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Abstract: In order to better understand the failure process of water-bearing rocks, samples of water-
bearing sandstone were tested uniaxially. The failure process and the development of internal
cracks were studied through the evolution characteristics of dissipated strain energy and particle
flow simulation. In this study, we found that: (1) The presence of water in sandstone results in a
reduction in energy storage capacity as well as strength. (2) The dissipated energy ratio curve of
sandstone samples and simulated samples’ internal fracture development curve has obvious stages.
The dissipated energy ratio turning point and the rapid fracture development point are defined as the
failure precursor points of sandstone samples and simulated samples, respectively. In both sandstone
samples and simulated samples, the ratio between failure precursor stress and peak strength remains
almost unchanged under various water conditions. (3) The ratio of fracture to dissipated energy
(RFDE) of sandstone is proposed, and interpreted as the increased number of cracks in the rock under
the unit dissipated. On this basis, the fracture initiation dissipated energy (FIDE) of sandstone under
different water cut conditions is determined, that is, the dissipation threshold corresponding to the
start of the development of sandstone internal cracks. (4) The analysis shows that RFDE increases
exponentially and FIDE decreases negatively with the scale-up in moisture content. Further, high
moisture content sandstone consumes the same dissipative strain energy, which will lead to more
fractures in its interior. The research in this paper can lay a theoretical and experimental foundation
for monitoring and early warning of rock engineering disasters such as coal mining, tunnel excavation,

slope sliding, and instability.

Keywords: moisture sandstone; proportion of dissipated energy; precursory damage; PFC simulation;
fracture development

1. Introduction

During deep rock engineering construction, such as coal mining or roadway excava-
tion, high ground stresses are often experienced [1-5]. The disturbance caused by excava-
tion, blasting, and other behaviors during construction is easy to cause the crack expansion
of the rock stratum [6—10]. The groundwater extended suddenly due to the loss of water
resistance in the overlying strata and the connection of the diversion channel [11-16]. The
situation can easily lead to damage to the project, thereby posing a threat to the safety of the
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on-site staff and equipment [17-20]. In addition to bearing overburden, the surrounding
rock of the deep working face is also affected by water immersion. Consequently, it is
difficult to predict the overall failure behavior of water bearing rock based on existing
strength theories and failure criteria. However, researchers have previously demonstrated
that fractures occur as a result of fracture development and energy release caused by the
internal dissipation of energy in the rock [21,22]. Further, by analyzing the fracture process
of water-bearing rock under stress from the perspective of energy change and fracture
development, failure behavior can be predicted more accurately.

Several scholars believe that the existence of water will undoubtedly lead to the weak-
ening of rock masses [23-28]. Yu et al. [9] studied the influence of hydraulic pressure on
coal samples in a saturated water state and found that the moisture content in coal samples
increases exponentially and that their Poisson’s ratio, elastic modulus, peak, and residual
strength decrease linearly or exponentially with the hydraulic pressure. Yao et al. [29]
believed that the change in mineral composition and microstructure decreased sandstone
strength. In addition, at the same moisture content, water with different components has
different deterioration effects on sandstone; distilled water, river water, and ionic water
have increased their degradation influence on sandstone. Noe et al. [30] showed that
the reduction of sandstone fracture toughness and static friction coefficient caused the
weakening of water-bearing sandstone. Lin et al. [31] showed that the durability of rock
weakened because of the increase in rock moisture. The softening mechanism of argilla-
ceous siltstone is different under different moisture contents. The softening mechanism of
rock depends upon its moisture content. A primary softening mechanism occurs when the
moisture content of the bonding water film is less than 1.14%. When the moisture content
exceeds 1.14%, the softening mechanism is primarily affected by the pressure of pore water
and the rebinding effect. Research by Zhou et al. shows that in addition to the moisture
content of a rock deteriorating its strength characteristics, the strength is also affected by
microporous saturation and porosity, and damage in sandstone is generally found around
larger pores [32].

Water plays a significant role in fracture development when studying rock mass
failures [33-39]. Liang et al. [40] conducted triaxial compression tests on water-bearing
sandstone, and results show that the uneven water distribution in sandstone promotes the
development of tensile fractures, and the increase in confining pressure increases shear
fractures. The research of Yao et al. [41] demonstrated that as the coal samples’ water content
increased, more shear cracks occurred, and the increase in shear failure surfaces made coal
and rock more susceptible to shear failure. Chen et al. [42] found that sandstone completely
immersed in the water had mixed splitting shear failure under uniaxial compression, while
partially immersed rock samples were mainly splitting failure. Liu et al. [43] quantified the
evolution of water diffusion degree in sandstone with immersion time. Additionally, Ai
et al. [44] found that with the prolongation of immersion time, the mean pore diameter of
coal samples expanded, new pores were generated, the pore connectivity and permeability
of coal samples were enhanced, and the internal mineral composition and structural
characteristics underwent transformation.

The fracture in the rock material is mainly caused by internally dissipated energy
and is irreversible. Several scholars have studied and predicted the failure of coal and
rock mass through energy [8,19,45-52]. Xie et al. [53,54] studied the relevance between the
dissipated and released energy and the strength and failure of rock in the course of fracture,
established the rock strength loss criterion and damage development equation according to
energy dissipated and releasable strain energy, and established the overall failure criterion
of a rock element. Hu et al. [55] found that in the case of cyclic disturbance, most of the
external energy is converted into dissipative energy. The cyclic disturbance significantly
stimulated and promoted rock damage, and reduced the bearing and energy storage
ability of rocks because energy dissipated led to rock degradation. Luo song et al. [21]
conducted shear tests on red sandstone and granite under different unloading levels for
energy characteristics during rock shear failure. The results show that the total input,
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elastic, and dissipative strain energy increased nonlinearly with the increased unloading
level. Meng et al. [22] analyzed the variation characteristics of the internal energy of rock
under different confining pressures at high temperatures, and found that the energy density
inside the rock increases with the increase in confining pressure and decreases with the
increase of temperature. Luo Yong et al. [56] found that water in rock mass can prevent
the occurrence of stress concentration, thus preventing rock burst, because water reduces
the residual elastic strain energy in rock. Ding et al. [57] carried out uniaxial compression
and cyclic loading-unloading experiments on natural coal blocks under various stress
levels. They obtained the critical value of its damage variable under various stress levels
through research. Li et al. [58] conducted cyclic load tests on sandstone, analyzed its energy
evolution, and investigated that the internal energy of sandstone changes sharply in the
early and late stages of failure and is relatively stable in the middle stage of failure.

In recent years, numerous advances have been made to investigate water-rock in-
teraction, the effect of water on mechanical characteristics, and the influence on crack
propagation. Furthermore, there have also been a number of studies that have been con-
ducted on the energy evolution of rocks in order to gain a better understanding of how
rock failure occurs. However, for water-bearing rocks, the characteristics of energy evo-
lution and the relationship between dissipated energy and fracture development have
not been investigated. The increase in dissipated energy promotes rock failure, and the
accumulation of damage causes the appearance and unstable development of rock cracks.
Therefore, it’s necessary to determine the relationship between dissipated strain energy
and crack development. This paper studies sandstone’s strength deterioration and fracture
process under various water conditions through the dissipated strain energy of sandstone
simulates the loading process of sandstone with various moisture contents using particle
flow software and analyzes the quantitative relationship between the internal crack growth
and the dissipative strain energy. In order to ensure safety, these results can be applied in
mining, tunneling, and other deep rock engineering research.

2. Experimental Project
2.1. Sample Preparation

The experiment is being conducted on samples of sandstone obtained from the work-
ing face of a mine in the Shandong Province of China. As water is often seeping into the
surrounding rock of the mining face, the surrounding rock contains a certain amount of
water, and the amount of water varies from region to region. The sandstone has a density
of 2.18 g per cubic centimeter and is coarse-grained. It is necessary to polish both ends of
the rock sample to ensure their parallelism does not exceed 0.2 mm, and the sample size is
70 mm by 70 mm by 140 mm.

During the preparation of the water-containing sample, the rock samples were placed
in a furnace for 48 h to make the rock sample completely dry, and then immerse the
sample in distilled water. In order to measure the moisture content of the samples, the
rock samples were taken out and weighed regularly. Figure 1 shows that the moisture
content of sandstone increased with immersion time, and the moisture content of sandstone
increased rapidly during the early stages of immersion and then the speed of growth
slowed down. The sandstone’s water content stabilized and became essentially saturated
after approximately 90 h; at this point, the water content was 3.113%.
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Figure 1. Moisture content of the sample changes with time.

2.2. Experimental Scheme

The uniaxial compression test was conducted with the Model C64.106 hydraulic
machine of the China University of Mining and Technology (CUMT). The machine has
the following feature: displacement control, or strain control, from 300 kN to 1000 kN, as
shown in Figure 2. Prior to the test, plastic films were laid on and under the sandstone
samples to reduce the impact of end effects on the test. In order to eliminate specimen
end effects and heat conduction, the ends of the rock samples were wrapped with plastic

before being placed in the loading unit. The loading rate was set during the testing to
0.1 mm/min.

b

d

- [~

!

Figure 2. Experimental equipment. (a) Hydraulic machine; (b) Sandstone sample; (c) Strain gauge;
(d) Plastic film; (e) Strain instrument; (f) Strain data acquisition system; (g) Control system.

In this experiment, 20 sandstone samples were processed. However, to fully reflect
the stress-strain characteristics of moisture sandstone samples, four samples of moisture
sandstone were set in the dry state, the saturated state, and two different moisture contents.
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3. Experimental Result
3.1. Mechanical Parameters

In order to ensure the reliability of the experimental results, a maximum value and
a minimum value are removed from each group of experimental results. Table 1 shows
the statistics of peak strength and elastic modulus of all sandstone samples and their
corresponding moisture contents. Table 1 shows the strength parameters of sandstone with
different moisture contents plotted, as shown in Figures 3 and 4.

Table 1. Moisture content and strength parameters of the samples.

Sample Moisture Content/% Omax/MPa E/GPa
Aq 0 77.182 9.879
Ay 0 73.127 10.730
Aj 0 69.582 9.732
By 0.971 57.162 7.229
B, 1.135 60.315 8.118
B3 0.991 64.258 8.553
C 2.075 46.775 7.549
Cy 2.136 49.138 6.731
Cs 1.954 48.889 6.793
D 3.109 41.585 5.959
D, 3.004 38.018 5.377
D3 3.113 26.516 4.530
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Figure 3. Strength parameters of the samples with different moisture contents. (a) Omay; (b) E.
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Figure 4. Relationship between U, and U, in a rock unit.
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Furthermore, it is evident from the figures that sandstone samples’ peak strength and
elastic modulus reduce linearly and negatively with the increase in moisture content. The
average peak stress of the dry rock sample is 73.70 MPa, while the equally compressive
strength of saturated rock is 35.52 MPa. This revealed that the strength decreases by
51.8% after water saturation and softening. The equally elastic modulus of the dry sample
is 10.11 GPa, while after water saturation and softening the average elastic modulus is
5.29 GPa, which decreases by 47.7%. The presence of water in the sandstone sample will
therefore weaken its peak strength and elastic modulus.

3.2. Energy Characteristics

The assumption that the experiment with the sandstone sample under the load is
done in an ideal environment implies that energy is conserved throughout the experiment.
According to the thermodynamic content, the following formula can be obtained:

U==Uu.+Uy 1)

where U is the total energy input by the press, U, is the dissipated strain energy, and U, is
the elastic strain energy.
According to Xie et al. [53,54], the calculation formula of U, can be obtained:

o2

Ue = 2E,

@

where E,, is the unloading elastic modulus, which can be replaced by E of the sample [59].

The U,; and U, of rock under loading are shown in Figure 4. The total energy U input
by the press is the integral of the stress-strain curve OC, the area of triangle ABC is U,, and
the remaining gray part is U;. Where the slope of AC is E,,.

Figure 5 shows the energy change curve of four groups of sandstone samples with
different moisture contents during uniaxial compression.

As shown in Figure 5, dissipated energy is higher than elastic strain energy in the
compaction stage. The primary pores and microfractures in the sandstone gradually
compress and close, and most of the total energy is dissipated in the compacted fractures.
In the elastic stage, the fractures in the sandstone sample have been compacted, at this time,
the structural properties of the rock sample are basically reversible, which can be assumed
to be isotropic materials, and most of the energy is stored in the sandstone as elastic strain
energy. In the plastic stage, the sandstone sample begins to show plastic deformation, and
most of the energy of the press is still transformed into the form of elastic strain energy,
but dissipated energy has increased, indicating that cracks have started to grow in the rock
when approaching the compressive limit. The elastic strain energy is close to the energy
storage limit of the sandstone sample, the internal cracks develop rapidly, the cracks further
expand and grow, and most of the energy of the press aggravates the internal damage of
the sandstone sample in the form of dissipated energy. After the peak stress, because of
the degradation of dissipated energy, elastic strain energy in the rock is released rapidly,
resulting in the overall failure of the sandstone sample.

Figure 6 shows total energy, elastic strain energy, and dissipated energy at the peak
stress of sandstone with four moisture contents.

The internal energy change of sandstone samples under the four water conditions
is generally similar, as shown in Figure 6. It revealed that the water condition affects the
specific energy values. The total energy and elastic strain energy of the rock peak stress
point decrease linearly as water content increases, while the dissipated energy decreases
nearly exponentially. In conclusion, increasing water content reduces sandstone’s ability to
store energy.



Sustainability 2023, 15, 1769

7 of 20

80 0.5 65 0.35
— Stress — Stress
Total strain energy Total strain energy
Elastic strain energy 404 52+ Elastic strain energy 0.28
60 = Dissipated strain energy = Dissipated strain energy
£ {03 §  E390} 021 §
2 s 2 &
@ o @A >
s g 8
7] 10.2 [.S A 26 + 0.14 lf]
20
0.1 13F 0.07
0l N 1 0.0 0 . ! 0.00
0.000 0.003 0.006 0.009 0.012 0.015 0.000 0.003 0.006 0.009 0.012
Strain Strain
(a) (b)
50 0.30 50 0.20
e Stress e Stress
== Total strain energy = Total strain energy
40 F Elastic strain energy 0.24 40 | = Elastic strain energy
= Dissipated strain energy = Dissipated strain energy 0.15
30} 018 §  &£30f g
= = = =
S 2 2 0.10 3
g 5 & 5
G20 0.12 g S 20 2
0.05
10} 0.06 10|
0 L . . 0.00 0 L L . 0.00
0.000 0.003 0.006 0.009 0.012 0.000 0.003 0.006 0.009 0.012
Strain Strain
(c) (d)
Figure 5. Samples energy evolution curve under different water-bearing conditions. (a) Ay; (b) By;
() Cy; (d) Dy
0.35 0.30
o
030F Q@ « 025F
e ° ° g 8 °
° 025} =
3 0 50.20 - o0
20 3
Zo20f ° 2 )
g ° = 0.15F
§ 0.15 ) ° ) °0
— Q
£0.10 goor
L <
= Y m o
0.05 | 0.05 -
0.00 ) | . . 0.00 | | ) 1
0 1 2 3 0 1 3
Water content/% Water content/%
(a) (b)
0.07
. 0.06F
g
©
E‘ 0.05
of
5004t
E °
g
% 0.03 o
o
3 8 °
2002}
2 o Qo
[ 0.01 | o
0.00 L ! !
1 2 3

Water content/%

(©)

Figure 6. Variation of different types of strain energy with moisture content. (a) U; (b) U,; (c) Uj.



Sustainability 2023, 15, 1769

8 of 20

80

D
(e
T

Stress/MPa
~
S

20

0
0.000

50

40 b

Stress\MPa
w
S
o>

0
0.000

0.003

0.003

4. Precursory Damage

The dynamic transformation occurs when rock energy changes during loading from
initial compaction to eventual complete failure. The press converts the energy it applies
into irreversible dissipated energy and reversible elastic strain energy. The dissipation can
accelerate the closure and growth of sandstone fractures, deteriorate internal damage, and
ultimately cause sandstone to deteriorate and lose its strength. In addition, the sandstone’s
elastic deformation stores elastic strain energy. When the sandstone’s energy storage
limit is reached, a sudden release of energy causes the rock to fracture completely. The
dissipated energy leads to the internal fracture and deterioration of the sandstone, and
elastic strain energy causes the final fracture. It is inferred that the failure of sandstone is
comprehensively affected by dissipated energy and elastic strain energy. These two parts of
energy are transformed from the total energy input from the outside, and their proportions
differ in different rock loading stages. Therefore, studying the proportion of dissipated
energy in the total energy can more accurately reflect the damaged characteristics of rock
in the loading process, and then more accurately predict the fracture of sandstone. Figure 7
shows the change in the proportion of dissipated energy of four sandstone samples with
different water cut states during loading.

1.0 60 E 1.0
10.8 S50 F 10.8
40 F
{0.6 & 106
8 p= A .2
g gof &
10.4 a2 104
20 F
40.2 ol 10.2
0.0 0 — 0.0
0.006  0.009 0.012 0.000 0.003 0.006 0.009 0.012
Strain Strain
(b)
1.0 o 1.0
40
40.8 0.8
30
& 0.6
10.6 10.
g 2 A &
S B2 F
104 »n 10.4
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0.006 0.009 0.012 0.000 0.003 0.006 0.009 0.012
Strain Strain

(c) (d)
Figure 7. Curve of U;/U Ratio Changing with Strain. (a) Ay; (b) By; (¢) Cp; (d) Dy.

As shown in the figure, the proportion of dissipated energy of sandstone samples
in four moisture-bearing states has experienced the “descending ascending” process. In
addition, combined with the study of the energy dissipation proportional curve and the
literature, the loading process of each moisture content sample can be divided into four
stages before the peak stress [60]. Further, the nonlinear part A in the front of the dissipative
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energy ratio curve is set as the compaction closing stage, the linear phase B in the middle is
set as the elastic deformation stage, the descending section C in the nonlinear rear part is
set as the stable crack growth stage, and the ascending section D in the nonlinear rear part
is set as the unstable crack growth stage.

When the sandstone sample reaches the stage of unstable crack propagation, the
further propagation of its internal cracks does not need to increase the stress drive, and
the cracks will expand uncontrollably until the sandstone is finally destroyed. As a result,
the point at which the energy dissipation ratio curve turns from falling to rising may be
considered the failure precursor point of the water-bearing sandstone sample.

Furthermore, when the rock sample has not yet reached the peak stress point but has
reached the stress of the precursor (0pre) point, the internal fractures of the rock have been
highly developed, and its instability and failure are inevitable.

Table 2 shows the 0pre and omax of all sandstone samples and their ratios. Figure 8
shows the comparison of Opre/ Tmax of group A, B, C, and D sandstone samples, and
Figure 9 shows the straight-line fitting results of these ratios.

Table 2. 0pre, Omax, and their ratio of sandstone samples.

Moisture

Sample Content/% opre/MPa O max/MPa O pre/ Cmax
Aq 0 72.10 77.18 0.93418
Ay 0 62.88 73.13 0.85984
Az 0 60.10 69.58 0.86375
B 0.971 52.26 57.16 0.91428
B, 1.135 53.69 60.31 0.89023
B3 0.991 57.07 64.26 0.88811
Cy 2.075 4541 46.77 0.97092
Cy 2.136 45.29 49.14 0.92165
C3 1.954 43.45 48.89 0.88873
Dy 3.109 37.19 41.59 0.89421
D, 3.004 36.28 38.02 0.95423
D3 3.113 24.04 26.52 0.90649
1.2
1.0+
Q Q Qa 00
Q A" A" ™ J
0.8 |
2
=0.6F
a4
Ratio =0.907
04
0.2}
0‘0 1 1 1 1
0 1 2 3

Water content/%

Figure 8. Fitting results of 0pre/Tmax-
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Table 2 shows that the average value of 0pre /max for 12 sandstone samples is 0.90722,
and the sample variance is 0.00114. In addition, Figure 8 illustrates that opre/Tmax of
sandstone samples with different moisture contents is very close, and there is no obvious
change with the scale-up of moisture content. As a result, water-bearing sandstone under
load exhibits a stress threshold in the course of deformation and incomplete failure. The
sandstone samples reach the threshold of strength when their stress level reaches the
threshold. Although they have not yet reached their peak strength, their internal fractures
have been substantially developed at this point. It is likely that rock will continue to
develop rapidly, resulting in rock failure. The strength of this threshold value decreases
with the rock’s moisture content. Still, the ratio of this threshold value to the peak strength
Tpre/ Umax does not obviously increase or decrease with the change of moisture content,
approaching a certain value. During this experimental study, it was determined that the
threshold value of sandstone failure precursors at different water-moisture content states is
approximately 0.907 of the peak strength of the rock.

5. Fissure Development

The dissipative strain energy drives the development of fractures in sandstone under
uniaxial loading, while the rapid development of fractures promotes the instability and
failure of sandstone samples. It is difficult to study the distribution and quantity of
fractures in rock directly at the mesoscale by using actual experimental methods. Currently,
computer performance and numerical simulation methods have made great progress,
and numerical simulation has become a cost-effective research resource. The numerical
simulation methods are divided into continuous and discrete elements. The discrete
element can better simulate the nonlinear mechanical properties of rock. The model
consists of balls, walls, and contacts in the particle flow dispersion element simulation
software (PFC2D). Rigid spherical particles of different sizes are combined by bonding
to form a simulated rock mass. Their mechanical properties depend on the geometric
and mechanical properties of particles and bonding, which better reflect the geometric
characteristics of discrete materials in discontinuous media and explain the nonlinear
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deformation and failure of the rock mass. Therefore, PFC simulation software is widely
used in research related to coal and rock mass fragmentation [38,48,61-63]. The particle
flow dispersion element method is adopted in this research to establish a numerical model
of sandstone and analyze the internal fracture development law of sandstone samples
under different moisture contents in the loading process from the meso level.

The size of the numerical simulation sample in PFC2D is 70 mm x 140 mm, the particle
size is 0.5-0.75 mm, and the number of particles is 6922.

The fitting functions of strength parameters of sandstone samples with different
moisture contents are obtained through experiments. The simulated sandstone samples
can be simulated through these fitting functions. The E and o max can be calculated using
Equations (3) and (4), respectively. The fitting functions are shown in Figure 3.

E = 13.04e%/705 _ 302 (3)

Omax = 73.31 — 12.29w @)

where w is the water contents

The elastic modulus fitting function is similar to the research results in reference,
which further confirms that the E of sandstone samples decreases exponentially negatively
under the action of water.

According to the Mohr-Coulomb criterion:

_ 2Ccos ¢ 1+s'1nq)0
" 1—sing  1—sing °

o1 ©)
Further, uniaxial compressive strength and uniaxial tensile strength can be calculated

by using Equations (6) and (7).
2Ccos ¢

OUmax = m (6)
_ 2Ccos¢
7 Tising 7

Cohesion and tensile strength of water-bearing rock samples can be obtained from
Equation (5) and fitting Formula (4):

c= 1759 7331 12200) ®)
2cos ¢

or = LTSN 5331 12200) )
1+sing

Several researchers have demonstrated that the change in cohesive force of rock in a
water-bearing state is more obvious than the change in internal friction angle, and it has
been noticed that the selection of friction angle has less of an impact on simulation results
when they are being run [31]. Therefore, it is presumptively true that the internal fracture
angle (F) of simulated sandstone samples in each water content is the same in simulation
and that its value has been established to be 26° through repeated tests. Four groups of
moisture contents of 0%, 1%, 2%, and 3% are also set in the simulation in accordance with
the actual test protocol. Four groups of simulated sandstone samples are shown in Table 3
along with their strength parameters.

The four groups of simulated sandstone samples and actual experimental rock samples
are compared for stress and strain results in Figure 10. According to the comparison shown
in Figure 10, it is possible to simulate the uniaxial compression process and strength char-
acteristics of sandstone in various water-bearing states using PFC2D software. However,
the numerical simulation is unable to accurately represent the first stage of compression
in sandstone, which means that the strain at peak stress of the simulated sample cannot
accurately match the actual experimental value.
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Table 3. Strength parameters.

Moisture

Sample Content/% E/GPa C/MPa F/ o/MPa
A 0 10.02 22.90 26 28.62
B 1 8.30 19.06 26 23.83
C 2 6.80 15.22 26 19.03
D 3 5.50 11.38 26 14.23
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Figure 10. Comparison of simulation and experimental results. (a) A; (b) B; (c) C; (d) D.

In studying the development of cracks and fissures in sandstone at different stages
during loading, the fish language in PFC is used to obtain the change in the number of
cracks in the simulated sample. Figure 11 shows the development of cracks in the simulated
sample under uniaxial compression under four moisture contents.

Figure 11 shows that the simulated sample’s fracture development has distinct stages,
which is very similar to the changing characteristics of the dissipated energy in Figure 7.
As a result, the loading process of the simulated sample is divided into three stages: unde-
veloped fracture stage a; slowly developed fracture stage b; and rapidly developed fracture
stage ¢, according to the fracture development curves of the four groups of simulated
samples. Figure 12 shows a sandstone simulation sample A as an example. This revealed
the sample’s fracture development during the slow and rapid development stages and after
complete failure.



Sustainability 2023, 15, 1769

% Precursor
7() | —Stress
e Fractures
60 -
< 50 -
% 40 a
fo)
Z30f
20
10
0.000 0.003
Strain
70
% Precursor
—tress
60
= Fractures
S0
&
40 -
230+
7]
20 F
10 F
0.000 0.003 0.006
Strain
(c)

0.006

0.009

2000

1 1500

4 1000

Fracture

1500

0.009

0.012

2000

41500

41000

Fracture

41500

0
0.015

0
0.000 0.003 0.006 0.009
Strain
(b)
40

30
[
o
% 20
=
»n
10
0
0.000 0.003 0.006  0.009 0.012
Strain
(d)

2000

11500

4 1000

Fracture

1500

0
0.012

2000
1500

1000

Fracture

500

0
0.015

Figure 11. Fracture development of simulated samples. (a) A; (b) B; (c) C; (d) D.

(a)

Figure 12. Cont.




Sustainability 2023, 15, 1769

14 of 20

Figure 12. Fracture development of rock samples at different stages. (a) Slow development stage;
(b) rapid development stage; (c) post-destruction stage.

The internal cracks of the sandstone sample are highly developed, and the number
of cracks increases quickly until the sample is destroyed, according to the cloud diagram
of crack development, which is very similar to the unstable growth stage divided in
accordance with the dissipative energy proportion curve in Section 4. As a result, the
simulation sample’s failure precursor is determined to be the beginning of the rapid crack
development stage. Table 4 shows 0pre/0max of four groups of simulation sandstone
samples A, B, C, and D.

Table 4. 0pre, Omax, and 0pre / 0'max of simulated sandstone samples.

Sample Moisture Content/% opre/MPa Omax/MPa O pre/ Cmax
A 0 67.70 73.39 0.92249
B 1 54.94 60.89 0.90240
C 2 43.45 48.74 0.89145
D 3 31.61 36.49 0.86625

It can be seen that the 0pre/0max of the simulated sandstone samples under different
moisture contents is very close to that in Table 4, which is consistent with the conclusion
of the experimental analysis. However, the 0pre /max of the simulated sample is 0.89565,
which is lower than the result of the actual experiment. This difference may be because
the simulated sample cannot simulate the compaction stage in the loading process of the
sandstone well.

In general, the actual sandstone experiment and the simulated sandstone experiment
are consistent in characterizing the failure of sandstone samples from the perspectives of
dissipated energy and fracture development, respectively. This can be verified from the
change in dissipated energy in the peak and fracture development of the simulated sample
during loading, as shown in Figure 13.
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As shown in Figure 14, the fracture development is closely related to the dissipated
energy. A linear fit is used to determine the relationship between fracture development
in rock samples caused by dissipated energy under varying moisture content conditions.
Figure 15 illustrates the relationship between the number of fractures before the peak and
the dissipated energy of four different moisture content simulated rock samples during
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Figure 15. RFDE and FIDE change curves of simulated samples under different moisture contents.

(a) RFDE; (b) FIDE.

There is a strong linear correlation between the amount of crack development and the
rise in dissipated energy, as shown by the fact that R? does not fall below 0.95 in any of the
four groups of simulation samples. The Equations (10)—(14) revealed the four groups of
simulation sample data that fit function relationships.

The relationship between the quantity of fracture development and the dissipated
energy of simulated sample A is as follows:

F =9951.69U,; — 27.72 (10)

The relationship between the quantity of fracture development and the dissipated
energy of simulated sample B is as follows:

F = 11858.73U,; — 17.28 (11)

The relationship between the quantity of fracture development and the dissipated
energy of simulated sample C is as follows:

F = 14811.27U,; — 9.66 (12)
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The relationship between the quantity of fracture development and the dissipated
energy of simulated sample D is as follows:

F = 20497.45U; — 2.51 (13)

It can be seen that the relationship between the number of fractures developed and the
change in their dissipated energy in the simulated samples with different moisture contents
is a function of:

F=al;—b (14)

where a and b represent the slope and intercept of the fitting curve, respectively.

When there are no fractures, the dissipated energy equals b/a, where a is the fracture
to dissipated energy ratio (RFDE), and b/a is the fracture initiation dissipated energy ratio
(FIDE). The RFDE denotes the number of cracks in the specimen caused by dissipation.
Only when the dissipated energy reaches this value will the simulated sample begin to
crack. Figure 15 depicts the RFDE and FIDE change curves of simulated samples with
varying water contents.

According to Figure 15, the RFDE and FIDE both grow and change adversely with
water content. It means that as rock water content rises, the same energy that was dissipated
can result in the development of more fractures in sandstone. The amount of energy that
must be dissipated for fracture development to occur decreases with increased water
content. In conclusion, internal fractures in sandstone are easier to develop when they have
a higher water content than when they are dry.

6. Conclusions

(1) The peak stress, total strain energy, and elastic strain energy at the peak strength of
sandstone decrease linearly with an increase in moisture, while elastic modulus and
dissipated energy decrease negatively.

(2) According to the ratio curve of dissipated energy, the starting point of the unstable
crack development stage is taken as the precursor point of rock failure. The opre /0max
of sandstone samples under four moisture contents is very close, about 0.907 of the
peak stress.

(3) The strength parameters obtained from the fitting function of uniaxial omax and E of
sandstone samples can be used to simulate the strength characteristics and fracture
characteristics of sandstone under various water-bearing conditions in the particle
flow simulation software PFC. According to the simulated fracture development
curve, the starting point of the rapid fracture development stage is taken as the failure
precursor point of the simulated sandstone sample. The Tpre /0 max Of the simulated
rock samples with different moisture contents is nearly identical, about 0.896 of the
peak strength.

(4) There are four types of water content simulation. Rock samples are used to determine
the relationship between the number of fractures and the change in their dissipated
energy. The increased number of internal fractures in rock under the action of unit
dissipated strain energy (RFDE) is proposed to be used to calculate the fracture energy
consumption ratio of sandstone. On this basis, the dissipative energy of fracture
initiation (FIDE) is defined as the dissipative energy associated with the initiation of
fractures in sandstone.

(5) The RFDE of sandstone increases exponentially, and FIDE decreases negatively. Water
promotes fracturing. High-water-content sandstone can generate more fractures with
the same dissipated energy, but it needs less energy to start fracture formation.
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