. 10 The stress—strain curve o
(a) and damage evolution curve
(b) obtained using the piecewise-
curve damage model that was
used in the present study (Xu
2007); o, stress; o, uniaxial
compressive strength; £, strain; £,
peak strain; D, damage variable

O~~~ ~~~~

(a)

errors in the acoustic emission counts, which may explain
the deviation between the theoretical curve and the exper-
imental curve.

3. The deviation between the theoretical and experimental
curves may be due to the selection of the initial parameters
(e.g., d and k). Additionally, this deviation may have been
exacerbated by the fact that, while the relationship be-
tween acoustic emission count and loading time was mea-
sured in the experiment, the theoretical calculation con-
sidered the relationship between acoustic emission count
and strain.

Conclusion

(b)

determined through the rock thin-film test that the sand-
stones studied can be divided into 16 types, including
muddy, calcareous, fine-grained, medium-fine-
grained, and medium-grained. Based on X-ray dif-
fraction experiments, the mineral composition and
microstructure characteristics of coal measures sand-
stone were studied, and we analyzed the grain char-
acteristics, cementitious components, and cementa-
tion types of sandstone in different mining areas.
The research results prove the rock structure and
lithology information of these areas, and provide
basic data for the application of in situ testing tech-
nology of coal and rock strength in these areas,
which is conducive to the original parameter setting
and range selection of related equipment.

2. Based on the physical and mechanical experiments, the
Based on the research results, the following main conclusions mechanical properties such as o, g,, C, and ¢ of the
are drawn: sandstone at the micro-scale and meso-scale were studied.
The quartz content, cement content, and contact rate of
1. Taking Jining No. 3 coal mine, Dongqu coal mine and large particles were found to be positively correlated with
Xingiao coal mine as the research mines, it was the mechanical strength of the sandstone, while the clay
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Fig. 11 Comparison of the simulated and experimentally derived damage evolution curves for samples A2-1 and A3-1

@ Springer



871 Page160f18 Arab J Geosci (2020) 13: 871
Experimental curve 351 Experimental curve
00.... o P
Theoretical curve P - - - - Theoretical curve .
Ry . 30 | o
15 s L
< o . < 25 ‘.'
% B &
3 _ g ol
. v *
2 10t g
n R¢ LCERTES .
10 | o
51 K
Ry sk
‘ 1 1 1 1 0 — 1 I 1 1 |
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 0.025
Strain Strain
(a) Argillaceous fine-grained feldspar quartz greywacke (b) Medium-fine lithic-debris feldspar sandstone
40 80 -
Experimental curve F ‘ Experimental curve R
- = = = Theoretical curve LA 70 F | = = = = Theoretical curve '3'
30k . 60 L
< K - i =
% . % 50 -
Z 0t % 0l
8 ] 40 B
v .’ &
R 30 - .
10 | ‘." 20 ,"
o
0 ke L L L 1 L 0 " I I I I 1 1 |
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0005 0010 0015 0020 0025 0030  0.035
Strain Strain

(c) Fine-grained lithic-debris greywacke

(d) Medium-fine lithic-debris greywacke

Fig. 12 Theoretically and experimentally derived stress—strain curves for sandstones under uniaxial compression. (a) sample A1-1-1. (b) sample A2-1-1.

(c) sample B3-1-1. (d) sample B4-1-1

mineral content (especially the kaolinite content) was
found to be negatively correlated with the mechanical
strength of the sandstone. These research results comple-
ment and expand the related research on the influ-
ence of mineral composition on rock mechanical
properties, and the subsequent researchers can fur-
ther deepen the research on this basis, and explore
the internal mechanism of the impact of mineral
content on rock mechanical properties.

Fissure propagation in the sandstone was inferred using
measurements of AEs. Under uniaxial compression, the
RA value is generally at a low level, and only a small
number of high RA values are generated when the rock
sample is damaged, which means that the failure mode of
sandstone is mainly shear failure. Additionally, the larger
the particles, the lower the quartz content, the more high

@ Springer

RA values the rock produces near the peak stress, indicat-
ing that the more tensile failures occur.

Based on the cumulative AE counts combined with the
existing research basis, a damage model for the sandstone
under uniaxial compression was established, which can
clearly show the specific process of rock failure. Taking
the elastic modulus and strain as variables, the constitutive
stress—strain relationship is derived. Based on this, the
theoretical curve of uniaxial compression test is drawn,
which can accurately reflect the test results and restore
the actual situation. In practical application, this curve
can be used to predict the damage degree of rocks with
similar conditions to some extent.
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