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Abstract: In order to explore the mechanical characteristics of confined-pressure soaking (CPS)
sandstone during the damage-fracture process, the uniaxial compression and acoustic emission (AE)
experiment of CPS sandstone was conducted. The mechanical parameters, fracture morphology, AE
and energy characteristics under uniaxial stress were researched. The results show that the uniaxial
compressive strength and elastic modulus decrease as a logarithmic function with CPS parameters,
corresponding to the inflection point of modification. The fracture mode gradually changes from
brittleness to toughness with the increase in moisture content. The difference between fracture
fragmentation and mechanical behavior mainly depends on the degree of CPS. The evolution of AE
characteristics and energy dissipation has a good correspondence with CPS specimens. The higher
the CPS degree is, the less the AE cumulative number is and the longer the excitation time is. Based
on the phase variation of AE events and energy dissipation, the CPS damage variables are proposed
to quantify the weakening degree and reveal the damage evolution process. The results provide a
useful foundation for evaluating rock failure and improving service life.

Keywords: confined-pressure soaking (CPS); mechanical characteristics; fracture morphology; acoustic
emission; damage evolution

1. Introduction

At present, confined-pressure water blasting technology is one of the effective mea-
sures for pre-splitting hard roofs and preventing rockburst in coal mines in China [1].
Coupling blasting with confined pressure water is to fill the borehole with water instead of
air and the surrounding rock could reach a specific soaking time in the state of pressure
stabilization. Then the charge initiates to achieve a better fracturing effect. The drilling
fractured rock mass forms a certain range of immersion zone, and meanwhile, the soaking
range and degree will be further strengthened under the effect of confined-pressure increas-
ing permeability, so as to obtain a large range of soaking modified rock mass [2–4]. The time
and pressure change of confined-pressure water soaking (CPS) stimulates the response of
rock mass to varying degrees (moisture content), inducing the microstructure modification
of rock mass [5–7]. Therefore, it is of great significance for rock stability monitoring and
disaster early warning in coal mine production to master the characteristics of deformation
and failure precursory indicators of CPS rock [8].

After loading, the crack closure and secondary propagation of rock mass will be
accompanied by the release of elastic wave, which propagates rapidly and produces
acoustic emission (AE) events [9]. Therefore, understanding the AE characteristics of
rock is helpful to master the law of crack propagation and damage evolution. There is
an internal relationship between the mechanical characteristics and AE damage, and the
confined-pressure water will weaken the rock samples, affecting the relationship between
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the parameters [10]. As for the influence of water on rock weakening, scholars have
done a lot of research and achieved some research results. Yao et al. [11] proposed the
new Mohr-Coulomb model of coal samples with various moisture content and analyzed
the effect of water level on the tensile failure planes as well as the percentage of tensile
failure planes versus the total. The increasing moisture content promotes the possibility of
shear failure. The weakening degree mainly depended on the clay mineral content [12].
Zhang et al. [13] pointed out AE activities could be divided into compaction and elastic
deformation, non-elastic deformation and fracturing failure phase and proposed a new
damaged model to describe the coal damage. Qin et al. [14] carried out the uniaxial
compression mechanical and AE tests of rock samples with different moisture content and
clarified the influence of moisture content on AE characteristics. Teng et al. [15] analyzed the
mechanical and AE characteristics of dry and saturated sandstone under different loading
rates. The constitutive model was proposed and confirmed based on the softening factors
of elastic modulus (EM). Geng et al. [16] pointed out a gradual change of the sandstone
deformation mode from brittle to ductile with moisture content increasing. Based on
AE accumulative and dissipated energy theory, damage variables were proposed which
could reflect the damage evolution during the compression. Cai et al. [17,18] analyzed the
influence of water saturation on the mechanical behavior of different rock types, obtaining
the influence characteristics of immersion on the strain, uniaxial compressive strength (UCS)
and EM. The weakening degree depended on the porosity and content of the expansive clay.
Shen et al. [19] found that water reduced the strength and brittleness of coal by destroying
the microstructure and resulting in elastic energy accumulation. Zhu et al. [20] explored
the crack activity of saturated rocks at key stress points by uniaxial compression and
AE tests. The results showed due to the existence of water, the number of AE events
decreased relatively, indicating that water enhanced the ductility. Qin et al. [21] analyzed
the compression failure characteristics of coal samples and obtained the response of strength
and AE characteristics to moisture content. The increase in moisture content resulted in a
decrease in AE accumulation and an increase in excitation time lag. Xia et al. [22] carried
out experimental research on AE characteristics during cyclic loading and unloading of
dry-saturated rock.

To sum up, the stress-strain behavior, fracture mode, energy and AE characteristics of
rock are sensitive to water immersion, and the weakening degree of for different types of
rock mainly depends on the content of expansive clay. The literature research mainly focuses
on the weakening damage effect on rock, with natural soaking time and moisture content as
the influencing factors. Compared with natural soaking, the weakening effect of confined-
pressure water is different in that confined-pressure water activates the propagation of
micro-cracks, and further strengthens the modification of rock. There are few studies on
the response of mechanical and acoustic characteristics of modified sandstone by confined-
pressure water to the soaking time. In addition, the influence of confined-pressure variation
on the damage characteristics of sandstone has not been reported, and the mechanism of
confined-pressure water and rock interaction during loading is unable to verify. Therefore,
it is the feature of the research to effectively correlate CPS parameters with sandstone
damage (based on AE and energy dissipation).

Therefore, taking the sandstone roof of Datong Mining Area as the research object,
uniaxial compression tests were carried out on the soaking specimens through MTS and
AE test systems. The stress-strain curves, mechanical properties, fracture morphology, AE
events and energy were closely linked together, and the geometric relationship with CPS
parameters was established. Then, from the point of view of the phased characteristics of
AE events and the evolution of energy dissipation, the damage evolution characteristics
of CPS sandstone at different loading stages are quantified. The damage variables under
different CPS degree are derived and established, and the applicability is obtained. Com-
bined with the engineering environment of confined pressure blasting in a coal mine, the
work comprehensively explored the evolution characteristics of the sandstone mechanical
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damage under different CPS parameters and their quantitative relationship, so as to better
apply it to coal mine safety production.

2. Test Scheme
2.1. Sandstone Specimens Preparation

The testing core was taken from the main roof of 8939 working face in Xinzhouyao
mine of Datong Mining Area, China. The integrated core and drilling borescope were shown
in Figure 1. The surface of sandstone is grey, and joint characteristics are not significant.
According to GB/T23561.7-2009 “Methods for determining the physical and mechanical
properties of coal and rock”, the rock was processed into cylinders perpendicular to
stratification with dimensions of Φ50 × 100 mm. The average mass of the rock sample is
494.5 g, and the average natural density is 2526 kg/m3. The irregularity error of ends was
controlled within 0.05 mm to ensure good contact between the tester and specimen ends.
The specimens with obvious appearance defects were removed, and the longitudinal wave
velocity of the samples was measured (average value was 2641 m/s). Rock blocks with
similar wave velocity were selected as the experimental reserves.
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Figure 1. Selection of sandstone core.

The sample was analyzed by XRD, and the diffraction pattern is shown in Figure 2.
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Figure 2. X-ray diffraction figure of mineral composition of sandstone.

The content of quartz and feldspar in sandstone is the highest, followed by calcite, and
the least is kaolinite, among which kaolinite is greatly affected by water soaking. Kaolinite
has strong water absorption and has expansion and plasticity after soaking. Because the
content of kaolinite is relatively low, the soaking and modification effect of sandstone will
be lower than that of mudstone or argillaceous siltstone.

2.2. Testing Instrument and Parameter Design

Before loading, the independent design and detachable CPS device were used to
realize the different CPS degrees of specimens, as shown in Figure 3.
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Figure 3. Confined-pressure soaking device for coal-rock.

Before conducting the experiment, the sealing chamber is opened to place the speci-
mens on the loading platform, and then the device is reassembled and sealed. The water is
injected into the cavity through the pump and water injection to soak the rock sample until
the cavity is full. In the simulation of the CPS environment, the pressure relief valve and
pressure gauge monitoring are used to achieve the specific soaking time of samples under
different stable CPSPs.

AE monitoring adopts the PCI-2 acquisition system, and relevant parameter settings
are shown in Table 1. Paste the strain gauge and AE sensors (piezoelectric AE sensor
Nano30, bandwidth 125~750 KHz, resonant frequency 140 KHz) according to Figure 4.
After connecting the corresponding equipment with the acquisition system, it is necessary
to conduct several sets of broken-lead experiments to ensure that each sensor is in the best
coupling state with the rock sample surface. Only in this way could the AE sensor stably
receive high-quality signals during the experimental process.

Table 1. Parameter setting of AE acquisition system.

Threshold/dB Sampling
Rate/MHz Pre-trigger/µs Peak Definition

Time (PDT)/µs
Hit Definition

Time (HDT)/µs
Hit Locking Time

(HLT)/µs

40 5 256 50 200 300
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Figure 4. Test system of uniaxial compression and AE monitor for CPS sandstone.

CPS specimens were loaded by an electro-hydraulic servo universal tester with a
displacement loading rate of 0.5 mm/min. The stress-strain data acquisition system used
a static strain gauge, displacement sensor and stress sensor to monitor the deformation
and loading of specimens. Combined with the actual production, it was determined that
the confined-pressure soaking time (CPST) of rock specimens was 0~24.0 h and confined-
pressure soaking pressure (CPSP) was 0~8.0 MPa.



Sustainability 2022, 14, 12381 5 of 18

3. Results and Analysis
3.1. Mechanical Characteristics of CPS Sandstone

The sandstone contains water-absorbing minerals such as clay, which makes the
moisture content increase continuously and micro-structure modification. Especially for
CPS, the degree of modification and weakening is enhanced [23]. In order to analyze the
mechanical properties under different CPS degrees, the moisture content is measured, and
the sensitive range of influencing factors on modification is analyzed. Meanwhile, the
uniaxial compression test is carried out to explore the response characteristics of UCS and
EM to CPS parameters.

3.1.1. Analysis of Characteristics of Soaking Degree for Sandstone

The variation curves of moisture content under different CPS degrees are shown
in Figure 5.
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Figure 5. Moisture content variation under different CPS degrees.

The moisture content of CPS specimens shows the characteristics of stage growth. For
CPST, the main growth stage is 0~12.0 h with the rate gradually decreasing, which indicates
the water absorption-dissolution-modification process is basically completed within 12.0 h.
For CPSP, the main growth stage is 1.0~6.0 MPa (main stage: 1.5~3.0 MPa), during which
CPS has a significant effect on micro-modification. In other words, the permeability and
mudding resistance are the most significant in 1.5~3.0 MPa. When the pressure exceeds
6.0 MPa, the response of moisture content to CPSP decreases obviously.

The variety of moisture content could indirectly reflect the response of modification
intensity to CPS degree of sandstone. Therefore, the factor interval (CPST: 0~24.0 h, CPSP:
0~6.0 MPa) affecting the modification degree is determined.

Because the moisture content increase in sandstone caused by CPS is different from
that of the natural soaking, in order to verify the reliability of the test conclusion and
innovation, the paper compares the change of moisture content by CPS with that in the
relevant literature. The natural moisture content satisfies a variety of positive correlation
functions in terms of soaking time [24,25], while the moisture content induced by CPST
in the paper satisfies a logarithmic function. Taking red sandstone as an example [26],
the increase in moisture content obtained by comparing CPS is shown in Equation (1).
However, the changing trend of the moisture content for natural and CPS is similar, which
could be approximately divided into three stages and the growth rate of each stage is
consistent [27,28]. {

CPST : wt = 0.9034 ln(t) + 2.5092
Natural : wt = −4.26e−t/7.2 + 4.27

, (1)

where, t is the soaking time, including natural and CPS state; ωt is the moisture content.
The formula could be used for to forecasting the moisture content through the soaking time.
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For the increase in CPSP, the moisture content increase in the soaking process is similar to
that of the CPST state. Therefore, the conclusion obtained based on CPS parameters is consistent
with the previous research, indicating the reliability of the experimental conclusion.

3.1.2. Mechanics Characteristics of Sandstone under Different CPS Degree

The stress-strain curves of specimens under different CPSTs are shown in Figure 6.
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Figure 6. Stress-strain curves under different CPSTs.

CPST has a certain influence on the loading process of the specimens. For the natural
sandstone, the stress-strain curve increases approximately linearly without an obvious yield
stage, showing brittle fracture. With the increase in CPST, the crack initial-closure section
of loading specimens grows, which indicates that CPST increase activates the development
of primary cracks. The middle of the curve shows “lower convex” and the nonlinear
deformation period of the natural samples is shorter than that of CPS samples, showing
the transition from the elasticity of natural specimens to the non-linear loading of CPS
specimens. After peak stress, the specimens show a sudden drop-transition decline, and
some have the post-peak bearing capacity, which indicates that the failure of specimens
gradually transit from brittle to non-brittle.

Variations of UCS and EM under different CPSTs are shown in Figure 7.
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Figure 7. Mechanical parameters variation with different CPST.

With the increase in CPST, UCS and EM decrease in the form of logarithmic function
and the various trend is similar, which is in good agreement with the change of moisture
content. The rapid attenuation stage is 0~8.0 h, corresponding to UCS decreasing from
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82.24 MPa to 66.04 MPa (EM: 29.66 GPa to 20.88 GPa). Compared with natural specimens,
UCS and EM are reduced with 21.0% and 29.6%, respectively. The attenuation rate obviously
decreases in 8.0~24.0 h, and UCS and EM are reduced with 27.0% (UCS) and 36.0% (EM),
respectively. The failure strain corresponding to UCS increases, and the attenuation strength
of EM is higher than that of UCS, which indicates that the failure of specimens transit from
brittleness to non-brittleness. Based on the attenuation trend of UCS and EM, the sensitive
CPST range of weakening is 2.0~8.0 h.

The stress-strain curves of specimens under different CPSP are shown in Figure 8.
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Figure 8. Stress-strain curves of specimens under different CPSP.

The variation of the stress-strain curves on the CPSP is similar to that of CPST, present-
ing “lower convex” growth as a whole. With the increase in CPSP, the crack closure process
increases (the growth stage of CPSP is lower than that of CPST, that is, the crack activation
and propagation degree decrease), and the convex bending amplitude increases. When
CPSP is lower than 1.0 MPa, the stress peak has no obvious yield stage. When the CPSP
exceeds 2.0 MPa, the curve has an obvious drop process, and there is no obvious post-peak
bearing capacity.

Figure 9 shows the variation of UCS and EM with different CPSPs.
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Figure 9. Mechanical parameters variation with different CPSP.

The attenuation law of UCS and EM on CPSP is similar to that of the CPST in loga-
rithmic function, which is in good agreement with the moisture content. The attenuation
could be divided into three stages: when CPSP is lower than 2.0 MPa, UCS decreases from
82.24 MPa (natural) to 71.04 MPa (29.66 GPa to 22.02 GPa for EM), which is 13.6% and
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23.2% lower than that of the natural. The attenuation degree decreases at 2.0~4.0 MPa with
16.1% and 27.3% (UCS and EM) lower than that of the natural state. The UCS and EM of the
specimen decreased by 17.2% and 28.5%, respectively, within 4.0~6.0 MPa. The peak strain
corresponding to the peak strength shows an increasing trend, indicating that the failure of
the specimen varies from brittle fracture to non-brittleness. Based on the attenuation trend
of UCS and EM, the sensitive value of CPSP is determined at 2.0~4.0 MPa.

The decrease in UCS and EM is an important feature of sandstone softening under CPS.
The quantitative relationship between UCS (EM) and CPST/CPSP is proposed by fitting:

t :


σc(t) = −5.379. ln(t) + 78.488
E(t) = −2.457 ln(t) + 26.077
ε(t) = 0.1165 ln(t) + 3.0232

p :


σc(p) = −2.99. ln(p) + 73.243
E(p) = −0.974 ln(p) + 23.393
ε(p) = 0.0575ln(p) + 3.0868

, (2)

where, σc(t)/σc(p) and E(t)/E(p) are UCS and EM under different CPSTs and CPSPs.
In order to illustrate softening effect of CPS on sandstone, the weakening characteris-

tics of conventional soaking in related research are compared. In the paper, the test results
are compared with the strength parameters of samples with different moisture contents, as
shown in Figure 10. The curves fitted in the previous literatures are mainly negative expo-
nential and quadratic functions [16,29–31]. Meanwhile, it is found that UCS and EM satisfy
the negative logarithmic function for CPST and CPSP. For CPSP growth under a specific
CPST, the mechanical parameters continue to decay, indicating that the CPS weakening
is the coupling effect of soaking time and high-pressure water. The increase in CPST and
CPSP are also accompanied by the continuous growth of moisture content. Therefore, the
UCS and EM of the specimen decrease with the increase in moisture content [31], whether
from CPS or natural soaking. The results show the reliability of the experimental data and
also show the weakening effect of the confined-water and rock coupling.
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Figure 10. Variation of moisture content and uniaxial compressive strength of various sandstones.

3.1.3. Fracture Characteristics of CPS Sandstone

After CPS, minerals will be mudded, and internal micro-cracks will be activated.
Meanwhile, the water absorption would cause the modification of micro-structure, and
the fractures mainly propagate along the activated micro-cracks zone [32]. Failure pattern
under different CPSTs is shown in Figure 11.
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Figure 11. Failure patterns of specimens under uniaxial compression with different CPST.

With the increase in CPST, the specimens transit from local fracture to the overall.
When soaking 1.0 h, the fracture is concentrated in the shallow layer of the middle and
upper part, while the lower remains intact; it indicates that the short-term soaking causes
the modification heterogeneity and results in the formation of local stress concentration
during the loading, showing fracturing regional centralization and fragmentation irregular-
ity. When soaking 4.0 h, the specimen shows the characteristics with the upper fracturing
and the lower splitting, and the cracks penetrate along the axial direction, during which
the fracture surface is irregular due to the change of fracture direction. At soaking 8.0 h, the
fracture morphology of specimens is similar to that of the natural: a single main crack pene-
trates along the axial direction, and the fracture surface is regular, showing a homogenized
strength weakening effect. The failure presents a transition to non-brittle fracture in CPST.

Figure 12 shows the fracture patterns of specimens with different CPSPs. Under
low pressure (1.0 MPa), the fracture trajectory propagates irregularly, accompanied by
spalling. The main crack propagates to the middle of the specimen, produces lateral
rotation, and then develops stably until the specimen penetrates and ruptures, during
which the main-wing cracks propagate alternately. Under 2.0 MPa, the upper part of the
specimen propagates along two cracks and converges into a main crack at 3/4 height.
Meanwhile, a lateral wing crack is developed in the middle of the specimen and the right
side of the loading failure specimen is relatively intact, which still has high axial bearing
capacity. Under the pressure of 6.0 MPa, the fracture trajectory of the specimen will show
irregular development: the crack propagation has multi-directionality, presenting multiple-
cracks and multiple-pieces; it indicates that when CPSP exceeds the sensitive weakening
value, the fracture dimension increases; this is due to the increase in CPSP, the weakening
degree of specimen increases, which is different from the homogenization weakening
characteristics under CPSTs. Under a high CPSP, the internal weakening of the specimen
presents multi-direction-irregularity, and the deterioration degree is more significant.
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The failure and fracture modes of CPS and natural soaking rock samples are similar
with the increase in moisture content. Under three soaking conditions, the modification
effect of low-medium moisture content on rock samples is mainly shear failure [33,34]. For
high moisture content, the specimens subjected to CPS and natural soaking tend to be
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homogeneous in modification; their fracture modes are consistent, showing longitudinal
tensile cracks and local fragments [35,36]; this shows the reliability of the experimental
results of the CPST effect. For high confined pressure, the modification and weakening
degree of specimens increases. The specimens have a higher level of fragmentation and
more small fragments are produced when a fracture occurs, which further reveals the
weakening effect of confined-pressure water on sandstone; this is one of the characteristics
of CPS modification and weakening.

3.2. AE Characteristics of CPS Sandstone during Loading
3.2.1. Comparison of AE Characteristics of Sandstone under Different CPS Degree

The loading specimen fracture is the combined action of the internal micro-crack
closure, energy accumulation, transformation and release [37,38]. AE monitoring system
could receive the signal of a damage-failure process for loading specimen, reflecting the
crack propagation [39,40]. The CPS modification would inevitably lead to the change of
fracture characteristics. The accumulation number of AE event is selected as a quantitative
parameter for analyzing the relationship between AE signal and strain and its response to
CPS degree. AE event number-strain curves with different CPSTs and CPSPs are shown
in Figure 13.
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Figure 13. Accumulative number of AE events-strain curve under different CPS degree.

Combined with the stress-strain curves, it can be seen that the evolution of AE cu-
mulative events with different CPS parameters in the loading is consistent. The variation
of AE events could be divided into four stages: the first is the primary micro-fracture
closure stage, in which the AE signal is very little. The second is elastic deformation, in
which the cumulative number of AE events increases slowly, but the growth rate and
loading duration is different under different CPS degree. The third is the rapid damage
accumulative stage, and the fourth is the fracture-instability stage. With the increase in CPS
degree, AE cumulative events vary from step-up to rapid growth in the stage.

In the primary fracture closure stage, AE events of all specimens is very few, but the
loading strain of cracks closure stage increases. The reason is that the stress level of the
specimen is low at the initial loading stage, and the primary crack is mainly compacted
and closed without crack propagation. With the increase in CPS degree, the intensity of
mudding and micro-structure modification increases, and the corresponding number of
micro-cracks propagation decreases, resulting in the corresponding strain increasing.

The second stage is the elastic deformation, in which AE event accumulation number
shows a stable increase. CPS sandstone is mainly elastic deformation without obvious
damage-failure characteristics. With the increase in CPS degree, AE accumulation number
shows a lower trend. Especially when CPST is more than 8.0 h and CPSP exceeds 2.0 MPa,
the attenuation trend decreases obviously. The response of AE accumulation number to
CPST is more sensitive in the stage.
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The third stage is damage accumulation stage, including crack initiation-propagation
and damage accumulation precursor before fracture. For crack initiation, AE event rate
increases significantly, and the number fluctuates significantly, which corresponds to the
initiation, propagation and even penetration of internal cracks. With the increase in CPS
degree, AE event rate decreases gradually, indicating that confined water softens sandstone
and indirectly inhibits AE event generation. For the damage accumulation precursor stage
before fracture, with the increase in CPS degree, the weakening effect of sandstone is
strengthened. At the stage, AE event rate increases sharply with the strain inflection point
of 85~95%, but the peak value gradually decreases with local abrupt changes.

The fourth stage is the fracturing instability. For natural samples, the failure presents
brittleness characteristics without obvious post-peak characteristics. With the increase
in CPS degree, the strain increases continuously after fracturing, but the AE accumula-
tion number no longer increases, that is, the softening of CPS sandstone makes no crack
propagation in the instability stage, and almost no AE signal occurs.

The increase in CPS degree has obvious inhibitory action on the accumulative number
of AE events, which decreased in logarithmic function, as shown in Figure 14. The cumula-
tive number of AE events of natural specimens reached the maximum with 5.4 × 106 times.
In CPST, the cumulative number of AE events show piecewise attenuation characteristics:
the first stage is CPST with 0~4.0 h, corresponding to the rapid attenuation stage of AE
events. The number of AE events is 3.9 × 106 times at soaking 4.0 h, which is 72.2% of
that of natural specimens. The second stage is 4.0~12.0 h, and the number of AE events is
3.3 × 106 times at soaking 12.0 h, which is 61.1% of that of natural specimens. After soaking
24.0 h, the cumulative number of AE events is 3.0 × 106 times, which is 55.6% of that of
natural specimens. For different CPSPs, the cumulative number of AE events has similar
characteristics with CPST, but on the whole, the decline rate is relatively slow. For the
natural water soaking, the AE event number is 4.86 × 106 times and when CPSP is 2.0 MPa,
the AE event number is 4.25 × 106 times, which is 78.7% of that of the natural specimen.
When CPSP is 4.0 and 6.0 MPa, the AE event number are 70.9% and 68.9% of that of the
natural specimen, respectively. Therefore, the reasonable duration of CPS weakening is
2.0~8.0 h and CPSP is 2.0~4.0 MPa.
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Figure 14. Variation curve of accumulative AE events number under different CPS degrees.

To sum up, the variation of AE accumulation number is consistent with the damage
evolution of crack initiation and propagation in loading specimens. Due to the influence of
primary fracture and natural damage to a certain extent, the AE event characteristics of
sandstone specimens are still different under the same loading conditions. However, the
influence trend of CPS degree on the AE event of sandstone is consistent: with the increase
in CPS degree, the AE accumulation number decreases greatly, which is due to the clay and
other minerals, and the confined water causes micro-structure modification. That is, the
greater degree of soaking, the greater damage degree of confined water to the specimen.
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According to the description of related literatures, the evolution of AE events in the
whole loading process for conventional soaking samples could be divided into quiet period,
stable growth, significant growth and sudden change stages [33,41], which is consistent
with the change trend of CPS. The growth of moisture contents inhibits the generation of
AE signals to a certain extent, and meanwhile delays AE excitation time [19,42]. Compared
with conventional soaking, the suppression process of CPS on AE is strengthened, but the
weakening effect does not affect AE events and energy concentrated explosion phenomenon
when the sample is destroyed [31,43]. Under the CPS with long-term and high-pressure,
the starting time of AE signal excitation shows a delayed growth in the increase in CPS
parameters. Under high CPS parameters, AE event rate in the stable stage and significant
growth stage decreases significantly, and the attenuation intensity of events accumulation
is significantly higher than that of conventional soaking. That is, the suppression effect of
CPS on AE is stronger than that of conventional conditions, which is one of the research
features and innovations of the paper.

3.2.2. Damage Characteristics for Different CPS Degree Based on AE

AE event is the result of fracture development, and the damage increase caused by
CPS will lead to the change of constitutive relationship. Therefore, the sandstone damage
model under different CPS degrees can be established through damage theory [44,45].

Assuming that the natural specimen is isotropic without initial damage, if the AE
events number of complete failure for the specimen section Am is Nm, the AE event rate n
of per-unit area failure is:

n = Nm/Am, (3)

The quantitative relationship between the accumulative number of AE events and
CPS degree is obtained by fitting:

Nd = −A.ln(t, p) + B, (4)

where, A and B are the test fitting parameters. The initial damage variable D of natural
sandstone is defined as D = 0 and the complete failure D = 1. The damage variable DAE
related to the degree of CPS based on AE is obtained as follows:

DAE = 1 +
[A.ln(t, p)− B]

Nm
=

A
Nm

.ln(t, p)+(1− B
Nm

)
, (5)

Variation of the damage coefficient with strain normalization under different CPST
and CPSP are shown in Figure 15.
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Figure 15. Variation of the damage coefficient and normalized strain of sandstone.

The damage coefficient DAE correlates well with strain normalization and presents
three stages, including slow, approximate linear and rapid-abrupt growth on the increasing
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of the strain. The inflection point of DAE growth is 25~30% and 85~90% of the failure
strain, which is consistent with the strain inflection point of 85~95% reported by Zhou and
Wasantha [18,46]. The rapid-abrupt growth of DAE means CPS sandstone has entered the
plastic deformation and failure stage. When reaching the inflection point of DAE (85~90%),
the range of DAE values is 0.25~0.45 for the CPS sandstone samples. The inflection point in
the curve corresponds to more than 90% of the peak strain, but before entering the mutation
stage, the damage variable shows a local rapid growth. The stage is determined by the
joint action of CPS modification and loading plastic deformation of rock samples. DAE of
sandstone under the uniaxial loading differs according to CPST and CPSP. Although CPS
has a certain influence on the deformation and damage process of sandstone, the overall
variation trend is similar; this is because the loading effect in this change is higher than the
CPS modification effect.

Based on the weakening characteristics, the damage variable DE defined by EM is
established [47]:

DE = 1 − Es

Em
, (6)

where Es is the real-time EM of CPS sandstone; Em is EM of the natural sandstone.
According to attenuation characteristics of AE event and EM for natural and different

CPS degree sandstone, the fitting variation curve of damage quantity with the increase in
CPS degree could be obtained:

{
DAE(t) = 0.0933 ln(t) + 0.1428
DAE(p) = 0.0776 ln(p) + 0.1753{
DE(t) = 0.0828 ln(t) + 0.1208
DE(p) = 0.0568 ln(p) + 0.191

, (7)

With the increase in CPS degree, the damage value of the specimens increased in
sections. In CPST, 4.0 h is the inflection point of the growth rate. With soaking 0.5~4.0 h, D
increases from 0.093 to 0.278 under AE condition, and D in EM increases from 0.0573 to
0.251, which is the rapid accumulation stage of damage value. With soaking 4.0~24.0 h,
D increases from 0.278 to 0.444 under AE condition and D in EM increases from 0.251 to
0.360, in which D growth rate is significantly lower than that of the former with a small
increasing rate.

Under the specific CPST, the inflection point of CPSP is 2.0~3.0 MPa. In 0~3.0 MPa,
D increases from 0.1 to 0.269 under the AE condition, and D in EM increases from 0.079
to 0.258, in which the growth rate of damage value is larger and more stable. Under the
condition of 3.0~6.0 MPa, D increases from 0.269 to 0.311 under the AE condition, and D in
EM increases from 0.258 to 0.285, in which the growth rate of damage value is obviously
lower than that of the former. The above shows that with the increase in CPSP, the damage
degree of sandstone increases correspondingly, but the deterioration degree is lower than
that of CPST.

With the increase in CPS degree, D defined by AE is higher than that defined by EM
in terms of CPST and CPSP; this is due to the AE event belongs to the crack propagation on
the three-dimensional volume of the specimen, while the failure of specimens generally
propagates with the single main crack at full height from the aspect of EM. However, before
the failure of CPS rock mass, multiple wing cracks will occur near the fracture line (plane)
which leads to the number increase in non-penetrating fracture AE events.

Therefore, based on the angle of multiple crack propagation, D defined by the AE
event is more suitable to describe the deterioration of CPS rock mass.

3.2.3. Damage Evolution for Different CPS Degree Based on Energy Dissipation

During rock deformation and failure with loading, the sample energy is released
and dissipated according with the law of energy conservation. The energy dissipation
degree could therefore be employed for analyzing the degree of sandstone damage [48,49].
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Assuming that the sample is a closed system, the total energy U varies owing to the
response of the external loading, as follows:

U = UE + UD, (8)

where, UE and UD are the elastic and dissipation energy, respectively.
U and UEi could be calculated with Equation (9):

U =
n
∑

i=0

∫ εi+1
εi

σidε =
n
∑

i=0
(εi+1 − εi).

σi+σi+1
2

UEi =
1
2 σi+1(εi+1 − ε(i)E) ≈

σi+1
2

2Ei

, (9)

where εi is the strain corresponding stress σi, Ei is the elastic modulus at the elastic stage
and DUi is the damage coefficient based on the dissipation energy.

Figure 16 shows the energy distribution relationship under different loading stages.
The sandstone damage based on the energy dissipation could therefore be calculated:

DUi =
UDi
UD

=
Ui − UEi

UD
, (10)
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Figure 16. Energy dissipation characteristics during rock deformation.

Variation of the damage coefficient of sandstone based on dissipative energy under
different CPS degrees are shown in Figures 17 and 18.

Sustainability 2022, 14, x FOR PEER REVIEW 14 of 18 
 

3.2.3. Damage Evolution for Different CPS Degree Based on Energy Dissipation 

During rock deformation and failure with loading, the sample energy is released and 

dissipated according with the law of energy conservation. The energy dissipation degree 

could therefore be employed for analyzing the degree of sandstone damage [48,49]. As-

suming that the sample is a closed system, the total energy U varies owing to the response 

of the external loading, as follows: 

E DU U U= + , (8) 

where, UE and UD are the elastic and dissipation energy, respectively. 

U and UEi could be calculated with Equation (9): 

1 1
1

0 0

2

1
1 1 ( )

( ).
2

(
1

2
)

2

i

i

n n
i i

i i i

i i

i
i i iE E

i

i

U d

U
E





 
   


  

+ +
+

= =

+
+ +

+
= = −



 − 


=

 

, 

(9) 

where εi is the strain corresponding stress σi, Ei is the elastic modulus at the elastic stage 

and DUi is the damage coefficient based on the dissipation energy. 

Figure 16 shows the energy distribution relationship under different loading stages. 

The sandstone damage based on the energy dissipation could therefore be calculated: 

=Di Eii

D

i

D

U

U U U
D

U U

−
=

, 
(10) 

 

  
(a) Loading process (b) Sample failure 

Figure 16. Energy dissipation characteristics during rock deformation. 

Variation of the damage coefficient of sandstone based on dissipative energy under 

different CPS degrees are shown in Figures 17 and 18. 

  
(a) Natural and 2.0 h (b) 4.0 h and 8.0 h 

Figure 17. Damage variable of sandstone based on dissipative energy under different CPST (DUd are 

damage variables calculated by dissipation energy). 

Dissipation energy

Elastic energy

Stress-strain

UE

UD

Dissipation energy

Elastic energy

Stress-strain

UEi

UDi

εcεi εc

Dissipation energy

Elastic energy

Stress-strain

UE

UD

Dissipation energy

Elastic energy

Stress-strain

UEi

UDi

εcεi εc

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5

D
a
m

a
g
e 

co
ef

fi
c
ie

n
t

Strain /10−3

AE-natural

Ud-natural

AE-2.0h

Ud-2.0h

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5

D
a
m

a
g
e 

co
ef

fi
c
ie

n
t

Strain /10−3

AE-4.0h

Ud-4.0h

AE-8.0h

Ud-8.0h

Figure 17. Damage variable of sandstone based on dissipative energy under different CPST (DUd are
damage variables calculated by dissipation energy).
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Figure 18. Damage variable of sandstone based on dissipative energy under different CPSP.

The fluctuation growth characteristics of DUd are consistent with the change trend
of the stress-strain curve. In the initial stage of loading(slow and approximate linear
growth stage of DAE), DUd increased significantly and is larger than DAE as a whole, for
the dissipation energy is produced due to the closure of internal primary-microcracks
accompanied by a small number of AE events. However, the damage degree (DUd and
DAE) develops slowly without substantial change.

During the middle of loading, the closed primary-cracks experienced secondary
propagation, and the number of AE events (DAE) increased linearly. However, there is a
smooth transition stage of DUd change in the strain with different span intervals. The slow
growth of the stress-strain curve in the initial stage and the approximate linear growth in
the middle and later stages will lead to a decrease in DUd to some extent. Due to the energy
dissipation with an irreversible process, the damage coefficient will not decrease in the
actual loading process. The difference between DUd and DAE tends to decrease with the
increase in strain. When the loading deformation of the specimen reaches the inflection
point of damage change, the difference and discreteness of the damage coefficients DUd
and DAE (dissipation energy) increased under different CPSTs.

When the strain reach 85~95% of the sandstone failure strain (Abrupt inflection-point
of rock mass damage growth), the dispersion of the damage coefficients DUd and DAE
(dissipation energy) increases under different CPSTs and a large number of cracks are
quickly initiated and propagated, which indicates that the sample is in critical instability
state. The damage coefficients calculated with energy dissipation are in accordance with
those based on AE. The abrupt growth of DUd and DAE is an obvious transition point
corresponding to 85~95% of the peak strain, which means that the failure of the sample is
about to occur.

The related literature describes that the damage of rock mass in the conventional
soaking state has gone through the stages of initial compaction closure, stable damage
increase and damage acceleration [24,50], and proposes that the quantification of damage
variables based on energy dissipation and AE is consistent. The view is consistent with
the conclusion of the paper. However, the damage degree of the conventional soaking
specimen increases slowly in the stable stage, but it enters the damage acceleration stage
ahead of the natural state (before the peak stress), which indicates the critical transition
point of damage [16,51]. As for CPS, with the increase in moisture content, the influence
point of damage variable growth gradually moves forward, and the corresponding damage
growth strain interval gradually expands [52], indicating that the softening effect of CPS
is enhanced. For the increase in moisture content caused by CPSP, the damage variable
accelerates to accumulate in the stable stage, and the final value in the stable stage is higher
than that of the conventional condition. However, under a high CPSP, due to the confined-
pressure water activating crack development, a certain degree of internal damage will
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be generated, resulting in faster growth of dissipated energy during the loading process.
Therefore, the damage variable calculated based on dissipated energy is slightly higher
than that of AE. The comparative analysis reflects the unique modification weakening effect
of sandstone under the condition of CPS, which is also one of the innovations of the paper.

4. Conclusions

(1) CPS has an obvious influence on the moisture content and mechanical characteristics
of sandstone: with the increase in CPS degree, UCS and EM of sandstone show
logarith-mic attenuation, and the sandstone varies from brittle to non-brittle failure.
The main controlling factor affecting the strength of CPS sandstone is CPST.

(2) The fracture of specimens with short CPSTs shows concentration and irregularity
in the middle-upper regions. The specimens with longer CPSTs penetrate the block
axially with a single main crack, showing a homogenized strength weakening effect
of CPST. The fracture trajectory of low CPSP specimen is irregular, and the fracture
of the specimen with high CPSP is characterized by multi-dimension and small size,
which indicates the deterioration characteristics of CPSP.

(3) The increase in CPS parameters has inhibition effect on AE events in different load-
ing stages, which is consistent with the evolution of internal fracture initiation and
propagation. In the damage accumulation stage, AE events show a step-type growth,
which is the major growth stage. The cumulative number of AE events attenuates in
the form of logarithmic function on the CPST and CPSP, but its response to CPST is
more sensitive.

(4) With the increase in CPS degree, the excitation time of AE event is increasing, which
is consistent with the increase in internal fracturing-damage degree. However, the
deterioration effect of CPST is better than that of CPSP. Based on the damage theory,
the damage variable with different CPS degree based on AE events and energy
dissipation of the specimens is established, which have a good consistency to quantify
the damage evolution.
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