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Abstract: To explore the strength characteristics of anisotropic rocks caused by mineral directional arrangement during progressive
failure process, biotite quartz schist was taken as an example, and triaxial compression tests were carried out on samples with
schistosity angles of 0°, 45° and 90°. The macro and micro failure characteristics and progressive failure strength index of the
specimens were analyzed, and the differences with other types of anisotropic rock were discussed. The results show that the failure
characteristics of biotite quartz schist are closely related to its schistosity. With the schistosity angle increasing from 0° to 90°, the
main macro and micro fracture modes of the specimens change from tensile to shear, and then to co-existence of tensile and shear.
The strength characteristic values of biotite quartz schist show significant anisotropy. With the increase of schistosity angle, the
strengthening effect caused by confining pressure increase on the strength characteristic values weakens, but the change of the
strength value has a trend of acceleration. The anisotropic variation law of the ratio of strength characteristic value is not obvious,
which gradually weakens and even disappears under high confining pressure. The fracture modes, variations of strength characteristic
values and their ratios of anisotropic rocks with directional arrangement of minerals are different from those of rocks with stratified
structure. A thorough understanding of the mechanical properties of rocks with directional arrangement of minerals will be helpful to
guide the related engineering practice.
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increases rapidly, the total volume strain begins to

1 Introduction . . )
decrease, and the crack coalesces until the final failure

Rock failures are progressive mechanical behaviors,
and many rock engineering problems are not only
controlled by the influence of rock mass structuref!l
but also closely related to the progressive failure
process of rocks?™l. It is of great significance for
roadway support!l, slope protectionl®l, and deep rock
mass engineering construction!” to clarify the progressive
failure process of the rock and its mechanical evolution
law, and to master the failure characteristics.

The progressive failure of rocks is actually the
process of initiation, expansion, and coalescence of
micro-cracks inside the rocks®l. The development
process of cracks inside the rock can be divided into
different stages, and the stages are separated by four
strength characteristic values, namely, compaction
strength o, crack initiation strength o, damage
strength o, and peak strength o, % Among the
four values of strength characteristic, o, represents
the closure of internal cracks in the rock, and o is
the beginning mark of the stable crack propagation
stage. o, indicates the beginning of the reversal of
the total volume strain and the unstable propagation of
the crack™, and the volume strain of the crack

Received: 1 November 2021 Revised: 24 January 2022

at this stage!*?. Martin et al.'*4 found that o, / o,
was mostly concentrated in 20%-40%, o /o
concentrated in 40%-60%, and o,/ o, concentrated
in 70%-90%.

In recent years, studies on the progressive failure
process of rocks have been carried out continuously.
The rapid development of testing technology facilitates
the accurate acquisition of rock failure characteristics.
Both CT scanning and acoustic emission methods can
be used to reveal the progressive failure process of
rocks*®171 Theoretical and numerical methods, such
as numerical manifold method™8, finite element
method™, and discrete element method®, are mainly
applied to the study of the mechanical mechanism of
rock progressive failure. However, traditional research
methods based on laboratory failure tests under
mechanical loading and precise observation of fracture
sections® 4 211 cannot reflect the real-time fracture
process, but they are convenient to carry out quantita-
tive analysis of the progressive failure process of rocks
from the perspective of mechanical characteristic
values. Therefore, the traditional research method is
still one of the most important means to study the

This work was supported by the National Natural Science Foundation of China (42177142, 41927806, 42041006), the Youth Talent Promotion Program of Xi'an
Association for Science and Technology (095920201310), and the Fundamental Research Funds for the Central Universities, Chang’an University
(300102212213).

First author: BAO Han, male, born in 1988, PhD, Professor, mainly engaged in teaching and research work in geotechnical engineering and geological
engineering. E-mail: baohangeo@163.com

Corresponding author: WU Fa-quan, male, born in 1955, PhD, Research scientist, PhD supervisor, research interests: theory and application of engineering
geology and rock mechanics. E-mail: wufaquan@mail.igcas.ac.cn

Published by Rock and Soil Mechanics, 2022



Rock and Soil Mechanics, Vol. 43 [2022], Iss. 8, Art. 2

BAO Han et al./ Rock and Soil Mechanics, 2022, 43(8): 2060-2070 2061

progressive failure of rocks.

With the increasing research on the strength
characteristic values and progressive failure of rocks, a
deep understanding of their influencing factors and
performance characteristics has also been obtained.
Studies have found that the characteristic value of
strength is affected by many factors such as confining
pressure?? sizel?®1 and meso-and micro-structurel?*-2%1
of the rock. The meso-and micro-structure and
confining pressure of rock make its failure morphology
and failure mechanical behavior show significant
anisotropy and confining pressure effect®, and the
micro-structure determines the morphology characteristics
of rock fracturel?” and the crack type is closely related
to the confining pressure levell?8],

At present, studies on the progressive failure of
anisotropic rocks mostly focus on rocks with the
anisotropy induced by layered structures, such as
slate®, shale®, layered sandstonel*”, and phyllitef*],
Relevant studies have also been carried out on the
progressive failure of anisotropic rocks caused by the
orientation of micro-fractures®®3, However, there
are few studies on the characteristics of progressive
failure strength of anisotropic rocks such as schist
caused by the orientation of mineralst4. In fact, there
are differences in the failure phenomena of anisotropic
rocks caused by mineral orientation and by layered
structures. We take the shale with macroscopic layered
structure as an example, when the angle between the
loading direction and the bedding is small, the fracture
mainly occurs along the relatively flat bedding plane,
and the fracture plane bends obviously accompanied
by the cracking of part of the bedding plane when the
angle is large®]. For the anisotropy of rocks caused by
mineral orientation, the failure surfaces are rough and
there are more bending sections, accompanied by
more powders and debrist3l. The different failure
patterns of different types of rocks are the external
manifestation of their progressive failure process.
Therefore, the mechanical characteristics of anisotropic
rocks caused by mineral orientation in the progressive
failure process need to be further explored.

Biotite quartz schist is a typical mineral-oriented
rock with strong anisotropy™®. In this paper, the
biotite quartz schist was selected as the research object,
the characteristic values of strength and shear strength
parameters of specimens with different schistose plane
directions were discussed, and the failure modes of
biotite quartz schist were analyzed based on the
triaxial compression test. The macro and micro failure
characteristics and progressive failure mechanics
characteristics of biotite quartz schist were revealed,
and the influences of confining pressure and
schistosity plane angle were accordingly analyzed.
The research results will be helpful to guide the
development of mineral-induced anisotropic rock
engineering.

2 Materials and methods

The biotite quartz schist used in the experiment

https://rocksoilmech.researchcommons.org/journal/vol43/iss8/2
DOI: 10.16285/j.rsm.2021.6833

was taken from Xinjiang, China. The rock is hard and
brittle, mainly composed of quartz, biotite, plagioclase,
and a small number of other minerals. The minerals
are oriented and form the schist structure (Fig. 1),
which makes the rock exhibit significant anisotropy.

i’ B R gt i
(a) 5X orthogonal image (b) 5X polarized image
Fig.1 Microscopic characteristics of biotite quartz schist

il v R Ll

In order to study the progressive failure strength
characteristics of biotite quartz schist, the triaxial
loading test was carried out on the specimen using the
high-pressure rock triaxial dynamic test system
(RTR-2000) produced by GCTS (Fig.2(a)). The tests
were conducted at the Institute of Acoustics, Chinese
Academy of Sciences. 8 was defined as the angle
between the biotite quartz schist schistosity plane and
the loading direction (Fig. 2 (b)), and the cores were
taken according to the angles #=0° 45° and 90°
respectively, and were processed into cylindrical rock
specimens with a diameter of 25 mm and a height-
diameter ratio of 2:1 (Figs. 2(c)-2(e)). The specimens
were divided into three groups according to the angle 6,
with four specimens in each group, and the average
longitudinal wave velocity ¥, of each group was
measured. The specimens with & = 0° belong to the first

Load

(c) 6=0°
Fig.2 Mechanical test system and rock specimens

(d) e=45° () 6=90°
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group, and I7'p =5 042.03 m/ s. The specimens with
& = 45° belong to the second group, and ¥, =4 680.47
m/s. The specimens with =90° belong to the third
group, and 17,):3 882.36 m/s. The wave velocities
show great differences with the variation of 6, which

reflects the significant anisotropy of biotite quartz schist.

During the test, four confining pressures of 10, 20, 30,
and 50 MPa were set for each group of specimens, and
the axial loading rate was 0.03 mm/min.

3 Strength and failure characteristics

3.1 Stress—strain curves and strength parameters

Under different confining pressures, the pre-peak
stress—strain curves of all groups of specimens under
loading are shown in Fig. 3. Obviously, the peak
strength of rock gradually increases with the increase
of confining pressure, and generally decreases first
and then increases with the increase of angle 6.

A

—o— 03=10 MPa
—o— 0;=20 MPa
—#— 0,=30 MPa
—>— ;=50 MPa

Axial stress /I

fa)
=2

-0.50 -0.25 0.00 0.25 050 0.75 1.00 1.25
Radial strain /% Axial strain /%

(a) &=0° specimen

—o— ;=10 MPa

—o— 0,=20 MPa

—#— 0,=30 MPa

—>— ;=50 MPa

-0.50 -0.25 l(33.00 025 050 0.75 1.00 1.25
Radial strain /% Axial strain /%

(b) 6=45° specimen

s

-0.50 -0.25 \(1).0 0.25 050 0.75 1.00 1.25
Radial strain /% Axial strain /%

(c) 6=90° specimen

Fig.3 Stress—strain curves of three groups of biotite quartz
schist specimens
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The strength envelope (Fig. 4) of the rock can be
obtained from Fig.3, and the shear strength parameters
of biotite quartz schist with three schistosity plane
angles (Table 1) are obtained based on the Mohr-
Coulomb strength theory. It is found that the cohesion
¢ is the smallest when 6=0° and the value of ¢
increases gradually as @ increases, while the internal
friction angle ¢ shows a trend of first decrease and
then increase with the increase of 6. The changes of ¢
and ¢ are mainly related to the mechanical action of
the schistosity plane. When 6=0° , the tensile fracture
is easy to occur between schistosity planes, so the
cohesion force is small and the internal friction angle
is large. When 6=45° , the shear—slip failure along the
schistosity plane is easy to occur, which reduces the
apparent value of internal friction angle and raises the
apparent value of cohesion. When 6=90° , the effect
of the schistosity plane is weakened, and the cohesion
and internal friction angle of rock are enhanced. Those
results are similar to the study of Liu et al.7,

300
250 ~--10MPa —— 20 MPa
200 < 30 MPa -+ - 50 MPa
&
S 150
S
100
50 l//,I \ \ \
0 1R 1 11 | 11 1 )
0 100 200 300 400 500 600
o/MPa
(a) 6=0°
300
250
200
]
%150 ---10MPa — — 20 MPa
< e 30 MPa -+ - 50 MPa
100
7=2.950 90 +129.57
50
il \ \ !
0 I: - 1 b L 1 1 )
0 100 200 300 400 500 600
o/MPa
(b) 6=45°
300
250
200
o
%150_ ---10MPa — — 20 MPa
< < 30 MPa -+ - 50 MPa
100 |
‘ ‘. 7=3.172 60 +144.06
50 p7: \
// . vV \
i 1 \ .
0 N 1 T 1l 1 1 ]
0 100 200 300 400 500 600
o/MPa
(c) 6=90°

Fig.4 Strength envelope of rock specimens
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Table 1 Shear strength parameters of biotite quartz schist

[ Cohesion Internal friction angle
1°) /MPa 1°)

0 353 39.4

45 37.7 29.6

90 40.0 315

3.2 Macro and micro characteristics of rock fracture
surface

In fact, the confining pressure and schistosity
plane have a great influence on the macro and micro
characteristics of rock fracture surfaces®?® %1, Figures
5 and 6 show the multi-scale fracture characteristics of
all groups of specimens under different confining
pressures.

The schistosity plane formed by the orientation of
minerals has poor connectivity, so the main fracture
surface of the biotite quartz schist is rough, and there
are bends, more rock powder, and more rock debris
(see Fig. 5). From Fig. 5, it can be observed that the
failure surface of the specimen with 6=0° is rough,
and the fracture mostly presents stepped, with a certain
amount of rock powder. The fracture surface of the
specimen with 6=45° is relatively straight, with a
small amount of rock powder. The fracture surface of
the specimen with 6=90° is rough and complex, and
there is a large amount of rock powder. When the
confining pressure increases from 10 MPa to 50 MPa,
the straightness of the fracture surface and the amount
of rock powder of each group of specimens increase
correspondingly, and sliding scratches can be formed.

Figure 6 shows the SEM scanning results of the
fracture micro-structure of all groups of specimens
under confining pressure of 10 MPa and 50 MPa. In
the figure, there are a large number of tensile fractures
on the fracture surface of the specimen with 6=0°
microscopically, and the micro-fracture surface
presents a step-like feature, with a certain amount of
rock powder. The micro-cracks on the fracture surface
of the specimen with #=45° mostly cut through the
crystal, showing shear characteristics, and the micro
fracture surface is relatively straight, with a small
amount of rock powder. The fracture surface of the
specimen with 6=90° shows the coexistence of tensile
and shear fractures, and the fracture surface is rough
and complex, with a large amount of rock powder.
When the angle 6 increases from 0° to 90°, the
fracture of the specimen gradually shows a change
from tensile fracture to shear fracture, then to the
coexistence of tensile and shear fractures. With the
increase of confining pressure, the microscopic
fracture characteristics do not change much but the
tensile fracture is restrained, the straightness of the
fracture increases, and the rock powder increases
accordingly.

https://rocksoilmech.researchcommons.org/journal/vol43/iss8/2
DOI: 10.16285/j.rsm.2021.6833

(k) 6=90°,5,=30MPa

() 6=90°, 5,=50MPa

Fig.5 Macroscopic pictures of fracture of specimens with
different schistosity angles
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(@ 0=0° 0,=10MPa, 500X  (b) 6=0° o,=10MPa, 1000X

(©) 0=0° 6,=50MPa, 500X (d) @=0° ,=50MPa,1000X

(€) 0=45° 0,=10 MPa, 500X (f) 6=45°, o, =10MPa, 1 000X

-
g'¢

(h) 6 =45°, 5, =50 MPa, 1 000X

(g) 0=145° o, =50MPa, 500X

Shear fractur

ERock powderit

7

ensile fractur

IRock powder| owde

]
Tensile fracture

Stepped micro- fracture "’
surface

(1) 6=90°, 5, = 50 MPa, 1 000X

(k) 6=90°, 5, =50 MPa, 500X

Fig.6 Microtopography of fracture of specimens with
different schistosity angles
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4 Progressive failure mechanical characteristics

4.1 Characteristic value of strength acquisition

The progressive failure process of the rock is
actually the process of the continuous development of
micro-cracks inside the rock. The progressive failure
process can be quantitatively analyzed by characteristic
values of strength such as o, o,, o4, and o;.
Among the characteristic values of strength, o, and
o, can be determined by the volumetric strain—axial
strain curve of the crack, and o, can be obtained by
the total volumetric strain—axial strain curve, as shown
inFig. 7.

=
P
g |
z
3 |
. L |
-0.4 -0.2 0.0 02 |04 | 0.6
Radial straln 1% AX|aI strain /%
S 4 015 :
ﬁ\o 0.10 : -
o, 85| 005f ! Volumetrlc strain
ﬂ g 000 P al 1 i 1 I
O 0050001 02 O . 0.6
o8 | 010} 7 Agalstrain /%
3 2 o| -0.15 PVolumetric strain of crack
o<
gy -020
w025t

Fig.7 Stress-strain curves and strength characteristic
point determination ((take the sample with 45° schistosity
and 30 MPa confining pressure as an example)

The total volumetric strain ¢, and volumetric
strain of the crack are respectlvely[“\j

&, = AV IV ~ Eaxial + 2‘("Iateral (1)

. (2)

& ve

ve =&

\

where ¢

axial ? glateral

are the axial and transverse
strains, respectively; &, is the elastic volumetric

strain; ¢, = AV _ 12 . AV and V.

ve elastic
Velastic E(O-l - 0-3)

are the specimen volume and elastic volume,
respectively. The elastic modulus £ and Poisson’s ratio
v are calculated from the linear elastic segment of
the stress—strain curve.

4.2 Characteristic value of strength

According to table 2, the variation laws of
characteristic values of strength of specimens with
different schistosity angles under different confining
pressure conditions are obtained, as shown in Figs. 8
and 9, and the performance rules of characteristic
values of strength during the failure of biotite quartz
schist are then obtained.

In Fig. 8, various characteristic values of strength
for biotite quartz schist with different schistosity
angles show a strengthening effect due to the increase
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of confining pressure, but there are significant
differences in the strengthening process. In this study,
when the confining pressure increased from 10 MPa to
50 MPa, o, corresponding to 6=0°, 45°, and 90°
increased by 107.6% (177.3-368.1 MPa), 80.9%

values caused by the increase of the confining pressure
tends to accelerate with the increase of the schistosity
angle.

Table 2 Characteristic values of strength of biotite quartz

(149.8-271.0 MPa), and 73.1% (168.9-292.3 MPa), schist
respectively. o, increased by 107.9% (150.3-312.5 Confining
MPa), 102.7% (115.3—233.7 MPa), and 89.0% 0/(° ) pressure o, /MPa o,/MPa o, /MPa o, /MPa
(138.5-261.8 MPa). o, increased by 122.0% ”‘i'ga T T e e
— 0, __ ' : . '
(100.1-222.2 MPa), 143.4% (67..3 163.8 MPa), and . 20 750 1460 2002 2602
121.9% (80.3-178.2 MPa). o, increased by 186.9% 30 1080 1965 2662 3225
(45.1-129.4 MPa), 165.2% (37.0-98.3 MPa), and ig 1;33 2;5; ﬁgg iigé
0 _ i ' : . '
167.4% (39.3-105.1 MPa), respectively. In general, i 20 518 852 1744 1949
the increase of the characteristic strength values 30 65.9 1143 2078 2271
follows compaction strength o, > crack initiation ig ggg 1282 igg; ig;g
strength o; > damage strength o, > peak strength 0 20 543 922 1659 1926
o; . From the perspective of the curve shape, the 30 67.7 1164 2059 2401
strengthening effect of the characteristic strength 50 1051 1782 2618 2923
w 400[ oo, oo, s A07 oo o 400 . O w0, oo,
— c ci =
%EE 300 T ™7 %&“ 300k & Fw VO %c‘f 300b 4 w0 g‘:% 1.8f —2— 0y v Oy
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Fig.8 Changes of characteristic strength values of specimens with different schistosity angles
with the increase of confining pressure
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Fig.9 Variation of strength characteristic values of specimens under different confining pressure with the schistosity angle

Studies have shown that the confining pressure can
effectively inhibit the initiation and propagation of
micro-cracks, especially the generation of tensile
cracks®**% and this phenomenon is also reflected in
this study. For example, when the schistosity angle is
0° , the strengthening effect induced by the confining
pressure is the largest, the strengthening effect when
the schistosity angle is 45° the second, and the
strengthening effect when the schistosity angle is 90°
is the weakest. It can be seen that the increase of
confining pressure can inhibit the failure of the
specimens with the schistosity angle of 0°, inside
which more tensile fractures occur. In addition,
according to Griffith theory!*®l, the initial fracture of
rock is mainly the tensile fracture, so the inhibition of
tensile fracture by the confining pressure is most

https://rocksoilmech.researchcommons.org/journal/vol43/iss8/2
DOI: 10.16285/j.rsm.2021.6833

obvious in the crack initiation strength. In this study,
the strengthening effect induced by the increase of the
confining pressure on the crack initiation strength is
significantly larger than that on the peak strength and
damage strength, which further confirms the inhibiting
effect of the confining pressure on the tensile fracture.
The degree of anisotropy was defined in
referencesl®> “0*1, The ratio between the maximum
and minimum values of characteristic values of strength
in different directions was defined as the anisotropy
coefficient of the characteristic value of strength. The
influence of the confining pressure on the anisotropy
coefficient of the characteristic value of strength is
shown in Fig. 8(d). It can be seen that with the
increase of the confining pressure, the anisotropy of
the characteristic strength value of the anisotropic rock,
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whose anisotropy is caused by the orientation of
minerals, presents a trend of first increase and then
decrease.

The variation of characteristic values of strength
with the schistosity plane angle is shown in Fig. 9.
When @increases from 0° to 90° , the characteristic
value of strength shows a typical U-shaped change.
The mechanical effect produced by the schistosity
plane with an angle 0° is similar to the "compression
bar instability” between the schistosity planes, and the
rock failure form is mainly splitting failure. The
compressive strength of minerals is fully exerted, and
the strength characteristic value of the rock is the
largest. As a weak mechanical surface, the mechanical
properties of the schistosity plane are exerted when the
schistosity angle is 45°, which makes the specimen
prone to shear failure along the schistosity plane.
Therefore, the strength values of the specimen with the
schistosity angle of 45° are small. For rocks with the
schistosity angle of 90° , the shear failure of minerals
between schistosity planes mainly occurs, and the
strength of minerals is well exerted. In this case, the
characteristic strength values of the rock are large.

4.3 Ratio of strength characteristic values

The ratio of strength characteristic values provides
a basis for judging the failure stage of the rock. Figs.
10 and 11 show the variation of the ratio of strength
characteristic values o /o;, o,/o;, and o,/ o;
with the confining pressure and schistosity plane angle
during the loading process.

As illustrated by Figs. 10 (a) and 10 (c) that
o, /o, of each group of specimens increases with
the increase of the confining pressure, from 0.25 when
the confining pressure is 10 MPa to 0.35 when the

1.0 1.0
L ©
2 o8 a2 "2 o8 0.l
2o Lo —o—o, /o
Q5 o=
506 o—o—° 8806 —— o,/ o
E3 So D\0/0/'/0
S 504 ——o, /o =204
£ oo
5S D_u/o_n—o_d—/;lﬂ 5~ I:,__—n———ﬂ/‘:|
é 02 =0yl o § 0.2
w 0.0 1 1 1 1 %] 0.0 1 1 1 1 ]
0 10 20 30 40 50 0 10 20 30 40 5
confining pressure /MPa confining pressure /MPa
(@ 0=0° (b) 6=45°

Strength characteristic

confining pressure is 50 MPa, while o, /o; shows a
trend of first decrease and then increase with the
increase of the confining pressure, and the changing
trend of o, /o, is not obvious. The ratio of the
maximum value to the minimum value of the strength
characteristic value ratio in different directions is
defined as the anisotropy coefficient of characteristic
strength value ratio. The influence of the confining
pressure on the anisotropy coefficient of strength
characteristic value ratio is shown in Fig. 10 (d). It can
be seen that when the confining pressure reaches a
certain degree, the anisotropy of the characteristic
strength value ratio tends to disappear. In Fig. 8(d), the
anisotropy changes of the four strength characteristic
values show a similar development trend, and with the
increase of the confining pressure, the anisotropy
coefficients of the strength characteristic values
show a convergence phenomenon. Therefore, the
anisotropy coefficient of the strength characteristic
value ratio in Fig. 10 (d) is lower than that in Fig. 8 (d).
The anisotropy coefficient of the characteristic
strength values is between 1.18 and 1.71, while the
anisotropy coefficient of the strength characteristic
value ratio is between 1.01 and 1.28.

It can be inferred that the anisotropy of the
strength characteristic value is stronger than the
anisotropy of the strength characteristic value ratio. In
Fig. 11, the schistosity plane angle has no obvious
regular effect on the ratio of strength characteristic
values, indicating that for mineral-induced anisotropic
rocks, the anisotropy of the strength characteristic
value ratio is not strong, and the anisotropy is
weakened or even disappears especially under the
condition of high confining pressure.
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Fig. 10 Ratios of strength characteristic values vary with the confining pressure
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5 Discussions

Biotite quartz schist is a typical mineral-induced
anisotropic rock, and the oriented distribution of its
minerals is an important feature that is different from
other types of rocks. Based on the grayscale principle,
the microscopic images of the specimens with the
schistosity angle of 0°, 45°, and 90° are binarized by
using the PCAS softwarel? (the white areas are
biotite minerals, and the black areas are quartz and
other minerals (Figs. 12(a), 12(c), and 12(e)). The
orientation of mineral particle arrangement is

statistically analyzed, and the results are shown in Figs.
12(b), 12(d), and 12(f).
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Fig.12 Spatial characteristics of mineral orientation of
biotite quartz schist

The orientation degree of minerals in the biotite
quartz schist is relatively high, which makes the rock
exhibit anisotropic characteristics. Due to the poor
connectivity of the schistosity plane formed by the
orientation of minerals, so the main fracture surface of
the biotite quartz schist is rough and there are bends,
more rock powder, and more rock debris. These
characteristics are quite different from the failure of
rocks containing macro bedding planes, such as
shalel®!, which often exhibit flat failure surfaces when
the angle between the loading direction and the
bedding plane is small, and curved fracture surfaces
when the angle is large.

https://rocksoilmech.researchcommons.org/journal/vol43/iss8/2
DOI: 10.16285/j.rsm.2021.6833

The results show that the strength of biotite quartz
schist when the angle between the loading direction
and the schistosity plane is 0° is greater than that when
the angle is 90°, which is consistent with the
performance characteristics of mica quartz schist,
chlorite schist, and shalel®® 35371, At the same time, it
is found that for biotite quartz schist, the strengthening
effect induced by the increasing confining pressure on
each strength characteristic value follows the schistosity
plane angle order of 0° >45° >90°. However, for the
initiation strength of bedding shale, the strengthening
effect induced by the confining pressure is the weakest
when the schistosity plane angle is 45°1. The
anisotropy of the strength characteristic value of
biotite quartz schist increases first and then decreases
with the increase of confining pressure. However, the
anisotropy degree of the strength characteristic value
of bedding rocks gradually decreases with the increase
of confining pressuref®> 3943,

The strength characteristic value ratios of biotite
quartz schist o, /o, = 0.44-0.61 and o,/o; =
0.77-0.92. Studies on approximately homogeneous
rocks and bedding rocks show that the values of
o, /o, and o, /o, of approximately homogeneous
rocks such as marblel*~° and granite!**! are relatively
small, showing o /o, =0.40-0.47 and o, /o =
0.70-0.85. The variation range of strength characteristic
value ratio of bedding rocks is slightly larger, such as
o,/o;,=043-081 and o,/o, = 0.76-0.96 for
shale*],

The strength characteristic value ratio o, /o, of
biotite quartz schist does not change obviously with
the increase of confining pressure, while o, /o;
decreases first and then increases. The strength
characteristic value ratio o, /o, of bedding shale
increases first and then decreases with the increase of
confining  pressure, while o,/0o, increases
continuously®. The ratio of strength characteristic
value of homogeneous rocks decreases with the
increase of confining pressurel*],

6 Conclusions

The progressive failure strength characteristics of
anisotropic rocks caused by the orientation of minerals
have certain particularities. Taking biotite quartz schist
as an example, this paper studies the macro and micro
failure morphology characteristics and progressive
failure strength characteristics of anisotropic rocks
caused by the orientation of minerals based on triaxial
compression tests, and draws the following main
conclusions:

(1) The failure morphology of anisotropic rocks
caused by the orientation of minerals is closely related
to their schistosity structure, and the main fracture
plane is characterized by rough bending and more rock
powder and debris. When the angle of schistosity
plane increases from 0° to 90°, the rock fracture
gradually shows a change from mainly tensile fracture
to shear fracture, then to the coexistence of the tensile
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and shear fractures. With the increase of confining
pressure, the tensile fracture is restrained, the
straightness of macro and micro fracture surfaces
increases, and rock powder increases accordingly.

(2) The strength characteristic values of anisotropic
rocks caused by the orientation of minerals during
progressive failure process have significant anisotropy,
and the strength characteristic values show a typical
U-shaped change with the increase of the angle of
schistosity plane. The strengthening effect induced
by the confining pressure on the strength characteristic
values varies with the angle of schistosity plane,
which follows the order of 0°>45°>90°, but the
strengthening effect of the strength characteristic
value produced by the confining pressure tends to
accelerate with the increase of the angle of schistosity
plane.

(3) The strength characteristic value ratio o, / o;
of anisotropic rock caused by the orientation of
minerals increases with increasing confining pressure,
while o /o, first decreases and then increases with
increasing confining pressure, but the change of
o,/ o; is not obvious. The anisotropy of strength
characteristic  value ratio of mineral-induced
anisotropic rocks is not obvious, and the anisotropy is
weakened or even disappears under high confining
pressure.

(4) The mechanical behavior of mineral-induced
anisotropic rocks is affected by the orientation of
minerals, and it is different from that of bedding rocks
in terms of failure form, strength characteristic value,
and strength characteristic value ratio, and the
influence of the confining pressure is significantly
different.
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