@ Springer

Experimental study on influence of lithology on
directional propagation law of type-I cracks

CHEN Le-xin(F5F11T)', GUO Wei-yao(F5fH: )" 2*, JIANG Yu-jing (¥ 55’
TAN Yan(i# £)', ZHANG Yue-ying(7K 15 #1)', LU Dan(J7 1), HAN Fei(% &)’

1. College of Energy and Mining Engineering, Shandong University of Science and Technology,
Qingdao 266590, China;
2. Graduate School of Engineering, Nagasaki University, Nagasaki 852-8521, Japan;
3. Research Center for Rockburst Prevention and Control, Shandong Energy Group Co., Ltd.,
Jinan 250014, China

© Central South University 2023

Abstract: To study the influence of lithology on the directional propagation law of rock type-I cracks, a simple crack
directional propagation device was used to conduct loading tests on three rock types. The acoustic emission (AE) and
displacement field characteristics during crack directional propagation were analyzed, and the propagation mechanism of
type-1 cracks was discussed. The results indicate that the post-peak load curve of white sandstone showed a gradually
decreasing trend, while marble and grey sandstone showed a steep decreasing trend. The AE evolution during crack
propagation can be divided into four stages: quiet, slowly increasing, booming, and decreasing. For white sandstone, the
duration of the first three stages was short, and the decreasing stage was long. However, the opposite trend was observed
for the other types. The crack propagation process includes three stages based on the evolution law of the horizontal
displacement field: elastic deformation, microcrack nucleation and coalescence, and crack initiation and propagation. The
white sandstone enters the microcrack nucleation and coalescence stage earlier than marble and grey sandstone. The
length of the fracture process zone of white sandstone was larger than that of marble and grey sandstone; thus, its crack
directional propagation rate and stability were lower.
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bursts, and other dynamic engineering disasters [1-

1 Introduction

During coal mining, a complex stress

environment causes rock crack generation and rock
mass cracking, expansion, and penetration. This can
lead to roadway surrounding rock failure, rock

2]. Rock cracks are generally classified into three
types according to their loading form: type-I
(opening), type-Il (sliding), and type-IIl (tearing)
[3]. Type-I cracks are the primary rock failure type
because the tensile strength of rock is much lower
than its compressive strength [4]. Therefore, the
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study of type-l crack propagation mechanisms is
essential for understanding the rock damage process
and can provide guidance for underground
engineering disaster prevention and control.
Globally,
numerous experimental studies on the mechanisms

researchers ~ have  conducted
of type-I crack propagation. The research methods
used in current studies are mainly direct and indirect
tensile methods [5—7]. The direct tensile method is
used to obtain the tensile strength and damage
characteristics by directly applying uniaxial tensile
stress to a specimen. However, conducting direct
tensile tests on rocks is challenging, owing to their
low tensile strength. Therefore, research on the
tensile mechanical properties of rocks is mainly
conducted by the indirect tensile method. Brazilian
disc specimens are widely used by researchers to
study the mechanical properties of rock tension
damage owing to their simple loading method.
Through loading tests on prefabricated fissure disc
specimens, researchers have investigated the effects
of fissure spatial distribution [8 —9] and geometric
dimensions [10 — 12] on rock crack initiation and
failure modes. However, because these studies
generally used force- or displacement-controlled
loading methods, controlling crack propagation was
difficult, thus making it difficult to study the crack
initiation and propagation process. To solve this
problem, researchers have directly observed the
rock damage process
non-destructive testing methods, such as acoustic
emission  (AE)

correlation (DIC),
and electromagnetic radiation technique [13 — 16].

with the assistance of

technique,  digital  image

infrared camera technique,
Among these, joint AE and DIC techniques are
commonly used. The DIC technique obtains the
specimen  surface  displacement and  strain
information by matching the characteristics of the
speckled position changes on the specimen surface
and utilizing the information to study the crack-
opening displacement and fracture process zone
(FPZ) length [17 - 19]. The AE technique obtains
microcrack location and energy information with
the help of time-frequency parameter processing
and spatial positioning and then realizes real-time
and dynamic monitoring of the crack propagation

process [20-21].

Researchers have conducted studies on the
evolution process of crack propagation and damage
Although the
characteristics of rock tensile damage under the

patterns in rock specimens.
influence of lithology have been studied, the law of
directional crack propagation under the influence of
lithology has rarely been addressed. In this study, a
simple directional crack propagation test device was
used to conduct experimental research on crack
propagation in white sandstone, marble, and grey
sandstone. The entire process of crack directional
propagation was monitored using the DIC and AE
techniques. The AE evolution and deformation field
characteristics during the directional propagation of
type-I cracks in rocks with different lithologies were
investigated, and the mechanism of type-I crack
propagation under the influence of lithology was
explored.

2 Test method and scheme

2.1 Test method

White sandstone, marble, and grey sandstone
were selected in this study. White sandstone,
obtained from Zizhong County, Neijiang City,
Sichuan Province, China, featured a grey-white
colour, with quartz, potassium feldspar, plagioclase,
and clay as the main mineral components. The
marble, obtained from Longchang Mine, Neijiang
City, Sichuan Province, China, featured a creamy
white colour, with dolomite, calcite, and mica as the
main minerals. The grey sandstone, obtained from
the mining area of Chongtan Town, Naxi District,
Luzhou City, Sichuan Province, China, featured a
grey-black colour, with quartz, feldspar, muscovite,
and siliceous material as the main mineral
components. To ensure that the rock specimens had
the same physical properties, each type of rock
specimen was obtained from the same rock. The
sampling direction was perpendicular to the rock
deposition direction. According to the method
recommended by the International Society of Rock
Mechanics, standard specimens were prepared by
coring the original rock, and uniaxial compression
and Brazilian splitting tests were conducted. The
physical and mechanical parameters of the rock
specimens are listed in Table 1.
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Table 1 Physical and mechanical parameters of rock

specimen
Density/ Uniaxial Tensile Elastic
Lithology ( 'cm’};) compressive  strength/  modulus/
& strength/MPa MPa GPa
White 5 57 60.93 3.12 7.61
sandstone
Marble 2.63 106.37 7.14 9.87
Grey 2.96 125.81 9.08 1231
sandstone

The rock crack directional propagation test
device [22] and specimen dimensions are shown in
Figure 1. The original rock obtained from the field
was processed into concave specimens with
dimensions of 100 mmx25 mmx100 mm. The
middle of the specimen was made into a groove for
fixture placement using a wire-cutting process, and
a prefabricated fissure was made in the middle of
the groove. The groove dimensions were 34 mmx
and the

prefabricated fissure were 2 mmx25 mmx20 mm.

25 mmx35 mm, dimensions of the

Three specimens were tested for each type of

2”120

100

al oy

100
Figure 1 Rock crack directional propagation test
device and specimen dimensions diagram (unit: mm):

(a) Clamping device size; (b) Specimen size diagram

lithology, and the most representative sets of strain
fields and AE signals in each lithology were
selected for analysis. In this paper, 'fissure' refers to
artificial defects and cracks, ‘crack’ refers to new
cracks generated during the loading process,
‘fracture’ refers to the fracture caused by crack
penetration of the specimen, and ‘main control
crack’ is the major type-I crack propagating along

the direction of maximum stress.

2.2 Test scheme

Figure 2 shows the layout of the test system.
The loading system employed was a WDW-3100
universal testing machine with displacement control
for uniform loading at a rate of 0.01 mm/s. AE and
digital scattering monitoring systems were used for
real-time observations to record the entire crack
propagation process. An AMSY-6 system was used
as the AE monitoring system, the preamplifier gain
and threshold level were set at 38 and 40 dB,
respectively, and the
10 MHz. The AE probe was arranged on the rear

sampling frequency was

surface of the specimen using a resin coupling
agent. AE events were distributed in probe array
intervals to ensure efficient acquisition of AE
signals during the crack propagation process. A
digital scattering system was to spray black paint on
the front side of the specimen. After drying, white
paint was sprayed. The sprayed white speckles were
approximately 1-2 mm in size. It was ensured that
the speckles were evenly and randomly distributed
to enhance the image recognition acquisition effect,
and the speckle displacement field of the specimen
was monitored in real time throughout the loading
process at a frame rate of 2 fps using a high-speed
CCD camera.

Speckled surface

DICM monitoring w

Figure 2 Test system layout
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3 Analysis of test results

3.1 Load—-time curve

Figure 3 shows the load —time curves for the
different lithological specimens. When the upper
end of the test machine was pressed downward, the
tensile load on the specimen gradually increased,
and the variation rate of the load curve showed a
trend of initial increase and subsequent decrease.
When the load reached the post-peak stage, the
formation of the main control crack led to a rapid
reduction in the load-bearing capacity of the
specimen and a rapid decrease in the curve. The

160
—s— White sandstone
—e— Grey sandstone
120 —— Marble
Z
E 80
Q
s
40
0 1 1 1 |

200 400 600 800 1000
Time/s

Figure 3 Load - time curves for different lithology
specimens

PU———

Figure 5 Fracture surface of rock specimen failure: (a) White sandstone; (b) Marble; (c) Grey sandstone

cracking processes of specimens with different
lithologies differed. The post-peak curve of the
white sandstone showed a gradually decreasing
trend, whereas the fracture showed a graded
destabilization phenomenon. In contrast, the post-
peak curves of the marble and grey sandstone
showed a steep decreasing trend, and the fracture
exhibited  an  instantaneous  destabilization
phenomenon.

The failure modes of the rock specimens are
illustrated in Figure 4. The main control cracks for
all three rock types propagated downward from the
tip of the prefabricated fissure. However, some rock
specimens showed a slight twist in the propagation
path, likely due to the dislocation and rearrangement
of local rock particles. The macroscopic fracture
surfaces of the specimens were the result of crack
penetration, which indirectly reflected the crack
propagation paths of the specimens under tensile-
stress conditions. To further explore the degree of
lithological influence on crack propagation, the
fracture surface of the rock specimen failure is
shown in Figure 5. As shown in Figure 5(a), the
fracture surface of the white sandstone was rough,
with multiple grain protrusions and micropores
across the fracture surface. Moreover, the fracture
surface was uneven. Figures 5(b) and (c) show that
the fracture surface flatness of marble and grey
sandstone was higher than that of white sandstone,

Marb(g
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the intergranular arrangement on the fracture
surface was tighter, and the fracture surface had a
flat form. The flatness of the fracture surface
characterized the degree of twisting in the crack
propagation path. The rougher the fracture surface,
the greater the degree of twisting along the crack
path and the greater the instability of crack
propagation. It can be observed that the stability of
the main control crack propagation of white
sandstone is lower than that of marble and grey
sandstone. White sandstone is composed of quartz,
potassium feldspar, plagioclase, and clay minerals.
The presence of clay minerals may weaken the
intergranular cementation strength. Primary defects
and microcracks can fully develop during the

loading process. Thus, the flatness of the fracture
surface is lower. On the other hand, marble and grey
sandstone primarily consist of high-strength mineral
particles. Specifically, grey sandstone is composed
of minerals such as quartz, feldspar, muscovite, and
siliceous materials. They have a higher intergranular
cementation strength. Microcracks can rapidly
develop to form the main control cracks during the
loading process, inducing higher flatness of the
fracture surface and obvious brittle
characteristics.

damage

3.2 AE characteristics
Figure 6 shows the characteristics of the AE
signals of the different lithology specimens during
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Figure 6 Characteristics of AE signals of different lithology specimens (1 aJ=10""* J): (a) White sandstone; (b) Marble;

(c¢) Grey sandstone
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the fracture process. According to the characteristics
of the AE signal, the crack propagation process can
be divided into four stages: I, quiet period; II,
slowly increasing period; III, booming period; and
IV, decreasing period. During the early stage of
specimen loading, the primary pores inside the
specimen were in a closed state under pressure, and
the AE ring count rate and energy were at low
levels, indicating a quiet period. With an increase in
the load, a few microcracks sprouted inside the
specimen and converged into nucleation at a stable
rate. The extent of crack propagation gradually
increased. The AE ring count rate and energy
exhibited a stable increasing trend, indicating a
slowly increasing period. When approaching the
peak load, the microcrack distribution density
increased rapidly, and the microcrack nucleation
area penetrated to form the primary control crack.
The AE ring count rate increased rapidly, and the
energy fluctuated more drastically than in the
previous period, indicating a booming period. In the
post-peak stage, the main control crack expanded
and penetrated, eventually resulting in macroscopic
damage. The AE ring count rate and energy
continued to decay, corresponding to a decreasing
period.

Distinct differences were evident in the AE
evolution characteristics of the various lithology
specimens. In white sandstone, during the quiet,
slowly increasing, and booming periods of AE, the
ringing counts and energy curves showed a rapid
increase and short duration. In contrast, during the
decreasing period of AE, the ringing counts and
energy curves showed a gentle decrease and a more
extended duration. Nevertheless, in the marble and
grey sandstone, during the quiet and slowly
increasing periods of AE, the ringing counts and
energy curves showed a gently increasing trend with
a long duration. When approaching the peak load,
these curves showed a sudden increase with a short
post-peak AE decreasing period. The AE evolution
law reflects the differences in rock composition to a
certain extent. The presence of clay in the white
sandstone reduced the homogeneity of the rock and
lowered its tensile strength. Therefore, the crack
development in the white sandstone occurred within
a short formation timeframe with slow crack
propagation following the peak, indicating plastic
damage characteristics. In contrast, marble and grey

sandstone were cemented with siliceous material,
with a uniform distribution of mineral particles and
higher tensile strength. This resulted in a longer
period for the development and formation of cracks
in these lithology specimens. However, the cracks
expanded rapidly after the peak, showing brittle
damage characteristics.

3.3 DIC displacement field characteristics

The speckle calculations yielded a cloud
diagram showing the evolution of the horizontal
displacement field of specimens with different
lithologies, as shown in Figure 7. The coloured bars
on the right side of the displacement image
represent the magnitude and direction of the
displacement. Positive values indicate horizontal
right displacement and negative values indicate
horizontal left displacement. Typical states of the
displacement cloud diagram during the loading
process were selected for the analysis. According to
the horizontal displacement field evolution law for
the three rock types, the evolution process can
be divided into three stages: elastic deformation (0-
70%P_,), microcrack nucleation and coalescence
(70%P,,.— 90%P,,), and crack initiation and
propagation (90%P, . —P,.). During the elastic
deformation stage, as the load increased, the
microcracks inside the specimen were compacted,
and the displacement fields on the left and right
sides of the prefabricated fissures were randomly
distributed. The horizontal displacement difference
at the fissure tip was small, i. e., there was no
obvious microcrack concentration at the fissure tip
at this stage. In the microcrack nucleation and
coalescence stage, when the load increased to
70%P,,, a symmetrical partition along the
centreline of the left and right specimens appeared
in the lower part of the prefabricated fissure tip, and
the displacement difference between the two sides
of the prefabricated fissure gradually increased. This
indicates that movement of the fissure tip particles
occurred, and the specimen gradually approached
the plastic yield from elastic deformation and
entered the microcrack nucleation and coalescence
stage. During the crack initiation and propagation
stage, the difference in the horizontal displacement
between the prefabricated fissure tips increased
rapidly. The partition boundary between the left and
right sides of the fissure tip gradually extended
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Figure 7 Cloud diagram of the horizontal displacement field evolution of different lithology specimens (unit: pm):

(a) White sandstone; (b) Marble; (c) Grey sandstone

downward and formed a horizontal displacement
field partition, indicating that the main control crack
had begun propagating.

The evolution patterns of the
displacement fields of different
specimens showed significant differences. As the
load reached 70%P,,, a uniformly distributed
displacement field started appearing at the fissure
tip of the white sandstone, whereas the displacement
fields of the marble and grey sandstone remained
randomly distributed. This that the
microcrack nucleation time for the white sandstone

horizontal
lithological

indicates

was shorter than those for the marble and grey
sandstone. When approaching the peak load, both
sides of the centreline of the white sandstone and
marble produced obvious displacement zoning,
the displacement field of the grey
sandstone was randomly distributed. Until the peak

whereas

load was reached, the nucleation zone developed
into a mature state for all three lithological
specimens. During the loading process, the wedge
squeezed the fixture until coupling and a
symmetrical condition was reached between the
specimen and fixture. This process might lead to
specimen deflection; in particular, the strengths of
marble and grey sandstone are considerably stronger
than that of white sandstone. Thus, an asymmetrical
distribution of horizontal displacement in the
loading range of (60% — 70%) P, occurred. In
summary, the speckle displacement field pattern and

AE evolution characteristics during the crack
propagation process showed a good agreement. The
AE durations of the quiet and slowly increasing
periods short. The
formation of displacement zoning at the fissure tip
occurred early. However, the AE durations of the

quiet and slowly increasing periods for marble and

for white sandstone were

grey sandstone were long. Displacement zoning
formed at the fissure tip only when the peak load
was approached. This further indicates that lithology
has a significant influence on the directional
propagation mechanism of type-I cracks. This will
be analyzed in detail in Section 4.

4 Influence of lithology on propagation
mechanism of type-I cracks

4.1 FPZ length calculation method

The essence of type-I crack propagation is the
FPZ incubation process. To investigate the
characteristics of type-I crack development and
evolution, researchers have proposed a cohesive
zone model based on the linear elastic fracture
theory [23-25], as shown in Figure 8(a). The FPZ,
considered in the model as a crack with closed
cohesion, formed an effective crack together with
the actual crack without a cohesion constraint.
When the tensile stress on both sides of the
prefabricated fissure exceeded the tensile strength of
the material, strain softening occurred on both sides
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Figure 8 Schematic diagram of the cohesive zone model
to identify the actual crack tip: (a) Cohesive zone model,
(b) Crack-opening displacement curves

of the fissure, and the FPZ began to develop. As the
load increased, the FPZ expanded along the fissure
tip to the lower part, and the crack tip opening
displacement gradually increased, while the
cohesive force gradually decreased. At the peak
load, the FPZ was fully developed. When the crack
tip opening displacement reached a critical value,
the crack surfaces separated from each other, and
the cohesive force became 0. The effective crack
length (L)) is the sum of the actual crack length (L,)
and FPZ length (L,). The FPZ length is a property of
the material itself [25]; therefore, identifying the
FPZ lengths of different lithologies is of great
significance for studying the mechanism of type-I
crack propagation under the influence of lithology.
The formation of an actual crack at the peak
load causes the crack propagation path to change.
Therefore, the accurate determination of the actual
crack and effective crack tip location is a difficult
task when determining the FPZ length. To identify
the actual crack length L, accurately, a coordinate
system (x, y) was established at the prefabricated
fissure tip, and the displacement difference at
y=+16 mm boundary was defined as the crack-
opening displacement w. Because there was no
cohesive stress constraint between the actual cracks,
the crack-opening displacement w varied linearly

along the x-direction. The presence of cohesive
stress in the FPZ area caused the crack-opening
displacement w to vary nonlinearly along the x-
direction. Therefore, the transition point between
the linear and nonlinear crack-opening displacement
curves was considered to be the actual crack tip
[26], as shown in Figure 8(b).

According mechanics theory,
displacement discontinuity is an important indicator
for determining the FPZ [27-30]. The displacement

value of each calculation point in the calculation

to fracture

area can be obtained using DIC software according
to the displacement field data, and the displacement
of the displacement measurement line can be
extracted from it. If the horizontal displacement
curve on a certain horizontal measurement line
shows a continuous linear variation, the location is
considered to be the FPZ tip. The effective crack
length L, is the distance from the prefabricated
fissure tip to the FPZ tip. The FPZ length (L)) was
calculated using Eq. (1).

L=L-L, (1)

4.2 Crack propagation mechanism

According to Eq. (1), for the FPZ length, the
difference between the effective crack length L, and
actual crack length L, is L,. First, the crack-opening
displacement curve was used to determine the actual
crack tip location. The distance from the
prefabricated fissure tip (x=0) to the actual crack tip
was L. The actual crack tips of the different
lithological specimens at the peak load are shown in
Figure 9. The linear and nonlinear transition points
of the crack-opening displacement curves for white
sandstone, marble, and grey sandstone were located
at x=6.3 mm, 19.8 mm and 23.7 mm, respectively.
Therefore, the L, values of white sandstone, marble,
and grey sandstone at the peak were 6.3, 19.8 and
23.7 mm, respectively.

The DIC shooting and calculation areas are
shown in Figure 10. The grey area in the figure
represents the calculated area. The coordinate
system (u, v) was established with the prefabricated
fissure tip as the coordinate origin, and a horizontal
measurement line was arranged at 1 mm intervals at
the prefabricated fissure tip. The u-axis shows the
the v-axis shows the

measured line spacing,

measured line length, and the O-point is the
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prefabricated fissure tip. The horizontal strain field
and horizontal displacement evolution curves of the
specimens with different lithologies were obtained
based on the displacement data on each
measurement line of the horizontal displacement
field, as shown in Figure 11.

The horizontal displacement curve of white
shown in Figure 11(a). At the

sandstone is

e, /1073

Effective crack tip

0
v/mm

-16 -8 8 16

Horizontal displacement/pum

Horizontal displacement/pum

Horizontal displacement/pm

prefabricated fissure tip (#=0.0 mm), the horizontal
displacement changes rapidly along the v-axis,
showing an obvious jump fault distribution
phenomenon. This jump is caused by actual fracture
generation. In the range of the measurement line
from »=5.0 mm to #=17.0 mm, the discontinuity of
the horizontal displacement curve is obvious, but
the jump of the curve keeps decreasing, and the

12
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—— = 6.0 mm
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Figure 11 Horizontal strain field and horizontal displacement evolution curves of different lithology specimens:

(a) White sandstone; (b) Marble; (c) Grey sandstone
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degree of discontinuity change also continues to
decrease, indicating that the influence of FPZ on
horizontal displacement change is decreasing
gradually. At ¥=22.0 mm, the displacement curve
jumps  completely  disappeared, and the
displacement change is continuous, indicating the
end of the FPZ. Therefore, the tip of the FPZ is
located at u=22.0 mm along the measurement line,
i. e., the effective crack length L, of the white
sandstone is 22.0 mm. The horizontal displacement
curve of the marble is shown in Figure 11(b). At the
measurement line ©=30.0 mm, the horizontal
displacement curve is linear, i.e., L,=30.0 mm for
marble. The horizontal displacement curve of grey
sandstone is shown in Figure 11(c). At the
measurement line ©%=31.0 mm, the horizontal
displacement curve is continuous, i.e., L=31.0 mm
for grey sandstone.

The FPZ lengths reflect the differences in the
crack propagation mechanisms of the different
lithological specimens. According to Eq. (1), the L,
values for white sandstone, marble, and grey
sandstone were 15.7, 10.2 and 7.3 mm, respectively.
The FPZ length of the white sandstone was
significantly larger than that of the marble and grey
sandstone. =~ The FPZ  comprised softened
microfractures that can withstand loads. When the
main control crack expanded after the peak, the
inter-FPZ cohesion affected the propagation rate of
the main control crack. Combined with the
experimental results mentioned earlier, the post-
peak load curve of white sandstone decreased at a
lower rate than at of marble and grey sandstone, and
the duration of the post-AE decreasing period was
longer than that of marble and grey sandstone. This
indicates those the longer the FPZ, the slower the
crack propagation rate. The presence of a longer
FPZ leads to a higher fractional anisotropy in the
microcrack connection process [27]. According to
the analysis of the rock fracture surface, the flatness
of the fracture surface and the degree of curvature of
the crack path are lower in white sandstone than in
the other two lithology specimens, i.e¢., the longer
the FPZ, the lower the stability of the rock crack
directional propagation.

5 Conclusions

1) The post-peak load curve of white sandstone

showed a gradually decreasing trend; however, the
other two types of rocks showed a steep decreasing
trend, and their fracture surfaces have higher
flatness, reflecting a brittle fracture characteristic.

2) The AE evolution during the crack
propagation process can be divided into four stages:
quiet, slowly increasing, booming, and decreasing.
For white sandstone, the duration of the quiet,
slowly increasing, and booming stages is short, and
the decreasing stage is long. However, for marble
and grey sandstone, the opposite trend was observed.

3) The crack propagation process includes
three stages based on the evolution law of the
horizontal displacement field: elastic deformation,
microcrack nucleation and coalescence, and crack
initiation and propagation. The white sandstone
entered the microcrack nucleation and coalescence
stage earlier than marble and grey sandstone.

4) The propagation of type-I cracks is the
generation process of fracture process zone. The
length of the fracture process zone of white
sandstone was larger than that of marble and grey
sandstone, and thus its crack directional propagation
rate and stability were lower.
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