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(AE) monitoring were carried out. The results indicate: (1) The stress-strain curve of the thick
hard roof sandstone specimens exhibits distinct stage characteristics. Based on the evolvement of
instantaneous axial stiffness, it is separated into Fracture Closure Phase, Elastic Deformation
Phase, Steady Fracture Expansion Phase, Unsteady Fracture Expansion Phase, and Post-Peak
Phase. (2) The AE energy and cumulative count curves of the thick hard roof sandstone speci-
mens also exhibit significant stage characteristics and can be mutually corroborated with the
stage division of the stress-strain curve. (3) Based on the energy conservation principle, the
evolution of strain energy density in the thick hard roof sandstone specimens under uniaxial
compression loading was analyzed, and plastic strain energy increment was employed to study
the stage characteristics of strain energy dissipation. (4) A damage constitutive model for the
thick hard roof sandstone specimens was constructed, considering the characteristics of strain
energy dissipation. This model effectively describes the stress-strain relationship among the
samples, which undergo strain hardening, strain softening, and sudden destruction.

1. Introduction

The sudden extensive fracture and collapse of a hard roof pose one of the main threats to the safety of coal mining operations [1-4].
However, as coal resource extraction gradually moves from shallow depths to deeper underground spaces, mining production is
increasingly affected by complex geological environments such as high in-situ stress, high geothermal temperatures, high pore
pressures, and strong excavation disturbances. This results in a remarkable growth in the elastic strain energy accumulation in the hard
roof, indicating a higher danger of dynamic hazards like rock bursts and coal and gas outbursts [5-8].

Rock damage is the process of development, propagation, aggregation, connection and penetration of initial cracks in rock. Because
AE is highly sensitive to the generation and propagation of cracks in materials and structures, AE technology finds extensive appli-
cations in areas such as material damage detection [9]. Zhang et al. [10] monitored AE energy release and AE event locations during
uniaxial compression tests of coal, concrete, and concrete-confined coal samples, investigating the development process and
spatio-temporal distribution of micro-fractures inside coal samples during the loading process. Wang et al. [11]observed impact,
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ringing and energy characteristics of fracture-induced acoustic emission signals under true triaxial compression in granite, studying
the close connection between acoustic emission signals and rock deformation. Dong et al. [12]combined monitoring data from 18 AE
sensors to explore variation characteristics of AE signals during the elastic-plastic stage of granite samples under uniaxial compression,
pointing out that the rate of acoustic emission events and wave velocity serve as effective monitoring parameters for rock instability.
Kong et al. [13], based on acoustic emission counting and cumulative count evolution, qualitatively explained internal crack evolution
in coal samples during loading and proposed a damage variable for coal samples derived from acoustic emission counts, quantitatively
analyzing damage evolution in these samples.

In addition, the process of internal damage and fracturing in rock is a process of dissipating energy [14]. The occurrence and
severity of rockbursts are closely related to the processes of storing, dissipating and releasing energy within rock mass. It is evident that
the accumulation and dissipation of strain energy within the hard roof are critical factors leading to the accumulation of damage,
instability, and the triggering of complex dynamic disasters in coal and rock formations [15,16]. Many scholars have conducted
research on the relationship between rock failure and elastic strain energy. Ai et al. [17] proposed a brittleness evaluation index that
can describe the transition from absolute plasticity to absolute brittleness in rocks from an energy perspective based on the evolution of
strain energy during uniaxial compression. Zhang et al. [18] investigated the true triaxial compression of three types of hard rocks
using indicators such as energy storing limits, strain energy ratios and transition rates. They pointed out that the mineral composition
and microstructure of rocks contribute remarkably to strain energy development. Yang et al. [19], through theoretical analysis,
examined the rock mechanical behaviour and studied the transformation and distribution of elastic strain energy in the course of
fracture extension. Characteristics of energy evolution during brittle damage in hard rocks were revealed from both elastic strain
energy and surface energy. Du et al. [20] suggested that two energy-based indicators, peak strength strain energy storing indicator and
residual elastic energy indicator, can accurately reflect the energy and rockburst tendency of hard rocks from both elastic energy
storage and residual elastic energy. Therefore, studying the accumulation and dissipation of strain energy within the hard roof and its
relationship with the damage evolution process is of significant importance for monitoring the stability of surrounding rock masses,
deformation control, and disaster early warning in deep earth engineering projects [21,22].

Apart from experimental research, scholars both domestically and internationally have studied the destruction evolvement laws of
rock materials on the basis of continuous failure mechanics and statistical theories. Liu et al. [23] brought in destruction variables on
the basis of dissipative energy and established a damage constitutive model on the basis of rock energy evolution to describe rock
damage. According to the relationship among stress-strain behavior, AE modes, and energy evolvement features during triaxial
compression experiments on coal samples, Ning et al. [24] presented a new approach for fracture initiation and propagation threshold
determination based on energy evolution processes. Gong et al. [25] carried out a sequence of uniaxial compression and single-cycle
load and unload trials on weakly cemented coal, lean coal, gas coal, anthracite, and gas-bearing coal. They proposed a coal burst
tendency evaluation method on the basis of residual elastic energy indicators.

This paper conducted uniaxial compression tests on sandstone samples from a thick hard roof in a mine in Xinjiang, China. The
primary focus was to investigate the stress-strain behaviour of these samples during axial compression. Additionally, the AE moni-
toring technology was utilized to analyze the evolutionary characteristics of AE energy and cumulative counts in the compression
process. It also delved into the stage-wise characteristics of the damage process during loading. In the end, on the basis of the energy
balance relation of the samples, the characteristics of damage evolution were analyzed and a constitutive model for injury evolvement
on the basis of strain energy was established.

2. Experiment pre-processing
2.1. Sample preparation

The rock samples employed for the experiments were taken from the roof of a thick hard sandstone stratum in the Zhundong Mining
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Fig. 1. (a) Instruments and equipment. (b) Prepared specimen. (c)Arrangement of AE sensors.
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Area of Xinjiang, China. The workface is approximately 450 m deep on average. According to the core drilling records, the thickness of
the thick hard sandstone roof, composed of fine sandstone, measures 17.5 m. After extraction, the thick hard roof sandstone samples
were sealed with plastic wrap and transported in foam-padded wooden crates to preserve their initial structure and moisture content.
Following the guidelines outlined in GB/T 50266-2013 “Standard Methods for Engineering Rock Mass Testing”, the extracted rock
specimens were manufactured into cylinder, measuring ¢50 mm x 100 mm. The dimensional error of the rock samples did not exceed
0.03 mm, the unevenness of both end faces was within 0.05 mm, and the deviation of the end faces from the axis was not over 0.25°.

2.2. Experimental instruments and equipment

Fig. 1(a) illustrates the primary testing equipment and monitoring system for the uniaxial compression tests on the thick hard roof
sandstone specimens. Uniaxial compression testing of composite specimens was carried out using an American hydraulic servo uni-
versal test machine, which had a maximum axial loading capacity of 1000 kN and a frame stiffness of 100 kN/mm, with a loading
accuracy of +0.03 %. Simultaneously, an AE monitoring system (PCI-2, Physical Acoustic Corporation, America) was employed for
monitoring AE events during compression. The AE system was configured with a capture threshold of 40 dB, a yield of 40 dB, and a
sample frequency of 2 MHz. The AE sensors used (NANA-30, Physical Acoustic Corporation, America) had a working frequency scope
of 125-750 kHz, with a resonant frequency at 140 kHz. The acoustic emission sensor arrangement is as shown Fig. 1(b and c).

2.3. Experimental procedure

Uniaxial compression tests on thick hard roof sandstone specimens were carried out employing displacement controlling loading
method, and the speed was 0.2 mm/min. Simultaneously, six Nano30 sensors were symmetrically positioned on the surface of the thick
hard roof sandstone specimens. Fig. 1(b) presents the layout of the AE sensors. To mitigate the influence of end effects on the
experimental process, a layer of approximately 2 mm thick Vaseline was uniformly applied between the spherical hinge and the
specimen as a lubricant.

3. Experiment outcomes and analysis
3.1. Stress—strain behaviour

Fig. 2(a—-d) displays the uniaxial compression stress-strain curves of the thick hard roof sandstone samples. The paper also divides
the stages of rock damage based on the evolutionary characteristics of instantaneous axial stiffness. Note that instantaneous axial
stiffness was obtained using dynamic point regression analysis. In this method, the instantaneous axial stiffness values were calculated
as the slope of the fitted lines of the data points in the sliding sampling windows, and both the sampling window and sliding step were
set to 100 data points [26].
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Fig. 2. Stress-strain curves of samples: (a) stress—strain curves of group; (b) stress—strain curves and deformation modulus curve of specimen S1; (c)
stress—strain curves and deformation modulus curve of specimen S2; (d) stress-strain curves and deformation modulus curve of specimen S3.
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Fig. 2(a—d) indicates that the stress-strain behavior of the thick hard roof sandstone sample exhibits a single strain hardening or
softening characteristic during distinct phases. However, the instantaneous axial stiffness-stress curve of the rock sample shows local
fluctuations. This is because the inherent heterogeneity of natural rock samples is difficult to avoid at the microscopic level: the elastic
deformation of the rock matrix or the partial squeezing of microcracks leads to local strain hardening, while the initiation and
propagation of some microcracks result in local strain softening. The macroscopic mechanical behavior of the rock sample is an
outcome of these two mechanisms balancing each other microscopically. Therefore, based on the evolutionary characteristics of the
instantaneous axial stiffness, the uniaxial compression process of the rock sample is separated into 5 phases.

1. Fracture Closure Phase (OA): The stress-strain behaviour of the rock specimen is during this phase until the axial loading reaches
the fracture closure stress (6..). The stress-strain curve exhibits a non-linear concave upward trend under low uniaxial stress, and
the original microcracks within the sample gradually close. However, the load-bearing structure of the sample is optimized, and the
instantaneous axial stiffness increases exponentially in response to axial strain.

2. Elastic Deformation Phase (AB): While the axial load reaches the fracture initiation stress (6..), the stress-strain behavior of the rock
specimen moves into this phase. The stress-strain curve exhibits approximately linear growth, and the load-bearing structure of the
sample remains intact, undergoing recoverable deformation. However, as the original pores continue to compress, the load-bearing
structure of the rock specimen further optimizes, and the stress-strain curve shows non-linear hardening behavior. The instanta-
neous axial stiffness continues to increase, and the rate of increase gradually rises.

3. Steady Fracture Extension Phase (BC): While the axial load reaches the sample cracking stress (o), the stress-strain behavior of the
rock specimen moves into the stable crack extension phase. The stress-strain curve maintains approximately linear growth, but the
original microcracks inside the rock sample begin to extend and initiate new microcracks. The destruction of the rock specimen
begins to increase, and the instantaneous axial stiffness still maintains an upward trend, but the rate of increase decreases
significantly.

4. Unsteady Fracture Extension Phase (CD): While the axial load achieves the sample damage stress (6.4), the stress-strain behaviour
of the rock sample enters the unsteady fracture extension stage. Microcracks inside the rock sample propagate and expand, forming
macroscopic cracks, resulting in a dramatic growth in destruction to the rock sample. Strain softening occurs, and the stress-strain
curve exhibits a non-linear upward concave trend. The instantaneous axial stiffness shows a decreasing trend.

5. Post-Peak Phase (D-): While the axial load achieves the sample post-peak stress (6p), the stress-strain behavior of the rock specimen
moves into this phase. Macroscopic cracks inside the rock continue to expand, further damaging the load-bearing construction of
the rock specimen, even leading to direct failure. The load-bearing capacity of the sample continues to decline.

To further analyze the mechanical performance evolvement during the damage process of the thick hard roof sandstone samples, an
analysis of stress thresholds and strain thresholds was conducted (see Table 1). As shown in Fig. 3(a, b), the peak strains (¢,) for S1-S3
specimens are 0.0185, 0.0175, and 0.0197, correspondingly, with an average peak strain (g,)of 0.0186. The peak stresses (6,) for
S1-S3 samples are 67.39 MPa, 65.16 MPa, and 74.42 MPa, correspondingly, and the average peak stress (,,) is 68.99 MPa. The crack
closure strains (g, ) for S1-S3 samples are 0.0093, 0.010, and 0.0110, respectively, with an average crack closure strain (¢,.)of 0.0101,
reaching 54.67 % of (g,). The crack closure stresses (6,.) for S1-S3 samples are 11.07 MPa, 17.23 MPa, and 17.83 MPa, respectively,
with an average crack closure stress (6..)of 15.37 MPa, which is only 22.29 % of (5,,). The crack initiation strains (e.;) for S1-S3 samples
are 0.0130, 0.0130, and 0.0137, respectively, with an average crack initiation strain (&;)of 0.0132, reaching 71.24 % of (g,). The crack
initiation stresses (o.;) for S1-S3 samples are 29.22 MPa, 32.80 MPa, and 33.08 MPa, correspondingly, and the average crack initiation
stress (6¢;) is 31.70 MPa, which is an increase to 45.95 % of (6,,). The damage strains (e4) for S1-S3 samples are 0.0167, 0.0158, and
0.0165, respectively, with an average damage strain (£,)of 0.0163, reaching 87.82 % of (g,). The damage stresses (c.4) for S1-S3
samples are 56.10 MPa, 53.48 MPa, and 54.04 MPa, correspondingly, and the average damage stress (6,4) is 54.54 MPa, increasing to
79.05 % of (5,). It can be observed that in the early stages of sample damage, axial strain increases rapidly while axial stress increases
relatively slowly. During the later stages, the increase rates of axial strain slow down, while the increase rates of axial stress signifi-
cantly rise.

3.2. AE response
Fig. 4(a—c) illustrates the stress, AE energy and cumulative count curves in the course of the uniaxial compression of the thick hard

roof sandstone sample. Using the damage threshold as a reference, it can be observed that the AE response of the sample exhibits
distinct stages. Taking S2 as a typical sample for analysis:

Table 1
Characteristic stresses and strains of samples.
No. Ece Oce Eci Oci Ecd Ocd £f of
/1072 /MPa /1072 /MPa /1072 /MPa /1072 /MPa
S1 0.93 11.07 1.30 29.22 1.67 56.10 1.85 67.39
S2 1.02 17.23 1.30 32.80 1.58 53.48 1.75 65.16
S3 1.10 17.83 1.37 33.08 1.65 54.04 1.97 74.42
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(2) Upon entering the elastic deformation stage, external loading is insufficient to initiate the formation of new microcracks. AE
signals are mainly induced by further compaction and frictional behavior within the closed cracks of the sample. This leads to
AE energy remaining stable at a low level in this stage, but the rate of cumulative AE count growth significantly decreases.

(3) As the sample enters the stage of stable crack propagation, the pre-existing microcracks inside the sample begin to propagate,
and new microcracks initiate. The AE energy curve shows a substantial increase, and the cumulative AE count starts to
accelerate.

(4) During the subsequent phase of stable fracture propagation, the pre-existing microcracks inside the sample continue to prop-
agate, and new microcracks initiate. The AE energy curve rises significantly, and the cumulative AE count begins to accelerate.

(5) When the sample enters the stage of unstable crack propagation, as microcracks further develop and connect with macroscopic
cracks, the mechanical performance of the specimen deteriorates obviously. AE activity becomes active, and AE signals increase
significantly both in number and in energy. The cumulative AE count exhibits an exponential growth trend.

Overall, the specimen shows relatively quiet AE activity during fracture closure phase elastic deformation phase and steady fracture
extension phase, with very low energy release in AE signals. During the unsteady fracture extension phase and post-peak phase, the AE
activity is more active, with a relatively higher energy release in the acoustic emission signals. Moreover, AE activity is highly
correlated with stress drop. Before a significant stress drop occurs, the AE energy curve shows low-level fluctuations, and the accu-
mulative AE count shows a slow growth. After a significant stress drop, the AE energy increases substantially, and the accumulative AE
count suddenly increases. This is because during the process of stress drop, the elastic strain energy are released along with the
expansion of cracks. The greater the stress drop, the more rapid and significant the crack expansion, inducing more active AE signals
and generating more AE energy.

4. Discussion
4.1. Strain energy evolution

During the loading process, the sample undergoes energy input, storing, dissipation, and releasing. The testing equipment, through
external loading, introduces energy into the sample. This energy is partitioned into different forms: a portion of it is stored as elastic
strain energy, another portion slowly dissipates in the process of promoting internal fracture progression within the sample, and the
remaining part is emitted as thermal energy, electromagnetic radiation energy, and AE energy [27]. Therefore, based on the ther-
modynamic principles, the total strain energy (U) in specimen deformation failure is related to elastic strain energy (U¢), plastic strain
energy (U%), and release energy (U") as follows [28,29]:

U=U+U'+U" @

However, for natural sandstone samples, U" is much smaller than U. Therefore, the plastic strain energy of the sample is calculated
using U and U° [30,31]:

UV'=U-U* ()]

U and U° can be represented in the principal stress space as follows [32]:

U= /O’ld81 +/O’2d82+/63d83 (3)

1
U =3 (01€ + 028, + 03¢5) (©))
where, o; represents the three principal stresses, ¢; is the three-dimensional strain, and &{ represents the three-dimensional elastic
strain.
Considering that only the axial stress 61 performs work on specimen during uniaxial compression testing, Egs. (3) and (4) can be
simplified as follows:

U:/O'ldé‘l (5)

U¢ :%mei = iaf 6)
where, E represents the elastic modulus of the sample.

Fig. 5(a—c) displays the evolvement curve of the strain energy for a typical sample. Before reaching the peak stress, as the axial
stress increases, the extent of microcrack closure in the sample increases, the stiffness increases, and the input energy required to drive
the sample to undergo unit strain increases. U exhibits a nonlinear concave evolution characteristic. After reaching the peak stress,
macroscopic cracks cause a rapid deterioration of the load-bearing structure of the sample, the stiffness decreases, and the input energy
required to drive the sample to undergo unit strain decreases. U exhibits a nonlinear convex evolution characteristic. Using the damage
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threshold as a reference, it can be observed that the evolution curves of U¢ and U? are roughly separated into 5 phases. (1) During the
crack closure phase, there are many microcracks inside the sample that have not yet closed. The stiffness of the sample is relatively low,
and the input energy is mainly dissipated during the process of driving the closure of microcracks. U? closely matches the U evolution
curve, and U° remains close to zero. (2) When moving into the elastic deformation phase, the main microcracks inside the sample are
closed, forming a load-bearing structure together with the sample matrix. The input energy is primarily saved as elastic strain energy.
U* increases rapidly, and its evolution curve quickly approaches the U evolution curve. The U“ curve remains relatively stable. (3)
During the steady fracture propagation phase, the core load-bearing structure of the sample remains unchanged, but microcracks
inside the core of the sample begin to rapidly nucleate and develop. The stiffness of the sample begins to decrease. Therefore, both U*
and U“ show a rising tendency. The increase speed of U progressively increases, while it decreases progressively for U¢. (4) In the non-
stable crack propagation stage, microcracks inside the sample intersect to form macroscopic cracks, leading to the rapid release and
redistribution of stress inside the sample. As a result, the growth rate of U° significantly decreases, while the growth rate of U?
significantly increases. (5) During the post-peak phase, upon reaching the peak stress, the specimen hits its energy storing limits, and
macroscopic cracks penetrate the sample, causing it to fail. A large amount of U* is converted into U“.

The statistical characteristics of U, U, and U? correspond to the stress thresholds 6., 6.;, 6c4, and o, are presented in Table 2. As
shown in Fig. 6, for the thick hard roof sandstone samples, the average U¢, U? and U corresponding to occ are 15.62 kJ/m?>, 35.10 kJ/
m?, and 50.72 kJ/m?>, respectively. When the axial stress of the thick hard roof sandstone samples reaches o,;, the average U¢, U¢ and U
increase to 64.12 kJ/m?, 55.99 kJ/m?, and 120.11 kJ/m?, separately, increasing by 310.41 %, 59.53 %, and 136.81 %, separately, in
comparison with the end of the previous damage stage. When the axial stress of the thick hard roof sandstone samples reaches 6.4, the
average U*, U? and U increase to 189.25 kJ/m3, 62.41 kJ/m?>, and 251.66 kJ/m>, respectively, which is an increase of 195.14 %, 11.47
%, and 109.53 % in comparison with the termination of previous damage phase. When the axial stress of the thick hard roof sandstone
samples reaches 6, the average U¢, U? and U increase to 302.46 kJ/m?, 92.93 kJ/m?, and 395.39 kJ/m?, respectively, representing an
increase of 59.82 %, 48.89 %, and 57.11 % compared to the end of the previous damage stage.

To further discuss the evolution of strain energy in the course of stress-strain, the concept of plastic strain energy increment is
introduced to characterize the energy dissipation within any loading step. This parameter is calculated based on the formula below:

AU () = U (t+ Ar) — U(r) 7

where, AU?(t) represents the increment in plastic strain energy, U? () represents the plastic strain energy at time t, and Az represents
the time interval.

Fig. 7(a—c) depicts the evolution of the plastic strain energy increment with axial strain during the compression test, with a
magnified view on the right side. As can be seen, the plastic strain energy increment shows distinct stages. Using the damage threshold
as a reference point, the evolution of the strain energy increment is separated into the below five phases. (1) During the crack closure
phase (OA), the growth in plastic strain energy is induced by the closure and compaction of pre-existing microcracks inside the thick
and hard sandstone specimen, resulting in a gradual increase in the plastic strain energy increment. (2) Upon entering the elastic stage
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Table 2
Characteristic strain energy of coal samples.
Strain energy No. Occ Oci Ocd op
U (kJ/m3) S1 30.33 101.29 256.3 367.63
S2 58.35 127.05 247.36 354.07
S3 63.48 131.99 251.33 464.46
U¢ (kJ/m3) S1 7.86 54.71 201.34 289.96
S2 19.19 69.46 184.52 273.11
S3 19.82 68.19 181.88 344.3
U? (kJ/m3) S1 22.48 46.59 54.96 77.67
S2 39.16 57.59 62.83 80.96
S3 43.66 63.8 69.45 120.16
4001

(O8]

S

[«)
y

Strain energy (kJ/m?)
s> 3
< 2

Stress threshold

Fig. 6. Characteristic strain energy of samples.

(AB), as the axial stress level increases, further compression and closure of microcracks inside the thick and hard sandstone specimen
occur. However, the increment in plastic strain energy reaches a relatively stable state. (3) After entering the stage of stable crack
propagation (BC), microcracks within the thick and hard sandstone specimen continue to develop and expand. The opening of
microcracks gradually becomes dominant, leading to another slow increase in the plastic strain energy increment. (4) Upon entering
the stage of unstable crack propagation (CD), microcracks inside the thick and hard sandstone specimen interconnect, forming
macroscopic cracks. This results in the rapid release and redistribution of internal stresses within the specimen. Simultaneously, the
plastic strain energy increment begins to experience a significant increase. (5) When the rock specimen reaches its peak stress (D-),
almost complete penetration of macroscopic cracks reduces the load-carrying capacity of the specimen, causing the plastic strain
energy increment to exhibit an overall decreasing trend, except for several instances of sharp increases.

4.2. Damage evolution

As described earlier, dissipative energy is primarily employed for driving the initiation and development of microcracks within the
specimen, thereby promoting irreversible damage to the sample. On the other hand, elastic strain energy is primarily utilized for
facilitating elastic deformation within the specimen, which recovers with the release of elastic strain energy as the load is removed. To
quantitatively study the development of damage during rock deformation and failure processes, the proportions of elastic strain energy
and dissipative strain energy to absorptive energy during any load condition are determined as the elastic strain energy proportion (P,)
and the dissipative strain energy proportion (P,), respectively. These ratios serve as indicators of the intactness and degree of damage
in the specimen.

As shown in Fig. 8(a—c), during the specimen’s failure process, P, and P, exhibit strong regularities. Due to the presence of natural
defects within the specimen, in the early stages of loading, the absorptive energy in specimen is mainly transformed into dissipative
energy through promoting the closure of natural microcracks, resulting in an initially high level of P, (approximately 0.97), while P, is
only around 0.03. With the gradual growth of axial strain, P, progressively rises while P, decreases, reflecting the optimization of the
load-bearing structure because of the progressive closure of inherent cracks during loading. When the specimen reaches the vicinity of
6.4, P, reaches its peak and gradually decreases, while P, begins to steadily increase. This indicates that the strain softening induced by
the evolution of microcracks inside the rock begins to dominate in a balance with strain hardening induced by the closure of
microcracks. When the specimen reaches the peak stress, P; on the strain curve jumps to nearly 1, while P, undergoes a sharp drop to
nearly 0.
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On the basis of the inherent relation between specimen strain energy evolvement and specimen damage development, this paper
defines P, as the specimen damage variable:

D=1—exp (—Ps/Ps),

(8)

where D represents the degree of damage, while Py signifies the average value of P_d. Py was ascertain with the assumption that the
critical injury state, denoted as Dy, corresponds to complete damage. In practical terms, this is represented by the endpoint on the curve
where Py is considered the critical dissipative strain energy proportion (Pg4). Consequently, Py is calculated by substituting Dy and Pg:

—Py
Pf_ln(l -Dy)’

©)]
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where Dy represents the discrepancy between the critical and minimum values of the dissipative energy proportion.
On the basis of the theory of continuous damage mechanics, the stress-strain behaviour of the specimen can be described as follows
[33]:

61:(1 —l))E()Sl7 (10)

The stress-strain curves fitted using the damage constitutive model are shown in Fig. 9(a—c). The fitted stress-strain curves display
nonlinearity and concave upward tendency during initial load phase and nonlinearity and concave downward trends in the later
loading phase, which closely resemble the strain hardening and strain softening features observed in the tests. Consequently, the
damage constitutive model on the basis of dissipated energy appears to be capable of effectively describing the stress-strain relation of
the thick and hard roof sandstone specimens subjected to uniaxial compression loading.

5. Conclusion

During the research, uniaxial compression experiments were performed on thick hard roof sandstone specimens from a coal mine in
Xinjiang Mining Area, with AE monitoring. The following are the key conclusions drawn from the mechanical performance analysis,
AE count and energy characteristics, and the strain energy-based damage evolution under different confinement conditions:

1. The uniaxial compression tests performed on thick hard roof sandstone specimens unveiled a stress-strain behavior characterized
by distinct and identifiable stages. These stages were categorized as Fracture Closure Phase, Elastic Deformation Phase, Steady
Fracture Expansion Phase, Unsteady Fracture Expansion Phase, and Post-Peak Phase. Furthermore, the curves depicting the AE
energy and accumulative counts demonstrated analogous stage-specific features and exhibited a robust correlation with the stage
division in the stress-strain curve. These findings underscore the importance of utilizing instantaneous axial stiffness as a valuable
tool for gaining in-depth insights into the mechanical response of these specimens.

2. The study utilized the energy conservation theory to investigate the evolution of strain energy density during uniaxial compression
loading. Furthermore, the plastic strain energy increment was introduced to characterize in detail the stage-specific of strain energy
dissipation. The observed correlation between the strain energy-strain curve and the AE energy evolution curve reveals similar

10
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developmental trends and stage-specific characteristics. These findings facilitate better comprehension about the mechanical
behavior and strain energy evolution of the tested specimens, shedding light on their damage mechanisms and structural responses

during compression loading.

3. According to the intrinsic relationship between strain energy evolvement and damage development, the dissipative strain energy
proportion was brought in as a damage variable. After the loading initiation, P, exhibited a gradual decrease - gradual increase -
abrupt rise trend, reflecting respectively the strain softening due to the closure of numerous natural defects in the samples, strain
softening resulting from the extensive development of microcracks, and the sudden failure caused by the macroscopic fracture
penetrating the specimen. A damage constitutive model was developed to account for the strain energy dissipation characteristics
observed in the thick hard roof sandstone specimens. This model effectively captures the complete stress-strain relationship,

including stages of strain hardening, strain softening, and sudden failure.
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