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Abstract: The stress-sensitive of seepage characteristics after rock fracture has a crucial effect on the
formation and closure of seepage channels, and it is important to study the sensitivity of fracture
permeability for engineering seepage prevention. The aim of the current study was to investigate
the permeability law of different fracture modes under unloading action. Firstly, the physical and
mechanical parameters of the Voronoi polygon block and joint were fitted with rock properties
obtained in the laboratory based on the fracture characteristics of triaxial seepage experiment samples.
Crack reconstruction technology and a new hydraulic parameter fitting method were used to obtain
the hydraulic aperture of microjoints and macrocracks. Then, six single crack models and four models
based on typical fracture characteristics of rock samples were established to study the variation
of the hydraulic aperture of microcracks and macroscopic cracks in unloading environment and
the morphology of the main seepage passages, to explore the seepage characteristics of different
angle cracks under different unloading stress paths, and to analyze the law of seepage variation of
different crack forms under different stress environments. The results indicated that a horizontal
hydraulic aperture is more sensitive to axial stress than a vertical hydraulic aperture and that a
vertical hydraulic aperture is more sensitive to confining stress than a horizontal hydraulic aperture.
For a single crack model, the sensitivity of a 70–90-degree crack to confining pressure is greater than
that of a 40–60-degree crack. The axial stress sensitivity of a 40–60-degree crack is greater than that of
a 70–90-degree crack. For a typical fracture model, under the same stress conditions, the sensitivity of
four typical cracks to confining pressure is greater than that to axial pressure.

Keywords: crack patterns; fissure seepage; hydromechanical coupling; discrete element simulation

1. Introduction

Fractured rock mass contains a large number of macroscopic discontinuous surfaces such as
microcracks, pores, and joint fissures, and their existence provides places for storage and migration of
groundwater. The mining disturbance of underground works breaks the stress balance of the original rock
and causes superposition of the original rock stress and the mining stress. The change in stress field often
causes internal defects of the fractured rock to deteriorate further to form macroscopic cracks, resulting
in a dramatic change in the permeability of the fractured rock mass which directly threatens the safety
of underground engineering [1–5]. According to statistics, more than 90% of rock mass slope damage is
related to groundwater permeability, 60% of mine accidents are related to groundwater, and 30–40% of
dam accidents in hydropower projects are caused by osmosis [6]. Therefore, it is necessary to study the
deformation and permeability characteristics of coal rock in the fracture zone of underground space.
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The permeability and hydraulic coupling of rock mass have been hot topics in recent years. Domestic
and foreign scholars have carried out correlation research on the mechanical characteristics and the
permeability evolution rules of coal rock. In order to overcome the limitations of rock properties studied
in in situ tests, Pratt et al. [7] carried out continuous tests on granite blocks in situ using different research
methods (field and laboratory tests). Load paths included uniaxial, biaxial, and proportional stress, uniaxial
“strain”, and “direct shear” tests. They compared and analyzed the deformation, wave velocity, resistivity,
permeability, and other research methods, and studied the correlation between the stress action direction
and permeability. Kranz et al. [8] conducted a seepage experimental study on granite with complete and
jointed joints and analyzed the relationship between joint roughness and the permeability coefficient.
Chen [9] used a Realistic Failure Process Analysis (RFPA) numerical simulation and seepage experiment to
study the mechanical behavior and permeability characteristics of sandstone under different surrounding
rocks stresses and different pore pressures. Zhu et al. [10,11] studied the seepage characteristics of porous
sandstone with a confining pressure of 13–550 MPa and pore water pressure of 10 MPa through the
laboratory seepage experimental method and analyzed the influences of stress and failure mode on
the axial permeability of sandstone and found that the change in permeability is closely related to the
mechanical load path. Wang et al. [12] measured the permeability law of sedimentary rock in the process of
total stress and strain and found that before the peak strength is reached, the permeability decreases with
an increase in stress, and in the strain-softening stage, the permeability decreases significantly. At present,
a large number of research work is focused on the evolution of rock permeability during the process of
loading, and in fact, the excavation of underground chambers and the formation of seepage passages
during the coal mining process is mainly affected by essential differences in the rock unloading behavior,
rock under unloading, the loading conditions of the mechanical properties, permeability characteristics,
etc. [13–15]. In order to fit the real stress environment of rock mass engineering, the permeability
characteristics of rock under the unloading stress path must be studied in-depth.

In general, the research methods of rock seepage characteristics include field measurements,
laboratory triaxial seepage experiments, and numerical simulation methods. The rock permeability
obtained by the field measurement method is usually reliable, but because of the complicated
engineering geology conditions and the expensive test cost, field measurement has not been widely
applied [16–18]. At present, the permeability tests of coal and rock samples are carried out in the
laboratory and seepage experiments can provide scientific researchers with valuable data; however,
the seepage experiment system is a confined space, so the hydraulic aperture changes in microscopic
and macroscopic cracks cannot be monitored during the experiment, and the fracture modes of
rock samples cannot be predicted after the peak. It is impossible to quantitatively analyze the pore
connectivity and fluid seepage path, and a seepage experiment of an intact rock sample cannot
provide information about the strength, deformation, and seepage of rock samples with different
fracture forms. In recent years, with the rapid development of computer computing performance,
the numerical simulation method for rock permeability has been done more often. The most commonly
used numerical simulation methods include the finite element, discrete element, and finite-discrete
mixed models [19,20]. In the finite software, during the process of deformation, the material points
of the study area still maintain the adjacent relationship of the shape and are unable to simulate the
fracture and separation process of the block. The continuous method has difficulty presenting the
microscopic and macroscopic crack morphologies, and the seepage process of the fluid is simulated
by giving the block water mechanical parameters [21]. Compared with the finite element method,
the discrete element and hybrid methods can simulate the movement and separation of the block.
In the discrete element method (DEM), the rock is simulated by the joint between the polygon block
and the block. The polygon block cannot be destroyed. The fissures are generated along the edge of
the polygon, and the initiation, expansion, and closure of joints between polygonal blocks can simulate
the formation of fractures in rock by simulating the responses of microscopic and macroscopic cracks
under stress load. The fluid cannot pass through the block, and the fluid flow process can be simulated
by giving hydraulic parameters to the joints [22,23].
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Because of the complex morphology and uneven distribution of the pore structure, researchers
have selected fracture models to carry out seepage experiments. The influence of the macroscopic
crack angle and crack model on the seepage characteristics has not been addressed in the literature.
In fact, different crack angles and different fracture modes of rock samples have great influences
on the seepage flow. In order to deepen the understanding of the permeability law of different
fracture modes under unloading action, this paper considered the intrinsic advantages of DEM in
simulating fracture seepage. The Udec polygon method was used to study the seepage characteristics
of sandstone without filling fissure. The crack reconstruction technique, based on the fracture feature
of experimental rock samples, was used to establish two kinds of stress–water coupling numerical
models: (1) the variable-angle single-crack model and (2) the typical fracture model based on the
fracture characteristics of a rock sample. The established models were used to study the variation in
the hydraulic aperture of microcracks and macroscopic cracks in an unloading environment as well as
the morphology of the main seepage passages. The seepage characteristics of different angle cracks
under different unloading stress paths were explored, and the laws of seepage variation of different
crack forms under different stress environments were analyzed.

2. Materials and Methods

2.1. Study Case

This paper focuses on a sensitivity analysis of the seepage characteristics of macroscopic crack
sandstone. The rocks samples were taken from Laosangou coal mine, located 15 km northwest of
Xuejiawan town, Jungar banner, Erdos city, Inner Mongolia, as shown in Figure 1a. Laosangou
coal mine is located in the Eastern part of the Loess Plateau of Ordos, with a high north and a low
south. The area of Loess covers a wide range with a large thickness and contains local Aeolian sand.
The landform of the landscape of the Loess plateau is affected by flowing water, wind erosion, and
other external forces. The highlands are known as Liang Mao, and below them is the gully which
criss-crosses the area. The vegetation is scarce. The design of the Laosangou coal mine’s first coal
seam is #6 coal mine. Through the old three ditch coal mines in the early mining area of the #6 coal
seam, a large amount of drilling data has been collected for mathematical statistics. The coal seam
is buried deep—459.00–706.63 m of it can be mined—with an average depth of 573.54 m. The seam
thickness is 8.51–33.04 m, with an average of 19.84 m. The local area of the mine hole distribution
is shown in Figure 1b. The ZKJ612 Drill column diagram is shown in Figure 1c. This paper mainly
focuses on the study of sandstone at a buried depth of around 570 m. The direct water-filled aquifer
of the main coal seam in Laosangou mine field comprises coal seam and the roof and floor aquifers.
The water-rich water is weak–medium, and the type of exploration in this area is two category two
type, that is, the hydrogeological condition of the fissure aquifer is medium deposit.
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Figure 1. Geological situation of the study area. (a) Location of the study site. (b) Plan of drill hole
distribution. (c) Stratigraphic column.

2.2. Contact Constitutive Model

Many studies have shown that the Udec 2D polygon is a common DEM that can reliably simulate
the mechanical behavior of rocks under laboratory and field conditions [24–27]. The strength of rock
mass is mainly controlled by the properties of joints between blocks. There are two modes of failure
for each joint (tensile and shear damage) [28,29]. Based on the Molar Coulomb criterion and the
strength properties of the joint surface (cohesive force C, internal friction angle (Φ), tensile strength (t)),
the judgment was made that (1) when the normal stress (σn) is greater than the joint tensile strength
(T), tensile failure occurs at joints, and the normal stress and shear stress values of the joints are 0 and
(2) when shear failure occurs in the joints, the shear stress (τs) should meet the following conditions:

|σn| ≥ T, (1)

|τs| ≥ C + |σn| tan φ = τmax. (2)

In the formula, C is the joint cohesion, Φ is the joint friction angle, and σn is the normal stress on
the joint surface. The constitutive model of the jointed joints is shown in Figure 2.
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The fluid can only flow in the joints between the polygonal blocks [23] (Figure 3). The flow
calculation formula of joints between two block planes is as follows.

q =
kbax4 p

l
, (3)

k =
1

12µ
. (4)

The parameter k is the permeability coefficient of the joints, a is the width of the crack, b is the
empirical coefficient, µ is the fluid viscosity, x is the crack aperture index, l is the length of the joint
fracture, and ∆P is the pressure between the domains. The cubic law is now widely used: x = 3 and b
= 1. Under the action of external force, polygon blocks deforms, resulting in displacement of joints
between two block planes, and thereby causing the hydraulic aperture of joints to change, as shown in
Figure 4. The hydraulic aperture of joints is calculated by the following formula.

a = a0 +4a, (5)

4 a =
σn

kn
. (6)

where a0 is the joint hydraulic aperture under zero stress, σn is the normal stress on the joint, kn is the
stiffness of the joints, and ares is the residual hydraulic aperture of the joints.
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The relationship between the normal stress and the hydraulic aperture of joints is shown in
Figure 5. ares is the minimum value of the hydraulic aperture of the joints and amax is the maximum
hydraulic aperture of the joints. This was assumed for reasons of computational efficiency, because
the timestep required for stability of the fluid flow algorithm is inversely proportional to the joint
conductivity. As the conductivity is proportional to the cube of the aperture, the considerable variation
in the permeability due to stress changes can still be modeled despite this constraint. When the value
of the joint’s aperture is less than ares, the deformation behavior of the joint mechanics has no effect
on the joint aperture. The hydraulic aperture value of the joints is ares. When the value of the joint
aperture is greater than that of amax, the deformation behavior of the joint mechanics also has no effect
on the joint aperture. The joint hydraulic aperture value is amax. The software default amax is five times



Appl. Sci. 2019, 9, 641 6 of 27

ares. In order to study the hydraulic characteristics of the macrocracks, the ratio of amax to ares should
be reasonably set. In this paper, the ratio of amax to ares was set to 223 for the simulation process.
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This paper is focused on the permeability characteristics of a fractured rock sample after reaching
a state of saturation under a known stress environment and is only interested in the joint seepage after
stabilization. So, this article used the steady-state model of seepage. Two methods can be used to
determine whether the seepage in the joints reaches a state of balance: (a) “print Max” is entered in the
command window of Udec. When the inflow is equal to the outflow, the joint seepage is balanced.
(b) The pore pressure of the joints of the model is monitored, and when the pore pressure in the joints
is unchanged, the joint seepage reaches an equilibrium state. After the model has been balanced,
“Print Max” is entered in the Udec command window to record the joint maximum and average joint
flow rates.

2.3. Numerical Simulation Model Construction

2.3.1. Numerical Model Parameter Validation

During the process of a numerical simulation, the selection of reasonable physical and mechanical
parameters can allow the simulation to effectively reproduce the rock’s mechanical behavior. In order
to determine physical and mechanical parameters of the blocks and joints of the model, the previous
methods are selected to check the parameters [30–33], and the numerical simulation is fitted with the
data of the Basic Mechanics experiment (compressive experiment and tensile test), in the simulation
process, according to the failure criterion of the joint, as shown in formulas (1) and (2). A ‘FISH’
program is used to determine whether the joint is broken when the joints have tensile damage.
The broken joints are classified into the “tensile damage” group, and when the joints produce shear
damage they are allocated to the “shear damage” group; the number of broken joints in each group is
recorded separately.

The dimensions of the rock sample for compression test is 50× 100 mm (diameter× height). Udec
software was used to establish a two-dimensional numerical model with dimensions of 50 × 100 mm
(width × height). The experimental results of the uniaxial compression test and the numerical
simulation are shown in Figure 6. An “X”-shaped form of destruction is present on the specimen when
the rock specimen is destroyed (Figure 6a). The same failure mode is also obtained in the numerical
simulation, as shown in Figure 6b. Figure 6c is the stress–strain curve of the uniaxial compression
test of the model. The stress peak of the specimen’s uniaxial compression is 75.03 MPa. In terms of
stress peaks and stress curves, the results of the numerical simulation show good consistency with
the experimental data. The damage percentage is the number of damaged joints divided by the total
number of joints before reaching the peak stress of 65%. The joints mainly show tensile failure beyond
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this stress value. The joints start to produce shear damage, and the amount of destruction rapidly
increases when peak stress is reached. The percentages of joints damaged due to shear and tensile are
20% and 15%, respectively, after the peak stress. The shear failure is stable at 42%. The tensile failure is
stable at 17%. Nearly 59% percent of the joints in the model are destroyed. The rate of shear damage is
~2.5 times the rate of tensile failure.
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Figure 6. Calibration of the numerical model to the uniaxial compression tests: (a) failure pattern of
the laboratory sample; (b) failure pattern of the numerical model; and (c) stress–strain curve of the
numerical model.

The dimensions of the rock sample for tensile testis is 50 × 25 mm (diameter × thickness).
A two-dimensional numerical model with diameter of 50 mm is established with Udec software.
The tensile fractures in the numerical simulation are presented as straight lines throughout the
specimen, as shown in Figure 7b, which is consistent with the damage pattern obtained by the
laboratory test, as shown in Figure 7a. Figure 7c is the stress–strain curve of the tensile test of the
model. Before the stress peak, the stress increases linearly with the increase in strain. A “cliff-type”
drop in stress values occurs after reaching the stress peaks. The numerical simulation results and
laboratory results correlate well. In the curve, it can be seen that tensile failure is the main failure form
in the tension experiment, and when the stress reaches the peak stress level of 25%, tensile damage
gradually starts, and after the peak, the number of joints with tensile damage is stable at ~16.7% after
a sharp increase. Nearly 17.5% of the joints in the model are damaged, and only a small number of
joints show shear damage.
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The physical and mechanical parameters of the block and joints applied in the numerical model
are shown in Table 1. The fitting results of the uniaxial compression and tensile experiments show that
the physical and mechanical parameters selected in Table 1 are reasonable.
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Table 1. Mechanical parameters obtained by sample fitting with the numerical model.

Properties Values

Intact bulk modulus, K (GPa) 6.5
Intact shear modulus, G (GPa) 2.8

Normal stiffness of contacts, kn (GPa/m) 6100.0
Shear stiffness of contacts, ks (GPa/m) 2440.0

Contact cohesion, ccont (MPa) 29.4
Contact friction angle, Φcont (◦) 29.0

Contact tensile strength, σt
cont (MPa) 6.9

Residual cohesion (MPa) 2.0
Residual friction (◦) 15.0

Residual tension (MPa) 0.0
Contact hydraulic aperture at zero normal stress, a0 (m) 7.02 × 10−6

Residual hydraulic aperture, ares (m) 1 × 10−7
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2.3.2. Hydraulic Parameter Fitting

In order to ensure that the numerical model can effectively represent the hydraulic behavior of
the rock, the rational hydraulic parameters in the model should be determined first, and a new fitting
method for hydraulic parameters is presented in this paper. The specific process used was follows.

(1) Crack reconstruction technology.

The fracture characteristics of triaxial seepage experiment rock samples were determined by the
following method. The research group carried out the triaxial seepage experiment on the Laosangou
sandstone sample (Figure 1). The experimental parameters and seepage characteristics of the rock
sample after the peak are shown in Table 2. The estimated seepage quantity was 4.057 × 10−8 m3/s.
The post-peak sandstone samples are shown in Figure 8a. The angle between the fracture surface and
the horizontal line was 68◦, and the rupture surface ran through the bottom surface of the rock sample.
A ruptured surface existed in the sandstone sample. The rupture surface was wide open and completely
separated into two parts after the sample had been taken out [34]. (2) The macrocrack internal node
information was obtained as follows. The macroscopic crack profile of the rock sample was drawn
with CAD software. The “pline” command in CAD software was used to draw the crack contour.
The “list” command in CAD software was used to obtain the coordinates of data points sequentially.
The ‘FISH’ program was used to transform the CAD file into a Udec model, and then, the macrocrack
internal node information was obtained. (3) To fit the model construction, Udec software was used
to establish a two-dimensional numerical model with dimensions of 100 × 50 mm (height × width).
In this process, first, the Voronoi tessellation generator command is used to divide blocks into small
polygons and joints by setting the number of seeds, which usually have a relatively uniform size.
The cracks in the model are grouped based on the fish language: “contact” and “fracture”. “Contact”
represents microscopic cracks inside the rock sample, and “fracture” represents the macroscopic cracks
that occur after the rock sample breaks, as shown in Figure 8b.

Table 2. Seepage experimental parameters.

Lithology Confining
Pressure

Osmotic
Pressure

Difference
Peak Stress Post-Peak

Permeability

gritstone 12 MPa 2 MPa 82 MPa 4.0 × 10−13 cm2
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groups (c) Seepage calculation model.

(2) Hydraulic aperture of a microjoint under zero stress conditions.

The rock samples of the Laosangou coal mine were observed using scanning electron microscopy.
This method is based on the research foundations of coal petrology and structural geology. After
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the chemical and physical changes, the rock mass was characterized by residual traces [35].
The development characteristics of the pore, the fissure morphology, and the size of the rock mass were
observed by scanning electron microscopy. The observation results are shown in Figure 6. The fracture
widths, as shown in the graph, were 6.81 µm, 7.42 µm, 7.74 µm, and 6.77 µm, respectively, as shown in
Figure 9 and the hydraulic aperture in the model under zero stress state is the average of the above
four values, i.e., a0 = 7.02 µm.Appl. Sci. 2019, 9 FOR PEER REVIEW 10 of 27 
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(3) Hydraulic aperture of the macrocrack.

In order to ensure the rationality of the fitting parameters, the hydraulic conditions of the
reconstructed model boundary were kept consistent with the boundary conditions of the triaxial
seepage experiment. An axial pressure of 82 MPa was applied to the upper and lower boundaries of
the model. A confining pressure of 12 MPa was exerted on the left and right sides, and the osmotic
pressure difference between the upper and lower sides was 2 MPa. The two sides of the model are
known as the impervious boundary, as shown in Figure 8c. In order to reduce the impact of accidental
factors, the model of each condition was simulated at least five times. The initial joint hydraulic
aperture of the “contact” group joint was a0 = 7.02 µm. The initial joint hydraulic aperture of the
“fracture” group joint was R × a0. At the same time, the joint hydraulic aperture of the “tensile
damage” and “shear damage” groups was reassigned, and the initial joint hydraulic aperture of the
“tensile damage” and “shear damage” groups was also R × a0. These values were used to simulate
the permeability of the rock sample after secondary failure. Values of R = 1, 2, 3, 3.0625, 3.125, 3.1875,
and 3.25, respectively, were used. The change curve of the seepage flow rate produced by changes in
the R value is shown in Figure 10. When R was less than 3, the R value had almost no response to the
joint seepage flow. When R was greater than or equal to 3, there was a quartic polynomial relationship
between the flow rate and the R value. The correlation was above 99%, and the relationship between
the R value and the joint average flow was obtained with the following formula.

Y = a∗Rˆ4 − b∗Rˆ3 + c∗Rˆ2 − d∗R + e. (7)

In the formula,
Y: flow rate (m3/s)
R: ratio of FHA to CHA
a = 0.000171472213333246
b = 0.002086868991998950
c = 0.009523375562661920
d = 0.0193137834439905
e = 0.01468718676499290
The value of Y = 4.05721705398765 × 10−8 was converted into a function relation, and a R value

of 3.17492492492493 was obtained, and the joint hydraulic opening of the crack was shown to be about
22.29 µm.
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2.3.3. Determination of Numerical Simulation Scheme

Based on the crack reconstruction technique, this paper established 10 seepage calculation models.
The models can be divided into two types: (1) A single crack model with a crack angle of 40–90 degrees.
Figure 11a shows the design scheme of the single-crack model, and Figure 11b shows the calculation
models of the single-crack at different angles of the corresponding design scheme. Six single-crack
models of 40 to 90 degrees were constructed to study the influence of different macroscopic crack
angles on the seepage flow rate and stress sensitivity of different angle cracks. (2) The other model is
the seepage model of a rock sample based on the typical experimental failure forms. Four types (named
type I, type II, type III, and type Y) of fracture rock samples were chosen for analysis in this paper,
as shown in Figure 12, and were used to investigate the seepage characteristics and stress sensitivity
of rock specimens with different destructive forms. The seepage pressure difference between the
ends of the model was 2 MPa. Both sides of the model had an impervious boundary. The method
of determining the equilibrium point of the joint seepage flow was introduced in the previous part
of the paper. When the model reached a state of balance, the “Print max” command was entered
in the command window to record the seepage flow rate and the average joint hydraulic aperture.
The experimental stress path is shown in Figure 13. In order to reduce the impacts of accidental factors,
the model was calculated under each condition at least five times.
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3. Results and Discussion

This section discusses the findings of the study involving the seepage characteristics of rock
specimens with different crack patterns under the specified stress path. It also analyzes the
characteristics of the seepage flow, the seepage flow increment, and the hydraulic aperture of joints
under different stress environments and discusses the stress sensitivity characteristics of rock specimens
with different crack patterns.
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3.1. Experimental Results of Single-Crack Specimens with Different Angles

The seepage flow rates of the specimen under different stress conditions and different fracture
angles are shown in Figure 14. The x-axis represents the crack angle, the y-axis represents the axial
stress, and the z-axis is the seepage flow rate value. With an increase in the fracture angle, the flow
rate value increased gradually. The flow rate values of 40–60 degrees increased slowly. At 60 to
70 egrees, the flow value suddenly changed and increased sharply. The flow rate increased slowly
from 70 to 90 degrees. The variation law of seepage flow was similar at 40–60 degrees. The variation
in the seepage flow at 70–90 degrees was small. To further analyze the characteristics of the seepage
flow, seepage flow increment, and hydraulic aperture of joints under different stress environments,
a detailed analysis was carried out for three cases, each with a fixed angle, a fixed axial pressure, and a
fixed confining pressure.
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Figure 14. Seepage results with different crack angles.

3.1.1. Fixed Angle

The 70-degree crack model was chosen as an example to analyze the experimental results, in order
to explore the influences of axial pressure and confining pressure on the microscopic and macroscopic
joint seepage and the seepage channels. The joint hydraulic aperture and seepage channel were
analyzed in detail under two kinds of stress boundary conditions: (1) axial stress 5 MPa, confining
pressure 30–5 MPa and (2) confining pressure 5 MPa, axial stress 45–0 MPa.

(1) An axial pressure of 5 MPa was applied to the upper boundary of the model. The confining
pressure was 30 MPa to 5 MPa. The pressure difference between the upper and lower ends was
∆p = p2 − p1 = 2 MPa. The hydraulic aperture of the joints is shown in Figure 15. The joint flow and
the main seepage channel are shown in Figure 16.

When the confining compressive stress level is at 30 MPa or 25 MPa, almost all vertical joints and
a large number of inclined joints reach the residual value. The closure of the vertical joint directly
leads to a large number of closures in the vertical seepage channel. At this time, the microscopic
seepage channel is mainly composed of a large number of horizontal joints and a small number of
inclined joints. At 30 MPa, the macroscopic joint aperture values were mainly 1.78 × 10−5, while at
25 MPa, the macrojoint aperture values were mainly 1.78 × 10−5 and 2.0 × 10−5. When the confining
pressure was lowered to 20 MPa or 15 MPa, almost all vertical joints and a few inclined joints reached
the residual value. The closure of the vertical joint directly led to a large number of closures in the
vertical seepage channel. The microscopic seepage channel was mainly composed of a large number of
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horizontal joints and inclined joints. At 20 and 15 MPa, the macrojoint aperture values were mainly
2.0 × 10−5. When the confining pressure reduced to 10 MPa or 5 MPa, only the local vertical joints
reached the residual value. The network structure, consisting of vertical joints, inclined joints, and
horizontal joints, contributed to the formation of seepage channels. The macrojoint openings at 10 MPa
and 5 MPa were mainly 2.23 × 10−5. In the process of reducing the confining pressure, the large
influence of the confining pressure on the microscopic vertical joints will lead to a large change in
the vertical microscopic seepage channel. The increase in the joint aperture value of the macroscopic
crack causes an increase in the seepage flow rate so that the main seepage channel is composed of
macroscopic cracks, as shown in Figure 16.

Appl. Sci. 2019, 9 FOR PEER REVIEW 13 of 27 

 

3.1. Experimental Results of Single-Crack Specimens with Different Angles 

The seepage flow rates of the specimen under different stress conditions and different fracture 
angles are shown in Figure 14. The x-axis represents the crack angle, the y-axis represents the axial 
stress, and the z-axis is the seepage flow rate value. With an increase in the fracture angle, the flow 
rate value increased gradually. The flow rate values of 40–60 degrees increased slowly. At 60 to 70 
degrees, the flow value suddenly changed and increased sharply. The flow rate increased slowly 
from 70 to 90 degrees. The variation law of seepage flow was similar at 40–60 degrees. The variation 
in the seepage flow at 70–90 degrees was small. To further analyze the characteristics of the seepage 
flow, seepage flow increment, and hydraulic aperture of joints under different stress environments, 
a detailed analysis was carried out for three cases, each with a fixed angle, a fixed axial pressure, and 
a fixed confining pressure. 

 
Figure 14. Seepage results with different crack angles. 

3.1.1. Fixed Angle 

The 70-degree crack model was chosen as an example to analyze the experimental results, in 
order to explore the influences of axial pressure and confining pressure on the microscopic and 
macroscopic joint seepage and the seepage channels. The joint hydraulic aperture and seepage 
channel were analyzed in detail under two kinds of stress boundary conditions: (1) axial stress 5 MPa, 
confining pressure 30–5 MPa and (2) confining pressure 5 MPa, axial stress 45–0 MPa. 

(1) An axial pressure of 5 MPa was applied to the upper boundary of the model. The confining 
pressure was 30 MPa to 5 MPa. The pressure difference between the upper and lower ends was ∆p = 
p2 − p1 = 2 MPa. The hydraulic aperture of the joints is shown in Figure 15. The joint flow and the 
main seepage channel are shown in Figure 16. 

 

0
10

20
30

40
50

40
50

60
70

80
900.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

2.5x10-5

Angle of the crack/(unit:°)

Confining stress
 5MPa
 10MPa
 15MPa
 20MPa
 25MPa
 30MPa

Fl
ow

 ra
te

/m
3 /s

Axial str
ess/M

Pa

5MPa10MPa15MPa20MPa25MPa30MPa

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

2.229×10-06

2.006×10-05

2.229×10-05

1.783×10-05
1.560×10-05
1.337×10-05
1.114×10-05
8.916×10-06
6.687×10-06
4.458×10-06

2.452×10-05

each line thick=5.0×10-06

Figure 15. Joint hydraulic aperture values.
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Figure 16. Main seepage channel.

(2) A 5 MPa confining pressure was applied to the boundary of both sides of the model. The axial
pressure was 45 MPa to 0 MPa. The difference in pressure between the upper and ends was
∆p = p2 − p1 = 2 MPa. The hydraulic aperture values of the joints are shown in Figure 17. The main
seepage channels of the joints were the same as those shown in Figure 16, except for the presence of a
slightly different joint flow rate, which is not described here.

When the axial stress level was greater than 35 MPa, almost all of the horizontal joints and a large
number of the inclined joints reached the residual value. Closure of a horizontal joint directly led to
a large number of closures in the horizontal seepage channel. At this time, the microscopic seepage
channel was mainly composed of a large number of vertical joints and a small number of inclined
joints. The macrojoint aperture values were mainly 1.78 × 10−5, 2.0 × 10−5, and 2.23 × 10−5. When
the axial stress reduced to the 25–15 MPa stress interval, almost all of the horizontal joints and a small
number of inclined joints reached the residual value. The closure of the horizontal joint also directly
led to a large number of closures in the horizontal seepage channel. The macrojoint aperture values
were mainly 2.0 × 10−5 and 2.23 × 10−5. When the axial stress reduced to the 10–0 MPa interval, only
local horizontal joints reached the residual value. The network structure, consisting of vertical joints,
inclined joints, and horizontal joints, contributed to the formation of seepage channels. At 10–0 MPa,
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the macrojoint aperture values were mainly 2.23 × 10−5. The main seepage channel was composed of
macroscopic cracks (Figure 16). During the process of axial pressure reduction, the large influence of
the axial stress on the microhorizontal joints led to a large change in the horizontal microscopic flow
channel, which had less influence on the vertical microscopic seepage channel.
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Figure 17. Joint hydraulic aperture values. (a) 45–25 MPa. (b) 20–0 MPa.

The variation law of infiltration flow at 40–60 degrees is similar, as is that at 70–90 degrees. When
the crack angle increased from 60 to 70 degrees, the rate of the cliff-type of seepage flow increased.
In Figure 14, the experimental data for the 60- and 70-degree crack angles were selected to analyze the
seepage change rule for the 60- and 70-degree crack models. Figures 18 and 19 are flow rate change
curves for the 60-degree and 70-degree crack models, respectively. As the axial pressure (Figures 18a
and 19a) and confining pressure (Figures 18b and 19b) decrease, the seepage flow rate change can
be divided into two increasing stages: The slopes of the two stages, K1 and K2, were calculated,
respectively. Positive values of K indicate that the flow value is gradually increasing. In order to
facilitate a comparative analysis, the average values of K1 and K2 were used as the slope values.
In Figures 18a and 19a, the seepage flow is shown to gradually increase with the decrease of axial
pressure. The lowest slope values were 9.18 × 10−9 and 3.73 × 10−8 with a confining pressure of
30 MPa. The highest slope values were 2.23 × 10−7 and 1.80 × 10−7 with a confining pressure of
5 MPa. As the confining pressure decreased, the slope value increased gradually. The sensitivity of the
60-degree crack to axial stress was greater than that of the 70-degree crack; In Figures 18b and 19b,
the seepage flow is shown to gradually increase with a decrease in confining pressure. The lowest slope
values were 4.73 × 10−8 and 2.93 × 10−7 with an axial pressure of 45 MPa. The highest slope values
were 4.59 × 10−7 and 5.52 × 10−7 with an axial pressure of 0 MPa. As the axial pressure decreased,
the slope value gradually increased, and the sensitivity of the 70-degree crack to the confining pressure
was greater than that of the 60-degree crack.
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Figure 18. Flow rate change curves with a 60-degree crack: (a) variation in flow rate with the axial
pressure and (b) variation in flow rate with the confining pressure.
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Figure 19. Flow rate change curves with a 70-degree crack: (a) variation in flow rate with the axial
pressure and (b) variation in flow rate with the confining pressure.

3.1.2. Fixed Axial Pressure

Experimental data collected under the conditions of 40 MPa and 10 MPa axial pressure (Figure 14)
were selected for analysis, as shown in Figure 20a,b, respectively. When the axial pressure was
40 MPa (Figure 20a), with 5 MPa of confining pressure. The seepage flow increment for the 40 to
90-degree cracks were 1.00× 10−7, 7.00× 10−7, 1.39× 10−5, 1.70× 10−6, and 9.00× 10−7, respectively.
When the confining pressure decreased from 30 MPa to 5 MPa, the seepage flow increments for
cracks of 40–90 degrees were 1.11 × 10−6, 1.21 × 10−6, 1.91 × 10−6, 7.97 × 10−6, 9.23 × 10−6, and
9.84 × 10−6, respectively. When the axial pressure was 10 MPa (Figure 20b) with a confining pressure
of 5 MPa. The seepage flow increments for the 40 to 90 cracks were 5.9× 10−7, 2.93 × 10−6, 1.2 × 10−5,
7.0 × 10−7, and 5.0× 10−7. When the confining pressure decreased from 30 MPa to 5 MPa, the seepage
flow increments for the 40–90-degree cracks were 6.56 × 10−6, 7.09 × 10−6, 9.87 × 10−6, 1.33 × 10−5,
1.43 × 10−5, and 1.47 × 10−5. The flow rate change rule was similar under the conditions of 40 MPa
and 10 MPa, but the flow rate value with 10 MPa was significantly higher than that under the condition
of 40 MPa.

Under the condition of fixed axial pressure, when the confining pressure reduced from 30 MPa to
5 MPa, the seepage flow increment of different crack angles increased. This indicates that the sensitivity
of permeability to the confining pressure was increasing. In addition, the seepage flow increments for
the 70–90-degree cracks were more than those of the 40–60-degree cracks, which indicates that the stress
sensitivity of the 70–90-degree cracks to confining pressure is greater than that of the 40–60-degree
cracks. When the axial pressure decreased from 40 MPa to 10 MPa, the seepage flow increment for a
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given crack angle increased significantly, indicating that the sensitivity of the crack to the confining
pressure gradually increased with a decrease in axial pressure.Appl. Sci. 2019, 9 FOR PEER REVIEW 17 of 27 
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Figure 20. Flow rate change curves of different angles: (a) axial pressure 40 MPa and (b) axial pressure
10 MPa.

3.1.3. Fixed Confining Pressure

Experimental data collecting under the conditions confining pressures of 20 and 10 MPa (Figure 14)
were selected for analysis, as shown in Figure 21a,b, respectively. When the confining pressure was
20 MPa (Figure 21a), with 0 MPa of axial pressure, the seepage flow increments for the 40 to 90-degree
cracks were 3.30 × 10−7, 1.43 × 10−6, 9.75 × 10−6, –3.00 × 10−7, and 1.00 × 10−7, respectively. When
the axial pressure decreased from 45 MPa to 0 MPa, the seepage flow increments for the 40–60-degree
cracks were 1.94× 10−6, 2.26× 10−6, and 3.65× 10−6, respectively. The seepage flow increments of the
70–90-degree cracks were 3.30 × 10−6, 2.00 × 10−6, and 1.60 × 10−6, respectively. When the confining
pressure was 10 MPa (Figure 2b) with 0 MPa of axial pressure, the seepage flow increments for the
40–90-degree cracks were 7.20 × 10−7, 2.77 × 10−6, 1.06 × 10−5, 2.00 × 10−7, and 2.00 × 10−7. When
the axial pressure decreases from 45 MPa to 0 MPa, the seepage flow increments for the 40–60-degree
cracks were 5.44 × 10−6, 6.12 × 10−6, and 8.65 × 10−6. As the crack angle increased, the seepage flow
increment also increased. The seepage flow increments for the 70–90-degree cracks were 6.60 × 10−6,
5.30 × 10−6, and 4.60 × 10−6. The flow rate change rule was similar under confining pressures of
20 MPa and 10 MPa, but the flow rate value at 10 MPa was significantly higher than that at 20 MPa.
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Figure 21. Flow rate change curves of different angles: (a) confining pressure of 20 MPa and
(b) confining pressure of 10 MPa.

When the crack angle was less than 60 degrees, with an increase in the angle, the flow rate
increment caused by the decrease of axial pressure increased. When the crack angle was greater than
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70 degrees, with an increase in the angle, the flow increment caused by the decrease in axial pressure
decreased. This indicates that when the crack angle is less than 60 degrees, the sensitivity of the single
crack model to the axial pressure increases with an increase in the angle, and when the crack angle
is greater than 70 degrees, the sensitivity of the single crack model to the axial pressure decreases
gradually with an increase in the angle. The axial stress sensitivity of the 40–60-degree cracks is slightly
greater than that of the 70–90-degree cracks. As the confining pressure decreases, the sensitivity of the
single crack model to axial stress increases.

3.2. Average Joint Aperture of the Single Crack Model with Different Angles

The average joint aperture values of the specimen under different stress conditions and different
fracture angles are shown in Figure 22. The x-axis represents the crack angle, the y-axis represents the
axial stress, and the z-axis represents the average contact hydraulic value. Under the actions of axial
stress and confining pressure, the variation in the average joint aperture value is similar in different
fracture angle models.
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Figure 22. Average joint aperture values of different angle crack models.

Experimental data collected for the 60- and 70-degree angles (Figure 22) were selected for analysis;
Figure 23 shows the change curves of the average joint hydraulic aperture values with different
confining pressures and axial pressures. When the axial pressure was 45 MPa, the average joint
hydraulic aperture values of the 60-degree and 70-degree cracks under the condition of 5–30 MPa were
3.98 × 10−6, 3.52 × 10−6, 3.07 × 10−6, 2.64 × 10−6, 2.21 × 10−6, and 1.80 × 10−6, respectively.
The average joint hydraulic aperture value of the single crack model with different angles was
approximately equal when the stress of the environment was kept equal. The average joint hydraulic
aperture values of the 60- and 70-degree crack angles were approximately equal, but the seepage flow
increased sharply, as shown in Figure 14. The main reasons for this are as follows. When the crack
angle is greater than 70 degrees, the seepage channel formed by the macrocrack is directly connected
to the seepage boundary to form the main seepage channel (Figure 16). When the crack angle is less
than 60 degrees, the macroscopic crack needs to form a seepage channel through a connection with
the surrounding microscopic crack. This is a reasonable explanation for this phenomenon, because
60-degree cracks have relatively high sensitivity to axial stress and confining pressure (Figure 18),
while 70-degree cracks are more sensitive to confining pressure than axial pressure (Figure 19).
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Figure 23. Change curve of the average joint hydraulic aperture value: (a) 60-degree crack angle and
(b) 70 degree crack angle.

Under the actions of axial stress and confining pressure, the variation in the average joint aperture
value is similar in different fracture angle models. When the crack angle ranged from 40 to 60 degrees.
The average joint hydraulic aperture value increased slightly with an increase in the angle. When the
crack angle was greater than 60 degrees, the average joint hydraulic aperture value was almost stable
at a constant value. The average joint hydraulic aperture value increased gradually with a decrease in
the axial stress.

3.3. Experimental Results for the Four Typical Crack Models

The seepage flow rate of the specimen under different stress conditions and different fracture
forms is shown in Figure 24. The x-axis represents the crack forms, the y-axis represents the axial
stress, and the z-axis represents the seepage flow rate value. Under the same hydraulic environment
conditions, the seepage flow rate of the rock sample with “type III” cracks was the largest and the
seepage flow rate of “type I” was the smallest.Appl. Sci. 2019, 9 FOR PEER REVIEW 20 of 27 
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Figure 24. Seepage results of different fracture forms.

3.3.1. Simulation Results of the “Type Y” Crack Model

The “type Y” crack model was chosen as an example to analyze the experimental results, in
order to explore the influences of the axial pressure and confining pressure on the microscopic and
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macroscopic joint seepage and seepage channels. The joint hydraulic aperture and seepage channel
were analyzed in detail under two stress boundary conditions: (1) axial stress 5 MPa, confining pressure
30–5 MPa and (2) confining pressure 5 MPa, axial stress 45–0 MPa.

(1) An axial pressure of 5MPa was applied to the upper boundary of the model. The confining
pressure was 30 MPa to 5 MPa. The pressure difference between the upper and lower ends was
∆p = p2 − p1 = 2 MPa. The hydraulic aperture values of the joints are shown in Figure 25. The joint
flow rate and the main seepage channel are shown in Figure 26.
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Figure 26. Main seepage channel.

The variation law of hydraulic aperture of microscopic joints, as shown in Figure 25, is similar
to that of Figure 15, with the decrease of confining pressure, a large number of vertical joints and
inclined joints changes from closed state to open state. The network structure—consisting of vertical
joints, inclined joints, and horizontal joints—contributed to the formation of seepage channels. In the
process of reducing the confining pressure, the large influence of the confining pressure on microscopic
vertical joints led to a large change in the vertical microscopic seepage channel. The increase in the
joint aperture value of the macroscopic crack caused an increase in the seepage flow rate, and the main
seepage channel was composed of macroscopic cracks and presented a Y-shape, as shown in Figure 26.

(2) A confining pressure of 5 MPa was applied to the right and left sides of the model. The axial
pressure was 45 MPa to 0 MPa. The difference between the upper and lower ends was ∆p = p2 − p1 =
2 MPa. The hydraulic aperture values of the joints are shown in Figure 27.

The variation law of hydraulic aperture of microscopic joints, as shown in Figure 27, is similar to
that of Figure 17, with the decrease of axial pressure, a large number of horizontal joints, and inclined
joints changes from closed state to open state. The network structure, consisting of vertical joints,
inclined joints, and horizontal joints, contributed to the formation of seepage channels. The main
seepage channel was composed of macroscopic cracks and presented a Y-shape (similar to Figure 26).
During the process of axial pressure reduction, the large influence of axial stress on the microhorizontal
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joints led to large changes in the horizontal microscopic flow channel, which had less influence on the
vertical microscopic seepage channel.
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Figure 27. Joint hydraulic aperture. (a) 45–25 MPa and (b) 20–0 MPa.

Experimental data collected for the Y-type crack model (Figure 24) were selected for analysis.
Figure 28 shows the flow rate change curves of the Y-type crack model with decreases in the axial
pressure (Figure 28a) and confining pressure (Figure 28b). The seepage flow rate change can be divided
into two increasing stages. The slopes of the two stages—K1 and K2—were calculated, respectively.
The positive values of K indicate that the flow value gradually increased. In order to facilitate a
comparative analysis, the average values of K1 and K2 were used as the slope values. The lowest
slope value was 4 × 10−8 when the confining pressure was 30 MPa, and the highest slope value was
1.90 × 10−7 when the confining pressure was 5 MPa. As the confining pressure decreased, the slope
value and seepage flow rate gradually increased, as shown in Figure 28a. The minimum slope value
was 9.6 × 10−7 when the axial pressure was 45 MPa, and the maximum slope value was 1.23 × 10−6

when the axial pressure was 0 MPa. With a decrease in the axial pressure, the slope value gradually
increased. The maximum slope value shown in Figure 28b is 6.47 times the maximum value in Figure
31a, and the minimum slope value shown in Figure 28b is 23.99 times the minimum value in Figure 28a.
Once again, this indicates that the influence of the confining pressure on the seepage of Y-type cracks
is greater than that of axial pressure.
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Figure 28. Flow rate change curves of the Y-type crack model: (a) variation in flow rate with the axial
pressure and (b) variation in flow rate with the confining pressure.

3.3.2. Fixed Axial Pressure

The flow rate change curves of different crack modes and confining pressure values with axial
pressures of 40 MPa and 10 MPa are shown in Figure 29. The flow rate change rule was similar
under axial pressures of 40 MPa and 10 MPa, but the flow rate value was significantly higher under
10 MPa compared to 40 MPa. This indicates that the flow rate decreases with an increase in axial
pressure. The seepage flow rate was, in order from large to small, type III, type II, type Y, 70-degree,
and then type I. As the confining pressure decreased, the seepage flow rate gradually increased and
the increment of the seepage flow rate also increased.
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Figure 29. Flow rate change curves of different crack modes: (a) axial pressure of 40 MPa and (b) axial
pressure of 10 MPa.

3.3.3. Fixed Confining Pressure

The flow rate change curves of different crack modes and axial pressures with confining pressures
of 20 MPa and 10 MPa are shown in Figure 30. The flow rate change rule was similar with confining
pressures of 20 MPa and 10 MPa, but the flow rate value was significantly higher under 10 MPa
compared to 20 MPa. This indicates that the flow rate increases as the confining pressure decreases.
The seepage flow rate was in the order of type III, type II, type Y, 70-degree, and then type I. As the
axial pressure decreased, the seepage flow rate gradually increased and the increment of the seepage
flow rate also increased.
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Figure 30. Flow rate change curves of different crack modes: (a) confining pressure of 20 MPa and (b)
confining pressure of 10 MPa.

When the confining pressure was 10 MPa, the axial pressure decreased from 30 MPa to 5 MPa.
The seepage increment of the type I crack model was the largest (6.5 × 10−6), while that of the other
four cracks models was about 4 × 10−6. When the axial pressure was 10 MPa, the confining pressure
decreased from 30 MPa to 5 MPa. The seepage increment of the type III crack model was the largest
(3.058 × 10−5), while the seepage increment of the 70-degree model was the smallest (1.329 × 10−5),
as shown in Figure 31a. When the confining pressure was 20 MPa, the axial pressure decreased from
30 MPa to 5 MPa. The seepage increment of the type I crack model was the largest (3.99 × 10−6),
while that of the other four cracks models was about 2 × 10−6. When the axial pressure was 20 MPa,
the confining pressure decreased from 30 MPa to 5 MPa. The seepage increment of the type III crack
model was the largest (2.886 × 10−5), while the seepage increment of the type I model was the smallest
(1.114 × 10−5). When the confining pressure was at a constant value (10 MPa in Figure 31a and 20 MPa
in Figure 31b) and the axial pressure decreased from 30 MPa to 5 MPa, the seepage increment of
the type I crack model was the largest, and the seepage increments of the type III, type II, type Y,
and 70-degree crack models were almost stable at the same value, indicating that these crack models
have similar levels of sensitivity to axial pressure. The seepage increment (10−5) when the confining
pressure reduced from 30 MPa to 5 MPa was an order of magnitude greater than the seepage increment
(10−6) when the axial pressure reduced from 30 MPa to 5 MPa (10−6), indicating that the permeability
of a crack is more sensitive to confining pressure than to axial pressure. The order of seepage increment
from large to small cracks was type III, type II, type Y, type I, and then the 70-degree model, which
indicates that the order of sensitivity of the permeability of the crack to the confining pressure was
type III, type II, type Y, type I, and then the 70-degree model.

Studying stress-sensitive characteristics is one of the most important issue in mining technology.
There are essential differences in seepage characteristics of rocks under unloading and loading
conditions. In order to fit the real stress environment of rock mass engineering, the engineering
properties of rock under unloading stress path must be studied deeply. In recent years, with the
rapid development of computer computing performance, numerical simulation calculation method
has been more tried in the field of fractured rock seepage. In this paper, the numerical simulation
calculation method was conducted on the basis of a new method for hydraulic parameter fitting and
crack reconstruction technology involving the typical experimental failure form. DEM is used to
investigated the seepage characteristics of different fracture modes under unloading action. The paper
presents an application of a DEM particle method and this type of analysis in an excellent example
how DEM can be adopted in order to further understand seepage behavior of fissured rock under
the unloading stress path. Permeability of fractured rocks, in addition to stress and crack angles,
highly depends on the dimensions, spacing, connectivity, and degree of mineralization of fractures [36].
However, because of the limitations of numerical modelling, such as simplification and assumption in
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computational models, many influencing factors did not be considered during numerical calculation.
In future research, 3D model and more impact factors on the permeability of fractured rock under
unloading action should be considered for research in this area.
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Figure 31. Contrast diagram of the seepage flow increment when the stress level changed from 30 MPa
to 5 MPa. (a) 10 MPa and (b) 20 MPa.

4. Conclusions

(1) On the basis of crack reconstruction technology involving the typical experimental failure form,
this paper presented a new method for hydraulic parameter fitting. The joint hydraulic aperture values
of microcracks in rock samples under zero stress were obtained by scanning electron microscopy.
The hydraulic parameters of macroscopic cracks were obtained by fitting the results of a triaxial
seepage experiment and a numerical simulation. It was found that under the fitting experiment
condition, when K (the ratio of the macroscopic crack aperture value to the microscopic joint hydraulic
aperture value) <3, changes in the K value had little influence on the joint seepage flow. When K was
greater than or equal to 3, there was a quartic polynomial relationship between the flow rate and the
K value.

(2) The seepage channel of the model is composed of microscopic cracks and macroscopic cracks.
With a decrease in the confining pressure, a large number of vertical microscopic joints change from
closed to open. With a decrease in the axial pressure, a large number of horizontal microscopic joints
change from closed to open. The horizontal hydraulic aperture was shown to be more sensitive to axial
stress than the vertical hydraulic aperture, and the vertical hydraulic aperture was shown to be more
sensitive to confining stress than the horizontal hydraulic aperture. The network structure formed
under conditions of low stress aids in the formation of the microscopic seepage channel. The main
seepage channel in the model is composed of macroscopic cracks. The hydraulic aperture of the
macroscopic cracks gradually increases as the level of stress decreases.

(3) For the single crack model with different angles, as the crack angle increases, under the same
stress conditions, the seepage flow rate increases continuously, and the seepage flow rate has a cliff-like
increase when the crack angle changes from 60 to 70 degrees. As the confining pressure decreases,
the increment of the seepage flow rate increases continuously. The sensitivity of the 70–90-degree
cracks to the confining pressure is greater than that of the 40–60-degree cracks. With a decrease
in axial pressure, the increment of the seepage flow rate increases continuously. The sensitivity of
the 40–60-degree cracks to the axial pressure is greater than that of the 70–90-degree cracks. As the
axial pressure decreases, the seepage flow increment for the 40–60-degree cracks increases, while that
of the 70–90-degree cracks decreases. The sensitivity of the crack to axial stress first increases and
then decreases. The sensitivity of the 40–60-degree cracks to axial stress is greater than that of the
70–90-degree cracks. As the confining pressure decreases, the stress sensitivity of the crack to axial
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stress increases gradually. As the axial pressure decreases, the stress sensitivity of the crack to the
confining pressure increases continuously.

(4) The results of the typical crack models indicated that under the same stress conditions,
the order of seepage flow rate, from large to small, is type III, type II, type Y, and then the 70-degree
and type I models. As the confining pressure decreases, the seepage flow rate and the increment of
seepage flow rate increase. As the axial pressure decreases, the seepage flow rate increases, but the
increment of seepage flow rate is almost stable at a given value. The increment of the seepage flow
rate (10−5) when the confining pressure reduced from 30 MPa to 5 MPa was an order of magnitude
greater than the increment of seepage flow rate (10−6) when the axial pressure reduced from 30 MPa
to 5 MPa, indicating that the permeability of cracks is more sensitive to the confining pressure than to
the axial pressure. The sensitivity of the crack permeability to the confining pressure is, in order from
large to small, type III, type II, type Y, type I, and then the 70-degree model.
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Terminology

T Joint tensile strength
τs Joint shear stress
q Flow rate
a Width of the joint
W Fluid viscosity
l Length of the joint
∆P Pressure between the domains
k Permeability coefficient of the joints
σn Normal stress on the joint
kn Stiffness of the joints
K Intact bulk modulus
G Intact shear modulus
kn Normal stiffness of contacts
ks Shear stiffness of contacts
a0 Contact hydraulic aperture at zero normal stress
ares Residual hydraulic aperture
amax Maximum hydraulic aperture
CHA Contact hydraulic aperture
FHA Fracture hydraulic aperture
R Ratio of FHA to CHA
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