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Abstract

The influence of rock mineral composition and mineral grain size on basic rock strength performance and AE characteristics
have been studied, 13 different rocks microstructures are analyzed in an optical microscope thin section using petrographic
image analysis, making it possible to determine the mineral composition and mineral texture characteristics of rocks. Then,
the basic strength parameters of rock and AE signals generated during fracture propagation were obtained by UCT (uniaxial
compression test) and BIT (Brazilian intension test). Finally, the relationship between basic strength parameters and AE char-
acteristics of rock with mineral composition and grain size was analyzed. The results showed that different mineral constitu-
ents have significant effects on rock strength. The positive influence of plagioclase content on igneous strength was obtained.
Sedimentary rocks strength increases initially and then decreases with the increase of plagioclase content. Besides, with the
increase in quartz and K-feldspar content, the strength of the rock was weakened obviously. It is also found that the greater
the dimensional deviation of mineral grain, the greater the strength of the rock. The strength of igneous rocks was inversely
proportional to the mineral grain size, but there is no correlation between the sedimentary rocks strength and the mineral grain
size. Furthermore, the tension—shear crack propagation of rock can effectively distinguish by judging that the data set of the
AF-RA density graph was nearby the AF axis or RA axis and the peak frequency data sets of below 100 kHz or more than.
Alterations in the rock nature are the main key reasons for the differences between AE hit rate, AE count rate, AE energy, and
cumulative energy. The plagioclase content and grain size play a decisive role in AE signal characteristics and failure mode.

Highlights

e The relationship between basic strength parameters (i.e., oc, ot and E) and AE characteristics of rock with mineral com-
position and grain size was analyzed with 13 different rocks.

e The positive influence of plagioclase content on igneous strength was obtained. Sedimentary rocks strength increases
initially and then decreases with the increasing plagioclase content.

e The strength of igneous rocks was inversely proportional to the mineral grain size, but there is no correlation between
the sedimentary rocks strength and the mineral grain size.

e The AF-RA nuclear density map and AE peak frequency can effectively distinguish the shear and tensile failure of rocks

e The plagioclase content and grain size play a decisive role in AE signal characteristics and failure mode.
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1 Introduction

The mechanical properties of natural rocks are the result of
multiple factors, such as mineral composition, texture char-
acteristics (grain size, grain shape, and arrangement), weath-
ering, porosity, etc. (Ozcelik et al. 2013; Ulusay et al. 1994,
Irfan 1996; Du et al. 2020c, 2021; Wang et al. 2020; Tugrul
and Zarif, 1999; Dunn et al. 1973; Ozcelik et al. 2013; KH
1974; Wong et al. 1996). The uniaxial compressive strength
(o.), tensile strength (o,), and elasticity (E) as three com-
monly used parameters to reflect the differences among dif-
ferent rock types (Torabi-Kaveh et al. 2015; Du et al. 2019,
2022; Zhou et al. 2022a, 2022b; Tao et al. 2021). A number
of scholars have studied the effects of rock mineral composi-
tion (Tugrul and Zarif 1999; Richard et al. 1970; Hecht et al.
2005; Gunsallus et al. 1984), grain size, and shape (Tugrul
and Zarif 1999; Wong et al. 1996; Brace 1961; Onodera
and Asoka Kumara 1980; Prikryl 2001; Olsson 1974; Han-
din et al. 1957), weathering (Irfan 1996; Irfan and Dearman
1978; Gupta and Rao 2000), porosity (Dunn et al. 1973;
Ogzcelik et al. 2013; Li and Dearman 2003; Baud et al.2014).
on the basic strength parameters of specific rocks. In general,
the rocks may be classified into three categories: igneous,
metamorphic, and sedimentary.

It is well known that mineral grain size as one of the
most important factors in rock mechanical properties should
be taken into consideration for investigating the mechanical
behavior of rocks. Handin et al. studied fine and coarse lime-
stone and found that the fine-grain limestone is generally
harder than the coarse-grain limestone, and the o, of the fine-
grain limestone is higher than the coarse grain limestone
(Handin et al. 1957). Wong et al. studied marble, a metamor-
phic rock, and found that the o, of marble decreases with an
increase of the reciprocal of the square root of the average
grain size (Wong et al. 1996). Similar conclusions were also
obtained using some magmatic crystalline rocks by Olsson
(1974) and Onodera and Asoka Kumara (1980). Further-
more, Prikryl (2001) proposed an exponential relationship
between granites’ o, and grain size. He found that o, of gran-
ites increases with the finer grain size of rock-forming min-
erals. Lindqvist et al. concluded that o, of rocks were higher
with complex grain shapes and grain geometry boundary of
rocks (Lindqvist et al. 2007). Based on the previous experi-
mental results, it can be said that the strength of rocks has a
positive relation with complex grain shape and grain geom-
etry boundary but negative relation with the mineral grain
size. Furthermore, rocks strength also has a close correlation
with the minerals composition. The quartz content is mostly
discussed while analyzing the mineral content effects on the
strength characteristics of rocks. Richard found that the ten-
sile strength of California granite was inversely proportional
to quartz content, and this phenomenon was attributed to
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structural differences (Richard et al. 1970). For California
granite, the quartz content had a strong positive correlation
with uniaxial compressive strength (Gunsallus et al. 1984).
However, for different lithological rocks, the quartz content
has little correlation with the o, (Shakoor and Bonelli 1991).
Tugrul and Zarif concluded that K-feldspar has a weakening
effect on the rocks compressive strength (Tugrul and Zarif
1999). Li et al. studied the effect of porosity on rock strength
and concluded that as the porosity increases, the mechani-
cal parameters of rocks decrease (Li and Dearman 2003).
Weathering effect is also strongly similar to the porosity
effect. Gupta and Rao (2000) found that with the increase
in weathering degree, the rock strength decreased, and the
failure mode was also affected by the degree of weathering.

Acoustic emission (AE), an engineering technique to
monitor the production of rock fissures and cracks has been
widely used in mechanical experiments (Khandelwal and
Ranjith 2017; Zhen et al. 2021; Novikov et al. 2018; Dong
etal. 2021; Xue et al. 2021; Liu et al. 2021; Rui et al. 2022).
Recently, Du et al. connected the AE signals released from
rock crack propagation with the failure mode of rocks and
found that the distribution of AE density maps and AE fre-
quency can effectively distinguish the failure mode of rocks
(Du et al. 2016, 2020a, b).In addition, the minerals grain size
and composition influence on AE characteristics has also
been prevalently researched by analyzing the AE parameter
value or distribution, i.e., AE energy, AE hits, AE count, and
AE frequency etc. Kusunose et al. first applied the triaxial
compression test to evidence the effect of two types of grain
size rocks (fine and coarse granodiorites) on the character of
AEs (Kusunose et al. 1991). Moreover, Lokajicek and Vik
have obtained that the characteristic value of AE energy is
directly proportional to the mean grain diameter (Lokajicek
and VI1k 1996). Prikryl et al. (2003) from the analysis of the
experimental results concluded that stronger grains break at
higher stresses and release more energy than the weak ones,
besides, the microscopic fabric (i.e., grain size, shape, and
preferred orientation of crystal), AE count and energy can
better reflect the structural characteristics of rocks.

In summary, the effects of minerals composition and
texture characteristics have been widely studied in previ-
ous research on the strength and AE signals characteristics
of all three lithologies types (sedimentary, metamorphic,
igneous). However, strength comparisons of three litholo-
gies types are relatively rare. Besides, there is infrequent
studying of the influence of rock minerals composition and
texture characteristics on the AE signals (i.e., cumulative AE
hit rate, cumulative AE count rate, cumulative AE energy).
However, the rock strength and AE signals characteristics
released from fissures and fractures expending and produc-
ing have a strong relationship with minerals composition
and texture characteristics. Hence, in this paper, a correla-
tion between rock mechanical properties (i.e., 6., 6,, and
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E) and AE signals and their mineral composition and grain
size have been analyzed based on the testing of 13 differ-
ent rock types with comparative methods. Moreover, the
static parameters (i.e., P wave velocity, density, Schmidt
hammer rebound value) of rocks were correlated using a
simple regression analysis related to the mechanical param-
eters (i.e., o,, 0,, and E). From the analysis of the results,
the rocks minerals composition and texture characteristics
can be used as predictive factors for rock strength. The AE
signal characteristics can enhance the understanding of rock
microstructure.

2 Experimental Methodology
2.1 Rock Specimen Preparation

In this paper, the origin places of 13 different types of test
rocks in China were plotted, as shown in Fig. la, and two
different kinds of rock specimens with a diameter of 50 mm
were prepared. The rock specimens of 100 mm length were
used for UCT, whereas 30 mm length specimens were used
for BIT, as shown in Fig. 1b. In Fig. 1b, the number 1-13
denotes Yunnan yellow sandstone, ZiGong white sandstone,
JinJiang brown sandstone, LongChang green sandstone,
WuDing red sandstone, ZiGong grey sandstone, JuNan pur-
ple sandstone, LeiYang fine marble, HeZhou coarse marble,
ZhuMaDian metamorphic granite, MiLuo granite, LeiZhou
fine granite, and Altai mountains andesite, respectively. In
addition, the nondestructive indexes of the rocks were also
determined before the destructive tests, i.e., density, P wave,
and Schmidt Hammer rebound value (RHV). The Schmidt
Hammer is a widely used method to estimate rock strength
in geo-engineering. The values of different index properties
are shown in Table 1. In Table 1, the rocks Nos. 1-7 are sedi-
mentary rocks, No. 8-9 are metamorphic rocks, and Nos.
10-13 are igneous rocks. Compared with the three types of
rocks, the density, P wave, and Schmidt Hammer rebound
value (RHV) of igneous rock, metamorphic rock and sedi-
mentary rock decrease once.

2.2 Petrographic Descriptions

The 13 different rocks selected in this paper were grouped
into three different categories, i.e., metamorphic, igneous
and sedimentary rocks. Two thin sections were prepared
for each of the rocks, one perpendicular to the core plane
(VCP) and one parallel to the core plane (PCP) to get a bet-
ter view of the mineral composition and grain size of the
rocks used in this study, specific test steps can be referred
to Geological and Mineral Industry standards of the Peo-
ple's Republic of China DZ/T 0275.4-2015 (Ministry of
Land and Resources 2015). Specification identification of

(a) 13
L/

Fig. 1 Rock specimens used in this study

rock and mineral-Part 4: Thin section identification of rock
(DZ/T 0275.4-2015). The micrographs of a thin section
of six typical rocks are shown in Fig. 2. The six typical
rocks and their petrographic properties (crystal shape, tex-
ture type, grain size) are shown in Table 2. The percent-
ages of the 13 different rocks mineral components and
mineral grain size statistics are shown in Tables 3 and 4,
respectively.

The mineral component bar chart for each of the rocks
was drawn and shown in Fig. 3. It can be observed that
the top-three minerals in mass percentage are plagioclase,
quartz, and K-feldspar, respectively. The total percentage of
the three minerals is 89% for YunNan yellow sandstone, 78%
for ZiGong white sandstone, 95% for JinJiang brown sand-
stone, 77% for LongChang green sandstone, 64% for WuD-
ing red sandstone, 53% for ZiGong grey sandstone, 63% for
JuNan purple sandstone, 92% for ZhuMaDian metamorphic
granite, 81% for MiLuo granite, 72% for LeiZhou fine gran-
ite, 49% for Altai mountains andesite.
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Table 1 Density (D), P wave velocity (Vp), and Schmidt Hammer rebound value (SHV) of the tested rocks

Rock no. Rock name Color Categories lithology D (g/cm?) V, (m/s) SHV
1 YunNan yellow sandstone Yellow Sedimentary 2.08 1679.53 31.5
2 ZiGong white sandstone White Sedimentary 232 2640.84 39.0
3 JinJiang brown sandstone Brown Sedimentary 2.19 1510.65 42.5
4 LongChang green sandstone Green Sedimentary 2.31 3297.71 47.5
5 WuDing red sandstone Red Sedimentary 2.4 3293.89 40.0
6 ZiGong grey sandstone Grey Sedimentary 2.58 3834.35 49.0
7 JuNan purple sandstone Purple Sedimentary 2.41 3293.89 47.5
8 LeiYang fine marble White Metamorphic 2.69 4201.49 33.0
9 HeZhou coarse marble White Metamorphic 2.82 3688.97 42.5
10 ZhuMaDian metamorphic granite Yellow-black Igneous 2.58 3433.45 48.0
11 MiLuo granite White-black Igneous 2.64 4337.18 46.5
12 LeiZhou fine granite Grey-black Igneous 2.79 5548.90 60.5
13 Altai mountains andesite Grey—green Igneous 2.83 6392.77 53.0

2.3 Experimental Apparatus and Testing Method

The uniaxial compression tests and Brazilian tension
tests were performed using an MTS 322 T-shaped testing
machine in the Advanced Testing Research Center, Central
South University, A PC-II acoustic emission testing sys-
tem was used to collect the AE signals during the whole
loading process of each testing, as shown in Fig. 4. The
loading rate in the two-testing series was set as 0.12 mm/
min, as shown in Fig. 4b. The basic mechanical strength

parameters (i.e., ., 6,, and E) and the macro failure mode
of rocks were obtained through the two-testing series. In
this study, two AE sensors were used on each of the rock
specimens, and the position of the sensors was geometri-
cally symmetrical on the rock specimen. To receive better
quality AE signals, the sensor was fixed by an iron ring
attached to the rock surface with a magnetic cap (Du et al.
2020).

In order to reduce the impact of end friction on test
results. Anti-friction measurement was carried out for each

Semi-dimorphic-orthomorphic granular texture

(d)

Fig.2 Mineral thin section micrograph: a No. 1 Rock YunNan yellow sandstone, b No. 2 Rock ZiGong white sandstone, ¢ No. 8 Rock LeiYang
fine marble, d No. 10 Rock ZhuMaDian metamorphic granite, e No. 11 Rock MiLuo granite, f No. 12 Rock LeiZhou fine granites
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group of samples. The detailed steps were as follows: (1)
The Vaseline and polythene sheets with a circular section of
55 mm diameter were prepared; (2) Cleaning the two load-
ing surfaces of specimens, and then evenly applying the first
layer of Vaseline, and sticking the first layer of polythene
sheet on the first layer of Vaseline. (3) Applying the second
layer of Vaseline evenly on the first layer of polythene sheet,
and then sticking the second layer of polythene sheet on the
second layer of Vaseline.

3 Experimental Results

3.1 Mechanical Properties

3.1.1 Basic Mechanical Parameters

The uniaxial compressive strength (o,), tensile strength (o,)

and elastic modulus (E) of the tested rocks are shown in
Table 5. Uniaxial compressive strength o, Tensile strength

Table 2 Petrographic descriptive statistics of six typical rocks

(o,) and elastic modulus E (the ratio of stress and strain at
50% of peak stress), were calculated as Eqs. 1-3, respectively.

(o] —f 1
2P
on=-_a @)
Og — Og1
E=——
&g, — €l 3)

where P is the maximum force value, A is the cross-sectional
area of the specimen, d is the diameter of the specimen, i
is the height of the specimen, 6,; and ¢, are the axial force
corresponding to any two points of the line segment, ¢, and
g, 1s strain corresponding to ¢,; and ¢,,,.

Rock no. Rocks

Petrographic description

Irregular granular, angular—subangular, scattered plagioclase; Irregular granular, fine sandy, angu-

lar—subangular, smooth surface, visible quartz, recrystallized enhanced edge quartz; Irregular,
subangular, fine-grained, mainly silicon cuttings; Dust-like, light-yellow—brown, iron irregular

Irregular, subangular, fine-grained arenaceous; Irregular granular, medium-fine sandy, angular,

smooth surface, wavy matte quartz; Irregularly grainy, medium-fine sandy, angular, surface
fuzzy plagioclase; Irregular granular, medium-fine sandy, angular, latticed double crystal and
striated potash feldspar; scaly, pale green chlorite; scaly sericite; argillaceous material is dust
shape, light yellow—brown; irregular granular argillaceous and iron

1 YunNan yellow sandstone

granular
2 ZiGong white sandstone
8 LeiYang fine marble

Irregular granular, fine grain alloying structure, cleavage development, high-grade white interfer-
ence color calcite; Irregular granular, microcrystalline, smooth surface, wavy extinction, scat-
tered distribution of quartz; Irregularly granular iron

Semi-autochthonous plate, medium-fine grain, cleavage, and polycrystalline double, growth ring
structure plagioclase; semi-automorphic—heteromorphic granular structure, medium-fine grain,
developed lattice double crystal and striated potassium feldspar; Irregular granular, medium-fine
grained, smooth surface, wavelike extinction, vermicular quartz; flaky, brown, with a group of
highly fully cleavage biotite; scaly, pale green, unusually blue-interfered chlorite; flake, flake

Semi-autochthonous plate, fine to medium grain, with a clean edge structure of plagioclase;
semi-autochthonous-other-shaped structure, fine-medium grain, discernible texture and striated
potassium feldspar; Irregular granular, smooth surface, wavy extinction quartz; Irregular granu-
lar, along with the grain edge metasomatism plagioclase and potassium feldspar, surface clean
sodium feldspar; semi-autochthonous-other columnar, greenish-brown green, mainly medium
grain, long columnar, rhombic crystal cross-section hornblende; semi-dimorphic granular with
diamond crystal section sphene; Irregular granular, metasomatic plagioclase, potash feldspar,

10 ZhuMaDian metamorphic granite

Muscovite (Ms), and sericite (Ser)
11 MiLuo granite

and hornblende, high-grade white interference calcite
12 LeiZhou fine granite

Semi-autochthonous plate, fine grain, cleavage, and polycrystalline double, a clean edge structure
of plagioclase; Irregular granular, surface clean sodium feldspar; semi-autochthonous granu-
lar structure, visible striated potassium feldspar; Irregular granular, visible pyroxene cleavage
pyroxene; Irregular granular, greenish-brown green, visible amphibole cleavage amphibole;
flake, tan biotite; Irregular granular, smooth surface, wavy extinction quartz; semi-autoch-
thonous-grainy, partially visible in square or hexagonal sections, and may be pyrite (Py) or
magnetite (Mt)
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3.1.2 Relationships Between Mechanical Parameters with ¢,, 6, and E are shown in Fig. 5. It is proved that P
and Nondestructive Index wave velocity, density, and elastic modulus E are important
indexes to reflect the rock strength properties (Pfikryl et al.

The fitting curves of the nondestructive index [Density, P 2003). From Fig. 5, it can be inferred that the density, P wave
wave velocity V,,, Schmidt Hammer rebound value (SHV)] velocity Vp, and Schmidt Hammer rebound hardness value
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Table 5 Uniaxial compressive strength (o,), tensile strength (s,) and
elastic modulus (E) of the tested rocks

Rock no. Uniaxial compressive  Tensile strength Elastic
strength o, (MPa) o, (MPa) modulus E
(GPa)
1 45.0 1.4 83.93
2 39.0 1.6 76.45
3 67.3 34 79.99
4 69.2 2.6 15.31
5 75.0 2.8 11.10
6 76.8 3.0 12.36
7 92.8 43 17.09
8 49.0 29 18.35
9 99.2 2.7 20.16
10 70.3 35 11.10
11 114.7 7.8 22.65
12 155.4 8.5 55.37
13 193.4 14.7 36.23

(SHV) are positively correlated with the basic mechanical
strength parameters of rocks.

3.1.3 Stress—Strain and Force-Displacement Curves

The stress—strain curves in uniaxial compression tests and
the displacement—force curves in Brazilian tension tests of
six typical rocks are shown in Figs. 6, 7, respectively. The
o, and o, of three igneous rocks, i.e., LeiZhou fine gran-
ite, MiLuo granite and ZhuMaDian metamorphic granite,
are significantly higher than that of the metamorphic and
sedimentary rocks. In addition, the curves of the igneous
rocks indicate more brittleness in their failure, whereas the
sedimentary rocks have a greater plastic deformation stage
and indicate more ductility of their failure.

3.1.4 Energy Evolution Characteristics of Rocks

Energy evolution through the whole process of rock defor-
mation and failure, and is one of the effective ways to reveal
the rock fracture process and rock mechanical properties.
As a commonly used rockburst bursting energy evaluation

index under uniaxial compression, bursting energy index W,

is a rockburst evaluation method considering pre-peak and
post-peak energy evolution (Zhou et al. 2018; Wang et al.
2021; Wen et al. 2021). This index can not only reflect the
intensity of rock failure, but also reveal the process of rock
failure energy accumulation and dissipation. W is the ratio
of accumulated deformation energy Ay to dissipated defor-
mation energy Ay; Ay is the area bounded by the stress—strain
curve and the axis before the peak point of the stress—strain
curve; Ay is the area bounded by the stress—strain curve and

@ Springer

the axis after the peak point of the stress—strain curve, were
calculated as Egs. 4-6, respectively. The schematic diagram
of energy parameter calculation is shown in Fig. 8.

AS
W=7 4
Ag= / frepe s)
Ay = / :f(e)de ©)

where ¢, is the total stain in the comprehensive loading
curve; g is the stain before pre-peak strength in the com-
prehensive loading curve.

The accumulated deformation energy Ag, dissipated
deformation energy Ay and bursting energy index W, cal-
culation results and variation trend of six typical rocks are
shown in Table 6 and Fig. 9, respectively. According to the
calculated results, the accumulated deformation energy A of
igneous rocks is more than 200 kJ/m?, which is much larger
than that of sedimentary and metamorphic rocks, and the
dissipated deformation energy Ay of the three types of rocks
are little different. Therefore, it can be considered that part
of the energy of igneous rocks is used for internal dissipation
of rocks, and most of the energy is converted into kinetic
energy of rocks, while for sedimentary and metamorphic
rocks, the amount of energy converted into kinetic energy of
rocks is much smaller. This well explains the experimental
phenomenon that igneous rock is stronger than sedimentary
and metamorphic rocks in the moment of failure. In addi-
tion, the bursting energy index W, of LeiZhou fine granite
exceeds 5 (heavy bursting liability with W,,> 5, weak burst-
ing liability with 1.5 <W <5, no bursting liability with
W< 1.5), and it is the only one with heavy bursting liabil-
ity among the 6 rock species, while the other rocks can be
evaluated as a weak or medium bursting liability.

3.2 AE Characteristics

In this part, six typical rocks, i.e., YunNan yellow sandstone
for No. 1, ZiGong white sandstone for No. 2, LeiYang fine
marble for No. 8, ZhuMaDian metamorphic granite for No.
10, MiLuo granite for No. 11, LeiZhou fine granite for No.
12, were selected to analyze the AF-RA density, AE peak
frequency, AE hit rate, b value, AE count rate and cumula-
tive AE hit, AE energy, and AE cumulative energy of AE
signals in the two series tests. In the next section, the six
typical rocks are replaced with rock numbers. The AE sig-
nals of the two AE sensors were similar, so the AE data of
one AE sensor was selected in the analysis in this paper.
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The parameter AF is the average frequency of the AE
waveform and RA is the ratio of the rise time to amplitude.
The AE hit rate and AE count rate refer to cumulative AE
hit and AE count of the specimens in one second during
the process of rock failure. The cumulative count hit and
energy are the sum of the whole data of these signals dur-
ing the process of loading.

In addition, the b value reflects the relationship between
the frequency and magnitude of earthquakes proposed
firstly by Gutenberg and Richter in 1944 (Gutenberg
1944), as per Eq. (7). In the case of the AE study, Eq. (8)
can be modified as Eq. (8) using AE parameters (Rao
2005). Moreover, the b value represents the percent-
age of low amplitude AE hits in comparison to the high

amplitude AE hits, which means that a large b value indi-
cates a larger proportion of low amplitude AE hits. In this
study, the b value is a dynamic b value, which is to divide
the disturbance time equally by taking the beginning and
end of each disturbance stage as nodes. The main conclu-
sions based on the AE data analysis are as follows:

IgN =a—-bM @)

1gN(A/20) = a — b(A/20) (8)

where M is the magnitude of earthquakes, N is the cumula-
tive number of earthquakes with a magnitude of M, A is the
amplitude of the AE hits, and N is the cumulative number
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Displacement (mm)

Fig. 7 BIT force—displacement curves

of AE hits with an amplitude of A, a and b are empirical
constants.

3.2.1 AF-RA Density

In this part, the AF-RA nuclear density and scatter maps
have been drawn to analyze the AF-RA distribution laws
of the uniaxial compressive test and Brazilian tension test.
The normalized AF-RA nuclear density maps are also given
to study AF-RA distribution laws under the same outline
standard. Moreover, the fractured images of rocks in UCT
and BIT are shown, which clearly reflect the damage pattern
of the rocks. In the AF-RA nuclear density map, the data
density gradient rises from red to blue to purple. Besides,
the area with higher nuclear density and scatter values have
been circled with white and black dashed lines. Figures 10,
11, 12 show the results of YunNan yellow sandstone for rock
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AF-RA and normalized AF-RA data are mainly distrib-
uted below 100 kHz and 0.2, respectively, and the five rocks
(rocks Nos. 1, 2, 8, 10, 12) have a wide distribution range
for RA but narrow for AF. These five rocks’ RA is mostly
ranging from 0 to 20 x 103 ps/V and the MiLuo granites’
RA is greater than 30 x 10° us/V, while AF is mostly in the
0-100 kHz range. Besides, these rocks data are mostly near
the RA axis with a long side in density maps and AF data
are mainly below 200 kHz in scatter maps.

In addition, according to rocks fractured images, it can
be said that these five rocks failed with many large-angle
cracks. For instance, the ZhuMaDian metamorphic granite
failed with a single large-angle shear crack with an angle of
nearly 70°, which clearly shows that rock failed in shear. But
for LeiZhou fine granite, the data of AF-RA and normalized
AF-RA are mostly distributed ranging from 100 to 400 kHz
and from 0.2 to 0.4, respectively, and are mostly near the AF
axis with a long side and the values mostly exceed 200 kHz.
From the LeiZhou fine granite failure image, the vertical
cracks are in majority, which indicates that the rock failed
in tension. Furthermore, under the Brazilian indirect tension
test, all of the typical rocks have a widely distributed range
for AF but narrow for RA, and the results are the same as
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Table 6 The accumulated deformation energy Ag, dissipated deformation energy Ay and bursting energy index

W, of six typical rocks

Rock no. Rocks Categories lithology Accumulated deforma-  Dissipated deformation Bursting
tion energy Ag (kJ/m?) energy Ay (kJ/m®) energy index
Wc,/
YunNan yellow sandstone Sedimentary 133 32 4.1
ZiGong white sandstone133 Sedimentary 130 47 2.8
LeiYang fine marble Metamorphic 145 42 35
10 ZhuMaDian metamorphic granite Igneous 273 60 4.6
11 MiLuo granite Igneous 354 84 4.2
12 LeiZhou fine granite Igneous 236 35 6.7

~ 400 T T 400
g —.— Accumnlated deformdhon energy Ag (a)
2 —@— Dissipated deformation energy A, L
T 300 / \ L300
L
&
7}
g
= L]
=
= 200 200
g
T
5 ¢
= * o—
2 100 k100
= @
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Fig.9 Variation of energy parameters of six types of rocks

LeiZhou fine granite but opposite to the other five rocks.
The AF data mostly range from 100 to 400 kHz and RA data
mostly range from 0 to 10x 10° ps/V. It is well known that
the rocks were dominated by tension damage in Brazilian
tension tests.

To sum up, according to the above analysis, these five
typical rocks (rock No. 1,2,8,10,12) are shear failures with
widely RA with a long side but narrow AF distribution, the
AF is mostly distributed in 0-100 kHz.Different from other
rocks, the LeiZhou fine granite has a widely AF but nar-
row RA distribution, failed by tension, and the AF data are
mostly distributed at 100-400 kHz. Hence, applying acoustic
emission technology can effectively predict the main failure
mode of rock, which has certain theoretical guidance for
engineering practice.

3.2.2 AE Peak Frequency

Figure 13 shows the AE peak frequency pie charts in
UCT and BIT for the six typical rock types. According to
Fig. 13, the proportion of AE peak frequency range from 0
to 100 kHz is 89.51% for rock No. 1, 90.07% for rock No.

o —®— Bursting energy index W, (b)
E 7
= €
G &6
s X
.
g g ol & / e
s £ \ °
N EE -
2 A 21
2 4
0 T T T T T T
No.1 No.2 No.8  No.10  No.ll  No.12
Rock types

2, 78.6% for rock No. 8, 86.08% for rock No. 10, 20.94%
for rock No. 11, 85.1% for rock No. 12 in uniaxial compres-
sive test. It is clear that, except for LeiZhou fine granites,
the AE peak frequency of rocks is mostly concentrated on
0-100 kHz. However, for the Brazilian tension test, the pro-
portion of AE peak frequency range from 200 to 400 kHz
is 59.14% for rock No. 1, 50.13% for rock No. 2, 91.42%
for rock No. 8, 77.67% for rock No. 10, 56.13% for rock
No. 11, 80.79% for rock No. 12. It can be concluded that
the peak frequency in BIT is basically distributed between
200 and 400 kHz and the result is the same as the LeiZhou
fine granites in UCT. So, combined with the conclusions
reached in Sect. 3.2.1, the LeiZhou fine granites is failed in
tension in UCT but the other five rocks (Nos. 1, 2, 8, 10, 12)
in shear, which can be resulted if the AE peak frequency is
mostly distributed below in 100 kHz, the rocks mainly failed
in shear, but if the AE peak frequency is mostly distributed
200-400 kHz, the rocks are dominated by tension damage.
Therefore, it is also reliable to distinguish the major failure
modes of rocks according to the distribution of AE peak
frequency.
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Fig. 10 AF-RA and normalization density, scatter plots, and pre-post failure graphs of UCT and BIT: a rock No. 1 (sedimentary); b rock No. 2
(sedimentary)
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Fig. 11 AF-RA and normalization density, scatter plots, and pre-post failure graphs of UCT and BIT: ¢ rock No. 8 (metamorphic); d rock No.
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Fig. 13 AE peak frequency

of UCT and BIT: a rock No.

1 (sedimentary); b rock No.

2 (sedimentary); ¢ rock No. 8
(metamorphic); d rock No. 10
(igneous); e rock No. 11 (igne-
ous); f rock No. 12 (igneous)
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Fig. 13 (continued)
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Moreover, the speed, number and size at which rocks pro-
duce fissures may also affect AE peak frequency. It can be
observed from the experiments and fracture images that the
fissures and cracks were in huge numbers and large sizes,
which was accompanied by a high AE peak frequency
in BIT. However, in UCT, the fissures and cracks appear
slowly, few in numbers and smaller in size, which was
accompanied by a low AE peak frequency.

3.2.3 bValue, AE Hit Rate, AE Count Rate and Cumulative
AE Hit

It has been identified that AE count rate, AE hit rate and
cumulative AE hit rate can reflect the intensity of the rock
failure, including fracture size and number in loading. More,
the b value can be used as a parameter index to predict rock
failure. Thus, the six typical rocks trend of the b value, AE
count rate, AE hit rate and cumulative AE hit rate over time
and axial forces in UCT and BIT are shown in Fig. 14 and
the AE signals are listed in Table 7.

Analysis from the lithology of the rocks, the maximum
value of AE count rate of igneous rocks (rocks Nos. 10,
11, 12) in UCT is 166653, 206,296, 257,803, respectively,
whose magnitude is about 10 times higher than that of both
of the sedimentary rocks (rock No. 1 for 13,648 and rock
No. 2 for 57,883) and metamorphic rocks (rock No. 8 for
31,502). Besides, it can also be observed that the maximum
cumulative AE count rate of igneous rocks is about 10 times
that of sedimentary rocks and metamorphic rocks, which is
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Uniaxial compression test (e)
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almost the same conclusion as that of the AE count rate in
UCT. However, six typical rocks in BIT of AE count rate
peak value are 45,447 for No. 1, 22,524 for No. 2, 17,879
for No. 8, 49,870 for No. 10, 19,894 for No. 11, 106,357 for
No. 12, and the AE hit rate peak value is 998 for No. 1, 768
for No. 2, 895 for No. 8, 654 for No. 10, 812 for No. 11, 673
for No. 12. So, it can be concluded that the peak values of
the AE count rate and the AE hit rate of the three lithologies
were about at the same magnitude level. At the same time,
it is different compared to UCT about cumulative AE count
rate and cumulative AE hit rate in three lithologies in BIT.
There were no significant differences in the peak cumulative
AE count rate of three lithologies in BIT. However, the peak
cumulative AE hit rate of sedimentary rocks was greater
than the igneous and metamorphic rocks.

From the AE signals change trend shown in Fig. 14,
the first peak point of the AE count rate and AE hit rate
appeared earlier and more frequently than the rocks in UCT
in BIT. This phenomenon is more obvious in sedimentary
rocks (sandstone), the results indicate that the crack grows
rapidly and the macro fissure also forms rapidly in the BIT,
which corresponds to the high peak value frequency phe-
nomenon in the above conclusion. In UCT, there is a differ-
ence compared to the BIT, which is mostly AE count rate
and AE hit rate peak value points of rocks appeared instan-
taneously before and after the rock failure. In addition, the
AE signals were less in the early stages of UCT, which can
be attributed to the fact that the rock cracks appear less due
to the compaction stage. Therefore, the crack development
is slow in the early stage of UCT, whereas the crack growth



Mineral Composition and Grain Size Effects on the Fracture and Acoustic Emission (AE)...

6461

Uniaxial compression test

(a)

YunNan yellow sandstone

Brazilian indirect tension test

81 10 1204 100 6 . AT 4 2
x10°]  x10*| — Cumulative AE hits 10° c10® Cumulative AE hits 10
74 ——AE Count Rate —— AE Hit Rate
0.8 —AEHitRate 1001 o1 4] 84 —— AE Count Rate
6 —=—h-value /’ Load 3
——Load 8042 =
25 b= 2 =
<%= 4 & 64 -
:: 3 0.6 ‘: 60 - 3 Rk é _ j
£ 41 5 04z {2 {Z|= E 2% 1 3
3 - s |D |7l= = |8
Oslzos / l—%m“,\ o4 S 3
N < -
= P \ 01 C | Z £
24 1 ¢
0.2 204 1 24 ~
20
14
0 0.0 T ¥ T T —81t— 04 0 0- 0 ¥ v T £ 0
0 100 200 300 400 500 600 700 0 30 60 920 120 150 180
Time (s) Time (s)

Uniaxial compression test

(b)

ZiGong white sandstone
Brazilian indirect tension test

1.0+

10° —— Cumulative AE hits
—— AE Count Rate
60 —— AE Hit Rate
0.8
—=— b-value
50 Load
2
= 4] 207
= -
= =
2 30 =
o
= 0.4
=
= -
20
0.2
10

4.0 4 uu}( 15
X107 x10¥

0 0.0 T T T
0 100 200 300
Time (s)

400

505
x10° Cumulative AE hits <10°
35{ 804 —— AL Hit Rate

0d 41 12{ —AE Count Rate 4 4
304 ~——Load
= 60 z
2542 b=
7 = s0l=12l € E 9 3403 :
PRI A 1 oz —
204z = [Fl &, o z |«
£ =21 % = e
=44~ [ | = = |Z
15{ 2 Hlz | Se 27215
= 304 - = =
© = E
101 )
20 o
14 3 1 1
054 19
T 0d
0 50 100

n
S
S P
=3
=
g2
Q
s
ﬂ

Time (s)

Uniaxial compression test

(c)

LeiYang fine marble

Brazilian indirect tension test

—— Cumulative AE hits

—— AE Hit Rate

——AE Count Rate
Load

354 1.0 20
x10° x10}| = Cumulative AE hits x10°
JE— 184 1004
30 AE(‘(.)untRaLe /_ 12
0.8 ——AE Hit Rate N 164 44
—=—b-value )

254 Load 144 z 80 .
2 - 124 £ 291%
S 206 = 34 = =
2204 = —~ .

2013 1w Tz 2= <
= = : Z 12l |=
2 |= 3] € TEE |2
251404 E 2 il KL )
= = 0. H 2

- 64 £ 404 - =
< E =

10 BE :

02 2{ 204 ' ’
5
04
04 0.0 t T T 2 104 04 0
0 100 200 300 400 500
Time (s)

10 5
x10°
84 4

z

i 3=

=

7z |-

=l

=

H 2=

=

s

o
291
0
120

Fig. 14 AE count rate, AE hit rate, and cumulative AE hit rate of UCT and BIT: a rock No. 1 (sedimentary); b rock No. 2 (sedimentary); ¢ rock
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Table 7 The tendency of strength and AE signals

Rock Catego- Strength (6, and o,) tendency Mineral AE tendency
o ries Plagioclase Quartz k-feldspar Cumulative AE hit Cumulative AE count Cumulative AE energy
rate rate
1 Sedi- With pla-  With With Plagio-  With plagioclase With plagioclase With plagioclase
2 men- gioclase quartz k-feld- clase increase, AE increase, AE cumula- increase, AE
3 tary content content spar cumulative hit rate tive count rate increase cumulative hit rate
increase, increase, content increase then decrease increase
4 strength strength increase,
5 increase decrease strength  Quartz ~ With quartz increase, With quartz increase, AE  With quartz increase,
6 then (drop- increase AE cumulative hit cumulative count rate AE cumulative count
7 decrease  ping then rate decrease increase then decrease rate decrease then
slowly) decrease increase
10 Igneous With pla-  With With K-feld-  With k-feldspar increase, cumulative AE hit, count, energy all increase
11 gioclase quartz k-feld- spar then decrease
12 content content spar
increase,  increase,  content
strength strength increase,
increase decrease strength
(drop- decrease
ping (drop-
rapidly) ping
slowly)

is more intense before the rock failure. The crack propagates
rapidly in BIT, and the AE signal is obvious throughout the
whole test.

In addition, in terms of the overall trend of b values, the
three types of rocks have similar trends, generally showing
a trend of increasing first and then decreasing or a pattern of
high in the middle and low on both sides. It is obvious that
there is an obvious phenomenon of a sudden drop in b values
before rock failure, which is consistent with the conclusion
of previous studies.

In summary, the difference in lithology may be the main
reason for the different AE signals, especially in UCT. The
microstructure of rocks in different lithologies must be dif-
ferent, and the formation and expansion of the cracks in
rocks under external stresses are often influenced by their
mineralogy and texture characteristics. Moreover, the results
have proved that the Acoustic emission (AE) technology can
be used to analyze and evaluate rock fracture and crack prop-
agation effectively and efficiently (Wang et al. 2016; Mora-
dian et al. 2016). So, the AE signals may have a close cor-
relation with rocks mineralogy and texture characteristics.

3.2.4 AE Energy and Cumulative Energy

The AE energy and the cumulative AE energy of six typi-
cal rocks are plotted, as shown in Fig. 15 and the AE data
are presented in Table 7. In UCT, the cumulative energy
of six typical rocks is 803771 mm*ms for rock No. 1,
14,162 mm*ms for rock No. 2, 39,202 mm*ms for rock

No. 8, 530,313 mm*ms for rock No. 10, 1,699,353 mm*ms
for rock No. 11, 2,189,545 mm®*ms for rock No. 12. The
energy analysis results show that the cumulative AE
energy of igneous rocks is greater than that of the other
two lithologies, and the LeiZhou fine granite has the
maximum cumulative energy value as well as the highest
strength among the test rocks. The cumulative energy is
increasing with its strength under the same rock lithology,
especially in igneous. Similarly, it can be observed that
the AE energy does not fluctuate greatly in the early stage
of the uniaxial compression test, but is released suddenly
before the rock failure. This phenomenon is extremely
obvious in igneous rocks. The experimental phenomenon
also indicated that the igneous rocks have a higher rock-
burst trend. At the same time, by comparing the inten-
sity of rocks failure with higher AE energy and lower AE
energy and the size and classification of fragments after
rocks failure, the quantity and size of failure cracks in
rocks were estimated qualitatively. It can be found that the
number and size of the cracks in specimens with higher AE
energy are more and larger than those with lower energy
after the rock failure. Therefore, it can be concluded that
the energy accumulation of rocks with greater strength is
more obvious under the action of compression external
stress, which leads to a greater liability of rockburst and a
higher degree of damage to the rocks. Similar conclusions
were also found in both the compression and tension tests
in AE hit rate for AE energy and cumulative AE energy,
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Fig. 15 Energy and Cumulative energy of UCT and BIT: a rock No. 1 (sedimentary); b rock No. 2 (sedimentary); ¢ rock No. 8 (metamorphic); d
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Fig. 16 YunNan yellow sandstone (sedimentary) original AE waveform and frequency domain characteristics

i.e., the AE energy peak value indicating the occurrence =~ AE waveform signals are randomly selected for each rock

of rock failure. sample in the same channel. The point selection principle
is A and B with high AF value and low RA value, that AF is

3.2.5 AEWaveform Characteristics greater than or equal to 200 kHz, and RA is less than or equal
to 5 s/V; C and D with low AF value and high RA value, that

Acoustic emission signal waveform analysis is a signal pro-  AF is less than or equal to 100 kHz, and RA is greater than

cessing method to obtain material fault information by ana-  or equal to 10 s/V.

lyzing time—domain waveform. The time—domain waveform The original AE waveform, frequency domain of Yun-

of the acoustic emission signal can be converted into the fre-  Nan yellow sandstone, LeiYang fine marble and MiLuo

quency domain by the Fourier transform of the waveform. In  granite are shown in Figs. 16, 17, and 18, respectively.
this study, YunNan yellow sandstone, LeiYang fine marble  In the figure, the letter subscript 1 represents the relation
and MiLuo granite were selected as waveform analyses for ~ between the frequency domain after the Fourier transform
sedimentary, metamorphic and igneous, respectively. Four ~ of a waveform, and the letter subscript 2 represents the
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Fig. 17 LeiYang fine marble (metamorphic) original AE waveform and frequency domain characteristics
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Fig. 18 MiLuo granite (igneous) original AE waveform and frequency domain characteristics

original AE waveform. By observing the frequency domain
characteristics of the three types of rocks, it can be found
that the frequency domain fluctuates in low amplitude and
high frequency in Figures A, and B, while C, and D, are
mainly concentrated in low frequency or high amplitude.
In addition, the values of frequency and amplitude in the
AE frequency domain are also different for different litholo-
gies. For example, for YunNan yellow sandstone, Fig. 16,
the amplitude is less than 20 mV, frequency is less than
40 kHz of both A, and B, which is different with A, and
B, the amplitude is greater than 20 mV, frequency is less
than 20 kHz of both C, and D,. But for LeiYang fine mar-
ble Fig. 17, the frequency domain mainly fluctuates in the
range of frequency less than 200 kHz and amplitude less
than 10 mV of both A1 and B1, while the C1 and D1 fre-
quency are mainly below 50 kHz.

Through the above analysis, it can be found that the
high AF value and low RA value AE signals show the low
amplitude and high-frequency characteristics, and the low
AF value and high RA value AE signals show the high
amplitude and low-frequency characteristics. According to
the previous research results, tensile cracks are dominant in
rocks with high AF values and low RA values, while shear
cracks are dominant in rocks with low AF values and high
RA values. Therefore, it can speculate that the frequency
domain characteristics of low amplitude and high frequency
are generated by tensile crack, and high amplitude and low
frequency are generated by shear crack.

4 Discussion

The effects of plagioclase, quartz, and K-feldspar on rock
strength and AE characteristics were discussed in detail. It
is worth noting that white marble is mainly composed of
Calcite, whereas other rock types contain lesser Calcite, so
the Calcite influence on the rock mechanical properties is
ignored in this part. At the same time, the proportion of pla-
gioclase, quartz, and K-feldspar in Altai mountains andesite
does not exceed 50%, thus, the Altai mountains andesite is
also not discussed.

4.1 Mineral Composition and Grain Size Effects
on Strength

To analyze the influence of the main minerals on o, and
o,, the relationship between the percentage content of main
rock minerals (i.e., plagioclase, quartz, and K-feldspar) with
o, and o, was plotted and shown in Fig. 19, and the results
are presented in Table 7. For better views, the sedimen-
tary rocks and igneous rocks are connected by blue dotted
lines and red dotted lines, respectively. Form the Fig. 19a,
it can be inferred that the plagioclase content in igneous
rocks is higher than the sedimentary rocks, and the ¢, and
o, increase first and then decreases with the increase of pla-
gioclase content in sedimentary rocks, and the ¢, and o, of
igneous rocks increase with the increase of the plagioclase
content. The quartz content in igneous rocks is also higher
than the sedimentary rocks, as shown in Fig. 19b. However,
the o, and o, of rocks decrease as quartz content increases
in igneous and sedimentary rocks. Moreover, as the quartz
content increases, the reduction in igneous rocks strength is
strong compared with the plagioclase and K-feldspar. From
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Fig. 19c, the o, and o, of igneous rocks decrease with the
increase of K-feldspar content, and the ¢, and o, of sedimen-
tary rocks first increase and then decrease with the increase
of K-feldspar content.

@ Springer

(Prikryl et al. 2003). Thus, the maximum and minimum par-
ticle diameters of the 10 rock types are drawn and shown in
Fig. 20, and the relationship between the maximum particle
diameter of main mineral components with ¢, or o, is shown
in Fig. 21.

From the statistic, the minimum diameter of rocks is less
than 0.1 mm, and the maximum diameter of sedimentary
rocks is less than 1 mm except for JuNan purple sandstone
(rock No. 7). However, for igneous rock Nos. 10, 11, and 12,
the maximum diameter of grain sizes are 4.6 mm, 3.8 mm,
and 2.2 mm, respectively, where grain size diameters are
greater than the sedimentary rocks. The statistical analysis
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Fig.21 Relationship between the grain size of main mineral compo-
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results show that the maximum grain size diameter of sedi-
mentary and metamorphic rocks used in this study is very
small, and less than 0.08 mm, while the maximum grain
size diameter of igneous rocks is comparatively much larger,
as shown in Fig. 20. Presumably, if rocks mineral grains
contain both coarse and fine grains, this diverse composi-
tion may increase the rock strength. It can also be observed
in igneous rocks from Fig. 20 that the maximum diameter
of plagioclase, quartz, and K-feldspar in rock No. 12 is the
smallest among the rock numbers.10, 11 and 12, whereas
the rock No. 12 strength is the largest. Nevertheless, there
is no clear regularity between the rock’s strength and their
mineral grain sizes in sedimentary rocks.

The analysis results can be obtained by correlating strength
and mineral grain sizes. It can be said that the smaller the
grain size is, the stronger the rock strength is. The rich particle
size compositions may also increase the rock strength.

4.2 Mineral Composition and Grain Size Effects
on AE Properties

According to the above analysis results, the correlation
between AE signals and mineral composition is worth
deeply studying. The statistics of AE count rate, cumu-
lative AE count rate, AE hit rate and cumulative AE hit
rate, energy and cumulative energy are used to study the
relationship between mineral composition and AE signals
characteristics, as presented in Table 8 and the results are
listed in Table 7. The mineral content and cumulative AE
count rate, cumulative AE hit rate and cumulative energy
relation curves of UCT and BIT are illustrated in Figs.
22 and 23, respectively. It can be found that UCT and
BIT are basically similar laws to AE accumulated energy

and K-feldspar content, except that there is a different law
in the relationship between AE accumulated energy and
K-feldspar content. Owing to BIT and UCT with similar
laws, only UCT AE data can be analyzed below.

From the data analysis, it can be observed that the
cumulative AE count rate and cumulative energy increase
with the increase of plagioclase content, whereas with the
increase of quartz content, the cumulative AE count rate
and cumulative energy initially decrease and then increase.
With the increase in K-feldspar content, the value of
cumulative AE count rate and cumulative energy shows an
increasing trend initially and then decreasing trend, which
is different with the plagioclase and quartz. The relation
between the three types of mineral content and cumulative
AE hit rate increases first and then decreases. It is worth
noting that the mineral content and AE characteristics laws
are the same as between mineral composition and rock
strength. These results proved that AE signals character-
istics have a close relationship with rock strength.

To analyze the mineral grain size and AE signals correla-
tion, the AE characteristics and maximum mineral grain size
relations are plotted in Fig. 24. The results demonstrated that
the three mineral’s cumulative AE count rate and cumula-
tive energy of rock with small grain size are significantly
smaller than the large-size grains. These findings are similar
to the conclusions obtained by Wang et al. (2016), that the
fracture of larger grain rock under high stress releases more
AE energy than the smaller grain under low stress. While the
correlation between the cumulative AE hit rate and particle
size is not significant.

As per Fig. 15, the plagioclase content is higher in igne-
ous rocks compared to the other lithologies rocks, and the
LeiZhou fine-grain granite for rock No. 12 contained the
highest plagioclase content of more than 50%. From the
analysis results of LeiZhou fine granite, the plagioclase
content is the highest compared with the other two miner-
als, and the three main minerals grain size is smaller than
the two igneous rocks (No. 11 and rock No. 12). Therefore,
all these conditions may be the reasons for the high cumula-
tive energy and AE count rate generated during the failure
of LeiZhou fine granite. So, it can be concluded that the
plagioclase content and grain size may be the main reasons
for the different AE characteristics in rock failure.

Additionally, the Mohs hardness ranking proposed by
Friedrich Mohs, a German mineralogist in 1822, the hard-
ness of quartz is 7 and feldspar is 6-6.5. Although the
sedimentary rocks contain a large amount of quartz, its
strength and energy generated during the failure are not as
large as those generated by igneous rocks. This phenom-
enon explains that the influence of mineral hardness on rock
strength seems not to be the main factor, and the influence
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Table 8 AE count rate and cumulative AE count rate, AE hit rate, and cumulative AE hit rate, energy, and cumulative energy of the test rocks

Rock no. Test type AE count rate Cumulative AE  AE hit rate Cumulative AE  Energy (mV*ms) Cumula-
count rate hit rate tive energy
(mV*ms)

1 UCT 13,648 495,492 1040 97,389 28,213 803,771
BIT 45,447 176,032 998 16,837 16,462 84,199

2 UCT 57,883 73,622 852 3561 4325 14,162
BIT 22,524 87,944 768 10,282 17,160 56,120

3 UCT 143,777 589,055 1058 11,584 25,188 213,538
BIT 55,909 240,533 993 17,062 9311 69,761

4 UCT 2855 1,019,759 908 516,076 570 709,179
BIT 2794 29,227 689 23,654 294 55,893

5 UCT 1069 314,987 4233 608,573 107 406,067
BIT 576 42,685 923 45,832 4460 5948

6 UCT 325 40,022 3675 56,824 633 7365
BIT 275 35,621 782 16,985 258 5396

7 UCT 14,556 202,759 1008 40,417 429 46,039
BIT 2385 16,626 706 12,518 326 15,361

8 UCT 31,502 153,454 899 17,783 2074 39,202
BIT 17,879 49,747 895 4034 8078 14,632

10 UCT 166,653 1,220,730 1059 41,729 65,535 530,313
BIT 49,870 113,059 654 3444 65,652 106,322

11 UCT 206,296 3,118,760 1063 200,807 65,268 1,699,353
BIT 19,894 163,092 812 9590 2744 43,724

12 UCT 257,803 4,974,004 893 29,163 65,745 2,189,545
BIT 106,357 362,868 673 6837 30,030 114,952

of mineralogy and texture characteristics on rock strength is 1. When the data set in the AF-RA nuclear density map

more important than hardness.

5 Conclusions

In this study, 13 different types of rock mineral composition
and particle size statistics are presented and analyzed. At
the same time, acoustic emission technology and the failure
modes of six typical rocks under UCT and BIT were com-
bined and classified. This study applies comparative analysis
to investigate the relationship between AE hit rate, the AE
count rate, and AE energy with the rock failure mode and
texture characteristics. Secondly, the effects of different types
of rock mineral composition content and mineral grain size
on the basic mechanical properties were investigated. Finally,
a simple regression analysis is described for the relationships
between static (density, P-wave velocity Vp, Schmidt Ham-
mer rebound hardness value (SHV)) and basic mechanical
parameters (o,, o,, E) of the rock. The results are as follows:

@ Springer

is close to the AF axis with a long side, and lower than
100 or the AE peak frequency distribution is between 200
and 400 kHz, the rock is mainly caused by tensile failure.
When the data set is near the RA axis with a long side or
the AE peak frequency distribution is below 100, the rock
mainly fails due to shear. These results provide a method
to distinguish the main failure modes of rock by acoustic
emission technology, which facilitates the identification
and detection of practical engineering problems.

The peak value of the AE hit rate generated by igneous
rocks is usually about 101 times higher than the weak
rocks. Moreover, the AE signals characteristics mainly
depend on the rock lithology difference and have little
correlation with the failure mode. The cumulative AE
count rate and cumulative energy are positively corre-
lated with the increase of plagioclase content, but as the
quartz content increases, the cumulative AE count rate
decreases and the cumulative energy first decreases and
then increases. With the increase of K-feldspar content,
the cumulative AE count rate and cumulative energy
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Fig. 22 Relationship between mineral composition content and AE characteristics in UCT: a—c plagioclase; d—f quartz; g—i k-feldspar

first increase and then decreases. In addition, the results
show that the cumulative energy generated by the rock
failure with larger grain sizes is larger than the rocks
with smaller particle sizes.

For different rock mineral compositions on the impact
of rock strength, igneous rock strength is positively
correlated with plagioclase content, and negatively cor-
related with quartz and K-feldspar. The sedimentary
rock strength first increases and then decreases with the
increase of plagioclase content, and decreases with the
increase of quartz content, which has little correlation
with the K-feldspar content. Plagioclase has a positive
effect on rock strength. The mineral particle size rich-

ness may have a positive effect on the rock strength.
Moreover, it is found that rock strength is inversely pro-
portional to mineral particle size for igneous rocks. The
experimental results provide a basis to predict the basic
mechanical rock parameters using the mineral composi-
tion and grain size of the rocks.

The rock static parameters (density, P-wave velocity V,,
Schmidt hammer rebound hardness value (SHV)), and
basic mechanical parameters (o, o,, E) were analyzed
by simple regression analysis. It was found that the basic
mechanical parameters are positively correlated with the
static parameters. It provides theoretical support to pre-
dict rock strength with the static parameters of rock.
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