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Effect of moisture content on characteristic stress and acoustic emission
characteristics of red sandstone

ZHAO Kui»2, RAN Shan-hu!? ZENG Peng"?, YANG Dao-xue"?, TENG Tian-ye*
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2. Jiangxi Provincial Key Laboratory of Mining Engineering, Jiangxi University of Science and Technology, Ganzhou, Jiangxi 341000, China
3. Shenhua Nortel Shengli Energy Co., Ltd., Xilinhot, Inner Mongolia 026000, China

Abstract: In order to investigate the response law of moisture content to the characteristic stress and acoustic emission characteristics
of red sandstone, the uniaxial compression tests of red sandstone under different moisture content conditions were conducted using
RMT-150C rock mechanical pressure testing machine and PCI-II AE win acoustic emission system. The physical and mechanical
parameters and characteristic stress evolution mechanism of red sandstone under water erosion are analyzed, and the evolution law of
acoustic emission (wide and narrow-band) time series mode under different moisture content conditions is also investigated. At the
same time, the damage evolution model of red sandstone is constructed based on cumulative acoustic emission event number and
statistical mechanics theory. The results show that: 1) The P-wave velocity decreases first and then increases with the increase of
moisture content. When the water saturation reaches a critical value, the P-wave velocity will drop to the lowest value. 2) The
acoustic emission signal received by the narrow-band receiving sensor is closely related to the friction between the particles in the red
sandstone, and the acoustic emission signal received by the wide-band receiving sensor is intrinsically related to the evolution of the
internal cracks in the red sandstone. 3) The moisture content has a significant effect on the acoustic emission event rate (wide-band) at
the stage of unstable crack propagation, and has a minor effect on the ratio of characteristic stress to peak strength, but it has a
relatively obvious effect on the strain percentage at each stage. With the increase of moisture content, the failure mode of red
sandstone specimens gradually changes from brittle failure to ductile failure. 4) As the moisture content increases, a "backward"
change trend can be observed for the active period of acoustic emission event rate (narrow-band), and the acoustic emission modes of
dry, natural, and saturated rock samples correspond to mass shocks, pre-main-later shocks and swarm shocks type, respectively. (5)
According to the damage model based on the cumulative number of acoustic emission events (wide and narrow-band), the damage
process of red sandstone can be divided into four stages: initial damage stage, stable damage development stage, accelerated damage
development stage and damage destruction stage.

Keywords: moisture content; characteristic stress; response frequency band; acoustic emission mode; damage coefficient

stage I crack closure, stage Il linear elastic deformation,
stage III stable crack propagation, stage IV unstable
crack propagation and stage V post-peak failure. And

1 Introduction

Various rock engineering projects such as mining,
tunnels, underground chambers, and dams are affected
by groundwater or rainfall, leading to a significant reduction
in the strength and deformation performance of these
projects. Furthermore, various geological disasters can
be induced. Therefore, investigations of rock characteristic
stress and acoustic emission signal evolution under
different moisture content conditions can improve the
understanding of precursor characteristics of rock failure
and the evolution mechanism of microcracks under
hydro-mechanical coupling.

the stress point at the boundary of each stage is defined as
the crack closure stress o, the crack initiation stress
o, , the crack damage stress o, and the peak stress
0. » Tespectively. Martin7) analyzed the characteristic
stress of granite under load, and found that the value
of o,/0,
of 04/,
Wang et al.l®! conducted uniaxial compression tests on
red sandstone at different strain rates, and they found

ranged from 0.4 to 0.5, while the value

CS

was about 0.8 with a small dispersion.

In recent decades, many scholars have carried out  that o, /o, ofred sandstone decreased continuously

some research on the characteristic stress of rocks and with the increase of strain rate. Four methods for calculating

made great achievements. Based on experimental results,
the rock stress—strain curve is divided into five stages
by Cai et al.l’!, Bieniawskil**, Moradian®, including

rock characteristic stress were systematically summarized
by Zhou et al.l”), including the crack volumetric strain
method, the acoustic emission method, the volumetric
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strain method, and the moving point regression method.
Results showed that the crack volumetric strain method
was the most applicable, but it was significantly influenced
by subjective factors; the acoustic emission method
was the simplest to operate, but it was most affected by
environmental factors. Based on the crack volumetric
strain model, the pre-peak damage dilatancy and post-peak
fracture dilatancy yield criteria were established, and
the dilatancy and large-deformation constitutive model
of the very weakly cemented rock was constructed by
Meng et al. !9, Yao et al.l'!! carried out uniaxial com-
pression tests of coal under different moisture content
conditions, and they observed that o /o

ucs

and o,/
o, decreased with the increase of moisture content.
Guo et al.l'?! investigated the fracture mechanical
behavior and acoustic emission characteristics of rock-
like material containing 3D cracks under hydro-mechanical
coupling and they found that there was a threshold for
the influence of water pressure on the initiation stress
and peak stress. Zhu et al.l'¥ demonstrated that the
uniaxial compressive strength of soft coal with the
different porosities increased first and then decreased
with the moisture content and the critical moisture
content corresponding to the peak strength had a certain
difference.

The nature of the rock deformation and failure process
is the evolution process of closure, initiation, propagation,
and nucleation of microcracks. In this process, the strain
energy inside the rock will be quickly released in the
form of elastic waves, resulting in acoustic emission
(AE) 14151 Therefore, there is a relationship between
the damage evolution mechanism of microcracks inside
the rock and the AE signal'*"'7], which has laid the
foundation for the application of AE technology in the
field of rock mechanics and engineering. In recent decades,
AE technology has been widely used in rock mechanics
and engineering as a non-destructive monitoring technology
and has made great achievements. Deng et al.['"¥! studied
the fracture mechanical properties and AE characteristics
of granite under different moisture content conditions,
and found that the fracture toughness of granite gradually
decreased with the increase of moisture content. Addi-
tionally, significant changes can be observed in AE
characteristics of granite. Moreover, Li et al.'” found
that the concentration degree and intensity of AE energy
gradually decreased with the increase of moisture content.
Mogil?" investigated AE characteristics of different
materials and found that there were three basic types of
AE mode, including mass shock, pre-main-later shock
and swarm shock. The damage evolution functions were
established by Zhang et al.?!! based on the Weibull
probabilistic density function and it was found that

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/2
DOI: 10.16285/j.rsm.2020.6201

there were also three fundamental types of AE mode
including mass shock, pre-main-later shock and swarm
shock as the homogeneity varies from low to high. Liu
et al.??l proposed a method for developing a damage
evolution model of coal under uniaxial compression
based on the normalized cumulative AE ringing count
and investigated the damage characteristics during the
deformation and failure process of the coal. The rock
damage evolution model was also established based on
the AE ringing counts under triaxial compression by
Yang et al.?land Sun et al.?**), and they divided the
damage evolution process of rock into the following
four stages: initial damage stage, stable damage develop-
ment stage, accelerated damage development stage
and damage destruction stage.

Based on the above literature analysis, we can conclude
that a lot of research has been done for investigating the
evolution of rock characteristic stress and AE characteristics
under different moisture content conditions. However,
most of the research focuses on use of single type of AE
receiving sensor to collect and analyze the AE information
in the process of rock deformation and failure. There
are still limited literatures investigating the relationship
between the evolution mechanism of microcracks in
the rock under different moisture content conditions
and the AE signals collected by AE receiving sensors
with different types of response frequency bands. In
this study, uniaxial compression and AE tests on red
sandstone are conducted under different moisture content
conditions, and the relationship between the different
characteristic stress stages of the red sandstone and the
AE event rate (wide-band) are discussed. The evolution
characteristics of AE (narrow-band) modes under different
moisture content conditions are also revealed. Moreover,
the evolution characteristics of damage coefficients during
the deformation and failure of red sandstone are studied
based on Weibull distribution and the cumulative number
of AE events (wide- and narrow-band). The research
results of this study can provide a theoretical basis for
the design optimization and stability evaluation of rock
engineering under water erosion.

2 Specimen preparation and test device

2.1 Specimen preparation

The red sandstone from southern Jiangxi province
in China is sampled as the research object. To reduce
the discreteness of the test data, the rock specimen
materials used in the test are all taken from the same
rock block. Based on the test procedures of the
International Society for Rock Mechanics and Rock
Engineering (ISRM), standard cylindrical rock specimens
with a diameter of 50 mm and a height of 100 mm are
prepared, and there are no visible defects (joints, pores
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and cracks) on the surface of the rock specimens. In
addition, the parallelism for the end face of the red
sandstone specimen is controlled within £0.02 mm, and
the end face and the axis of the rock specimen are
ensured to be perpendicular to each other to reduce the
end effect during the test. The natural saturation method
is used to make the red sandstone specimens in the
saturated state. The specific operating steps are summarized
as follows. First, the processed rock specimens are divided
into three groups: G, Z, and B. The rock specimens in
groups G and B are desiccated. When these specimens
are cooled to ambient temperature, their P-wave velocities
are measured, respectively. The rock specimens in group
G are waxed, sealed, and stored in closed glass containers.
The rock specimens in group B are saturated with
water: these specimens are put into a water tank, and
water is added to 1/3 of the height of the specimens.
Two hours later, water is added to 2/3 of the height of
the specimens. Four hours later, the rock specimens
are submerged in water and soaked for 120 h to assure
that they are fully saturated with water. The P-wave
velocities are also measured for these saturated rock
specimens. After these steps, the rock specimens in
group B are waxed, sealed, and stored in closed glass
containers. Additionally, the P-wave velocities of specimens
in group Z are measured; and the specimens are waxed,
sealed, and stored in closed glass containers. Based on
the average dry mass of the dry and saturated rock
specimens, it is estimated that the average natural
moisture content of the selected rock specimens is
about 1.46%.
2.2 Test device

The loading test is carried out using RMT-150C
rock mechanics testing system with the loading mode
of axial displacement control and the loading rate of
0.002 mm/s. The PCI-II AE win type acoustic emission
hardware system developed and produced by American
Physical Acoustics Company complete with its supporting
software system is adopted, which can collect and process

AE parameters and waveform data in real time. In
order to investigate the AE response characteristics of
different frequency bands during the deformation and
failure of red sandstone under different water content
conditions, two AE probes with different response fre-
quency ranges (R15a and Nano30) are used in this test,
and their response frequency ranges are 50—200 kHz
and 125-750 kHz, respectively. To simplify the analysis
process, the AE signal collected by R15a is defined as
the AE signal of the narrow-band receiving sensor and
the AE signal collected by the Nano30 is defined as the
AE signal of the wide-band receiving sensor. Moreover,
the pre-gain of the two receiving sensor amplifiers is
set to 35 dB with a threshold of 40 dB. The sampling
frequency is 1IMHz, and the AE signal length is set to
1 024. To make sure of sufficient coupling between the
AE probe and the specimen, a layer of vaseline is evenly
applied on the contact surface between the AE probe
and the rock specimen.

3 Analysis of test results

3.1 Test results

To investigate the characteristics of the physical and
mechanical parameters of red sandstone specimens with
different moisture contents under uniaxial compression,
the statistical analysis is made for the relevant data from
the test as listed in Table 1. With the increase of moisture
content, an exponential decline is witnessed for the
uniaxial compressive strength and elastic modulus of
red sandstone specimens, which is basically consistent
with the previous test results!*”). The average uniaxial
compressive strength and elastic modulus of the red
sandstone specimens in the dry state are 97.80 MPa and
9.77 GPa respectively; the average uniaxial compressive
strength and elastic modulus of the red sandstone spe-
cimens in the natural state are 70.68 MPa and 8.46 GPa,
respectively; and the average uniaxial compressive strength
and elastic modulus of the red sandstone specimens in the
saturated state are 56.22 MPa and 6.25 GPa, respectively.

Table 1 Test data of basic mechanical parameters of red sandstone specimens

Specimen Hydrated Average moisture

Uniaxial compressive Average compressive

. . . Average wave
Elastic modulus  Average elastic Wave velocity 5

No. state content /% strength /MPa strength /MPa /GPa modulus /GPa /(m+s7") /Z;l(ic;t},])
H-G1 99.04 9.63 2 649
H-G2 Dry 0.00 99.39 97.80 10.50 9.77 2 638 2 646
H-G3 94.96 9.19 2 650
H-Z1 72.45 8.87 2463
H-Z2 Natural 1.46 72.32 70.68 8.29 8.46 2 446 2455
H-Z3 67.27 8.23 2455
H-B1 53.00 5.94 2727
H-B2 Saturated 2.76 55.83 56.22 6.16 6.25 2741 2726
H-B3 59.84 6.66 2711

Published by Rock and Soil Mechanics, 2021
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The P-wave velocity of red sandstone specimens
first decreases and then increases as the moisture content
increases. When the water saturation of the rock reaches
a critical value, the P-wave velocity drops to the minimum
26271 This is because the wave velocity dispersion
and energy attenuation happen when the elastic wave

valuel

propagates in an imperfectly elastic medium. The homo-
geneity, porosity, particle regularity of the imperfectly
elastic medium and the contact interface of different media
are the most important factors affecting the dispersion
of the ultrasonic velocity!®l. With the increase of moisture
content, an increase followed by a decrease in the number
of contact interfaces between free water and air is observed
in the pores of red sandstone specimens (see Fig.1). As
a result, the P-wave velocity of red sandstone specimens
first decreases and then increases as the moisture
content increases. However, the changing trend of the
P-wave velocity is asymmetric V-shaped due to the
fact that the velocity dispersion of ultrasonic propagation
in water is more serious than that of propagation in the
air. Therefore, we can conclude that the propagation
rate of elastic wave in red sandstone is dominated by
many factors including pore distribution, filling degree,
and filling medium type.
3.2 Characteristic stress

According to the axial stress—strain characteristics
of the rock specimen under uniaxial compression, the
rock stress—strain curve is divided into five stages by
Bieniawskil®! and Moradian et al.l’], including stage I
crack closure, stage II linear elastic deformation, stage

Stage V post-peak failure

IIT stable crack propagation, stage IV unstable crack
propagation and stage V post-peak failure. At present,
some methods including the AE method, the crack
volumetric strain method, the moving point regression
method, and the lateral strain method are used to classify
rock characteristic stress stages by many researchers.
Martin!” first proposed the concept of crack volumetric
strain method and used it to study the characteristic stress
of granite in the early 1990s. This method can improve
the accuracy of determination of the closure stress and
initiation stress of rock cracks to a certain extent. It is
widely used for investigation of rock characteristic
stress because it has a clear physical meaning and the
calculation is relatively simple and convenient. The
schematic of the crack volumetric strain method is
displayed in Fig.2. The rock volumetric strain and crack
volumetric strain under uniaxial compression are calculated
as follows™":

ya)

Rock

~

Water-air contactinterface Mg
|

qk} l‘

Free water

Fig.1 Schematic of water filling in some pores of
red sandstone

Oucs

Stage I'V unstable crack propagation

Ocd

Stage III stable crack propagation

Stage V post-peak failure

Stage II linear elastic deformation

Stage I crack closure

»

<
<%

Lateral strain /%

»
>

Q
Shrinkage

Axial strain gauge

AVIVI%

o

Axial strain /%

el

]

II 11 vV

\iVolumetric strain curve

»

. Lateral strain gauge

Expansion

<
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Crack volumetric strain curve

=
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Fig.2 Schematic of stress stage division and characteristic stress determination
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The rock volumetric strain is

& =Mzgl+2g2 QP
V

v

where ¢, & and &, correspond to volumetric strain,
axial strain, and radial strain, respectively. The total strain
of the rock material can be approximately equal to the
sum of the elastic volumetric strain &, and the crack
volumetric strain ¢! . Therefore, the crack volumetric
strain can be calculated by

& =¢, -6 =, ————0C 2

where &, &, p and o represent the elastic volumetric
strain, the crack volumetric strain, Poisson's ratio and
the axial stress, respectively.

The volumetric strain and crack volumetric strain
curves of red sandstone specimens with different moisture
contents can be calculated based on Egs. (1) and (2).
Due to space limitations, the specimen H-G1 in the
dry state, the specimen H-Z1 in the natural state, and
the specimen H-B1 in the saturated state are taken as
examples (see Fig.3) in this study to investigate the
relationship between the characteristic stress of red
sandstone specimens and the AE event rate (wide-band)
under different moisture content conditions.

According to Fig.3, the characteristic stress, volumetric
strain, crack volumetric strain, and AE event rate (wide-
band) curves of red sandstone specimens with varying
moisture contents have certain similarities at stages I,
II, and III, but have a certain difference at the stages
IV and V.

The ratio of characteristic stress to peak stress of
red sandstone specimens at different moisture contents
(see Table 2), and the coupling relationship between
the AE event rate (wide-band) and the characteristic
stress stage are as follows:

(1) Stage I crack closure. At this stage, a concave
upward trend can be observed in the stress—strain curve.
The original microcracks and pores in the rock are
continuously compacted, and the crack volumetric strain
gradually approaches a stable value. This stage ends
when o, of the rock is achieved, and the moisture
content ratio (see Table 2) almost has no effect on
0,./0 . - Additionally, the number of AE events (wide-
band) generated by the red sandstone specimens in the
dry and natural states is larger than that generated in
the saturated state. This is because of the gradual closure
of the original microcracks and pores in the rock specimen
under the lower load. A small number of rough and
weakly cemented surfaces are broken during the closing
process, and then a part of the AE signal with relatively
low energy is generated. The energy attenuation rate of
the AE signal in the propagation process in the water
medium is much greater than that in the rock skeleton

Published by Rock and Soil Mechanics, 2021

and the air. As a result, some of the AE signal amplitudes
are lower than the preset AE threshold, which can be
regarded as noise signals and filtered out. Therefore, a
gradual decrease can be detected in the number of AE
events (wide-band) at the crack closure stage as the
moisture content increases.
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Fig.3 Relationship between characteristic stress stage and
acoustic emission event rate (wide band)

Table 2 Normalization table of characteristic stress

Specimen Hydrated (o, /0,.) Average (0./0.) Average (A Average

No. state 1% 1% 1%

H-G1 20.56 42.23 68.29

H-G2  Dry 20.63  20.64 41.09 4133 6790 67.84
H-G3 20.74 40.68 67.34

H-Z1 20.01 40.28 70.53

H-Z2 Natural 19.15 19.50 3939 3958  69.57  68.28
H-Z3 19.33 39.07 64.75

H-B1 18.98 37.79 59.98

H-B2 Saturated 19.83 1871 3742 37.74 58.14 59.82
H-B3 17.33 38.02 61.35
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(2) Stage II linear elastic deformation. At this stage,
a linear trend can be observed in the stress—strain curve.
The original microcracks and pores in the rock are
compacted with no further development. The crack
volumetric strain remains relatively stable, and the AE
(wide-band) activity is also relatively stable. The stress
at this stage is not large enough to cause secondary
microcracks in the rock, and this stage ends when o, of
the rock is achieved. Moreover, the moisture content has
aminor effecton o, /o, ofred sandstone specimens.

(3) Stage III stable crack propagation. A convex
upward trend is observed in the stress—strain curve at
this stage. The original cracks inside the rock begin to
propagate, and the secondary cracks start to initiate
and propagate at the same time. This stage ends when
o, of the rock is achieved and the crack volumetric
strain starts to increase slowly during this stage. The
number of AE events (wide-band) generated by the red
sandstone specimens in the dry and natural state increases
slowly as the test time increases. The change of the AE
event rate (wide-band) generated by the specimens in
the saturated state is similar to that at the linear elastic
deformation stage, with a relatively stable development

trend. The values of o, /o, of the red sandstone

cs
specimens in the dry and natural state are 10% larger
than that in the saturated state. This phenomenon is
because the pore water pressure in the microcracks
and the Stefan effect have a hindering effect on the
further propagation of microcracks!?* 3!,

(4) Stage IV unstable crack propagation. The original
microcracks begin to interact with each other, and the
secondary cracks develop rapidly and start to propagate
and coalesce owing to loading. Under the interaction
of original and secondary cracks, the microcracks in
the red sandstone gradually form macroscopic cracks,
which eventually leads to continuous plastic failure of
the red sandstone specimens. This stage ends when
o, of the rock is achieved and the development rate
of the crack volumetric strain is higher than that at
other stages. The dry red sandstone specimens produce
a large number of AE events (wide-band) at this stage,
and a trend of increasing-decreasing-relatively stable
development can be witnessed for the rate of AE events
(wide-band). However, the AE event rate (wide-band)
of the red sandstone specimens in the natural state at
this stage presents the trend of accelerating increase.
Moreover, a slow increase followed by a rapid increase
before the peak failure can be found for the AE event
rate (wide-band) of the saturated red sandstone specimens.
Based on the above test results, the moisture content

has a significant effect on the distribution characteristics

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/2
DOI: 10.16285/j.rsm.2020.6201

of the AE event rate (wide-band) during the unstable
crack propagation stage.

(5) Stage V post-peak failure. The red sandstone
specimens under the load gradually fracture along the
macroscopic cracks, and the AE event (wide-band) is
the most active at this stage. The red sandstone specimen
in the dry state loses its bearing capacity soon after
reaching o

ucs 2

and a brittle failure mode can be observed.
Additionally, several drops in stress can be witnessed
for the red sandstone specimens in the saturated state
at the post-peak failure stage and a ductile failure
mode is displayed. The results above indicate that the
failure mode of red sandstone specimens gradually
changes from brittle to ductile failure with the increase
of moisture content.

To further investigate the influence of moisture
content on the strain at each stage, a statistical analysis
of the ratio of strain to total strain of red sandstone
specimens with different moisture contents is conducted
in this paper (see Fig.4). According to Fig.4, the strain
percentage of each stage gradually decreases with the
increase of moisture content within the stages from I
to IV. However, the change characteristics of strain
percentage are significantly different from that at the
pre-peak stages: as the moisture content increases, the
strain percentage at the post-peak failure stage gradually
increases. According to the results above, the moisture
content has a minor effect on the ratio of characteristic
stress to peak strength, but it has a relatively significant
effect on the strain percentage at each stage.

1 Dry state
<« Natural state
25  * Saturated state §
* *
R <
S 20fp F .
g i
8 15}
2
& <
£ 10 F
g
7] *
5 L
O 1 1 1 1 1

Stage I ~ Stage II Stage Il Stage IV Stage V

Fig.4 Percentage of stage strain

4 AE mode and damage evolution

4.1 AE mode (narrow-band)

In order to investigate of moisture content on the
AE (narrow-band) mode, the time series of AE event
rates (narrow band) of red sandstone specimens under
different moisture content conditions are statistically
analyzed, as shown in Fig.5.
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Fig.5 Time series of three acoustic emission modes under
different moisture contents

A "backward" change trend can be observed for
the active period of AE event rate (narrow-band) as
the moisture content increases as shown in Fig.5, and
the AE event rate (narrow-band) of the dry red sandstone
specimens is of mass shock mode. At the stages I and
IL, the original microcracks, pores and weakly cemented
surfaces inside the rock are continuously compacted
and the microcracks are gradually closed, resulting in
relative slippage of microcracks and weakly cemented
surfaces under the load. Then a large number of AE
events (narrow-band) are produced due to friction between
particles. The AE event rate (narrow-band) of the red
sandstone specimens in the natural state is of pre-main-
later shock mode. This is because the microstructure
inside the rock is filled with free water, and the energy
of the AE signal decays faster in the water. Therefore,
the number of AE events (narrow-band) of the red

Published by Rock and Soil Mechanics, 2021

sandstone specimens in the natural state is reduced at
the stage I as compared with that of the red sandstone
specimens in the dry state. Moreover, free water can
reduce the friction coefficient of the interaction between
the internal microstructures of the rock, and contribute
to the initiation, sliding and propagation of secondary
cracks at the same time, further resulting in a large
number of AE events (narrow-band) at the stage III.
The AE event rate (narrow-band) of the red sandstone
specimens in the saturated state is of swarm shock mode.
At the stage IV, the microcrack structure inside the
rock is filled with free water and many secondary cracks
are generated. Under the combined action of free water
and load, the friction between the internal microcracks
becomes more intense. So, a large number of AE events
(narrow-band) are also produced at this stage. Meanwhile,
a conjugate shear failure mode can be finally witnessed
for red sandstone specimens in the saturated state under
friction. According to the test results, the AE signal
received by the narrow-band receiving sensor (response
frequency 50-200 kHz) can characterize the friction
between the microcrack structures in the rock. As the
moisture content increases, the friction between the
microcrack structures in the rock becomes more intense,
and the number of produced AE events (narrow-band)
gradually increases.

4.2 Analysis of damage evolution characteristics
based on the cumulative number of AE events
(wide-and narrow-band)

As mentioned above, the damage evolution in the
process of rock deformation and failure is closely related
to the AE signal. Therefore, the AE parameters can be
used to characterize the damage evolution characteristics
of the rock. In reference [31], a damage constitutive
model is established for concrete. Based on the cumulative
number of AE events (wide-and narrow-band) and statistical
mechanics theory, a damage evolution model of red
sandstone is proposed in this study. Additionally, an
improved damage coefficient D** ! is used to characterize
the internal damage of the rock, and to compare and
analyze effects of the moisture content on the damage
evolution characteristics of the red sandstone during
the deformation and failure process. According to the
damage evolution model and test data, the relationship
between the damage coefficient D of the cumulative
number of AE events (wide-and narrow-band) and the
strain can be obtained as shown in Fig.6. Changes of
the wide-band damage coefficient D, and the narrow-
band damage coefficient D, are different at different
stages of damage and destruction. According to Section
3.2, the wide-band AE activity is closely related to the
internal microcrack evolution process of red sandstone
specimens, and D, can be used to characterize the
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damage characteristics caused by the microcrack evolution
during the deformation and failure of red sandstone
specimens under different moisture content conditions.
It can be concluded from Section 4.1 that the narrow-
band AE activity is closely related to the friction between
the particles in the red sandstone specimen, and D,
can be used to describe the damage characteristics caused
by the friction between the particles during the deformation
and failure of the red sandstone specimen under different
moisture content conditions.
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Fig. 6 Relationships between stress, damage

coefficient and strain

It can be seen from Fig.6 that there are certain
similarities between the growth curves of the wide- and
narrow-band damage coefficients under different moisture
content conditions. Therefore, the damage evolution
process of the red sandstone specimens during the

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/2
DOI: 10.16285/j.rsm.2020.6201

deformation and failure process can be divided into
four stages based on the growth rate of the wide-band
damage coefficient D, .

(1) Initial damage stage. An upward trend can be
found for both D, and D,. After the compaction of
original microcracks and micropores, and particle slippage
between the rough surface of the weak structure at this
stage, a small number of secondary cracks can be generated.
However, the growth rate of D, is higher than that of
D, , and the growth rate of D, gradually slows down
as the moisture content increases.

(2) Stable damage development stage. The red sand-
stone specimen is at the stage of linear elastic deformation
and the early stage of stable crack propagation. The
growth rate of D, of the red sandstone in the dry and
natural state is accelerated, and the growth rate of the
red sandstone specimen in the dry and natural state is
greater than that of the red sandstone specimen in the
saturated state. Additionally, D, of the red sandstone
specimens under different moisture content conditions
approximately increases at a constant rate. At this stage,
D, gradually decreases with an increase in moisture
content.

(3) Accelerated damage development stage. The
red sandstone specimen is at the late stage of stable
crack propagation and the stage of unstable crack
propagation. The original and secondary microcracks
interact with each other and the macroscopic crack can
be formed in the red sandstone. At this stage, D, of
the red sandstone specimens in dry and natural state
remains relatively stable, and an increasing trend cannot
be observed. However, D, of the red sandstone specimens
in the saturated state increases at a constant rate. With
the increase of water content, the accelerated growth
rate of D, gradually slows down.

(4) Damage destruction stage. At this stage, the red
sandstone specimen slides along the macroscopic fracture
surface, which accelerates the destruction of the rock
specimen. Therefore, D, that characterizes the damage
caused by the internal friction of the rock increases
slowly. Additionally, D, that characterizes the damage
caused by the microcrack evolution inside the rock
increases continuously at an accelerating rate.

By analyzing the damage evolution process of red
sandstone specimens under different moisture content
conditions, the following conclusions can be drawn: under
dry and natural conditions, the damage coefficient D,
obtained by the cumulative number of AE event (wide-
band) is well related with the internal microstructure
evolution of the rock specimen. Meanwhile, the damage
coefficient D, obtained by the cumulative number of
AE event (narrow-band) under the saturated condition
is closely related to the internal microstructure evolution
of the rock specimen.
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5 Conclusions

By investigating the characteristic stress and the
evolution characteristics of AE (wide-and narrow-
band) parameters during the deformation and failure
of red sandstone specimens under different moisture
content conditions, the following conclusions can be
drawn:

(1) The P-wave velocity of red sandstone specimens
first decreases and then increases as the moisture content
increases, which results from the combined effect of
pore distribution and filling degree of free water.

(2) The moisture content has a slight effect on the
ratio of characteristic stress to peak strength, but it has
a relatively significant effect on the strain percentage
at each stage. With the increase of moisture content,
the failure mode of red sandstone specimens gradually
changes from brittle failure to ductile failure.

(3) The AE signal received by the narrow-band
receiving sensor can be used to characterize the friction
between the particles in the red sandstone, and the AE
signal received by the wide-band receiving sensor can
be used to describe the evolution of the internal cracks
in the red sandstone, respectively. A "backward" change
trend can be observed for the active period of AE event
rate (narrow-band) as the moisture content increases.
In addition, the AE modes of dry, natural, and saturated
rock specimens correspond to mass shock, pre-main-
later shock and swarm shock type, sequentially.

(4) The damage evolution model is established based
on the cumulative number of AE events (wide-and
narrow-band) and statistical mechanics theory. According
to the growth rate of the wide-band damage coefficient
D, , the damage process of red sandstone can be divided
into four stages: initial damage stage, stable damage
development stage, accelerated damage development
stage and damage destruction stage. Moreover, the
relationships between D, D, at different damage
stages and moisture content are also discussed in this
study.
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