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Abstract: The newly built shaft in the western region needs to pass through the deep Cretaceous stra-
tum, where the pores and fissures are developed, the cementation ability is poor, and the surrounding
rock is rich in water. Under the coupling effect of the stress field and seepage field, the surrounding
rock is easy to deteriorate and loses stability. The hydraulic coupling test of Cretaceous red sandstone
was carried out by using the TAW-2000 rock mechanics testing system, and the characteristic strength
evolution law of red sandstone was analyzed; Mohr’s circle and strength envelope were obtained by
the M–C criterion, and the influence mechanism seepage pressure on red sandstone was explored;
and combined with the effective stress principle and M–C strength criterion, a constitutive model
under hydraulic coupling was established. Confining pressure limits the development of cracks
and strengthens the mechanical properties. The results revealed that red sandstone has the charac-
teristics of low less clay, loose particles, and weak cementation capacity; under the action of water
pressure, the cement between particles disintegrates and loses the cementation strength, resulting in
a significant decrease in cohesion, and the loss of cementation strength is the internal reason for the
softening of red sandstone. The constitutive model based on the effective principle and M–C criterion
can better reflect the mechanical behavior of red sandstone under hydraulic coupling. This paper
provides a research basis for understanding the microscopic characteristics and hydraulic coupling
characteristics of Cretaceous weakly cemented sandstone.

Keywords: Cretaceous red sandstone; hydraulic coupling; M–C strength criterion; constitutive model

1. Introduction

The western region is the main battlefield of coal resources development; at present,
the newly built shaft in the western region needs to pass through the Cretaceous–Jurassic
strata, characterized by deep water level, many pores and fissures, poor cohesion between
particles, low clay content, low strength, and easy argillation. Under the coupling effect
of crustal stress and seepage pressure, the superposition of stress field and seepage field
induces deterioration and instability of the surrounding rock [1–3]; therefore, it is very
meaningful to study the mechanical properties and failure mechanism of Cretaceous
Jurassic strata under high geostress and high seepage pressure to evaluate the security of
the surrounding rock and prevent water inrush and other disasters [4–9].

Water has a softening effect on the rock [10–13]. Wang et al. [14] carried out a triaxial
seepage test and found the evolution law of peak strength and elastic modulus of red
sandstone with confining pressure and seepage pressure. Ma et al. [15] found that water
erosion occurred in the seepage process of red sandstone, and small particles migrated
inside the sample, leading to the increase in porosity and attenuation of mechanical char-
acteristics. Liu et al. [16] found that under the action of hydraulic confining pressure for
a long time, water enters the rock through cracks or fractures and exerts a splitting effect
on the crack, thus promoting the crack expansion. Kou et al. [17] found that the internal
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pore water pressure has effects on the final failure mode. Li et al. [18] studied the failure
characteristics of sandstone and explored the crack initiation and fracture mechanism under
hydraulic-mechanical coupling. Chen et al. [19] found that the failure mode of sandstone
under the action of seepage pressure became complex. Liu et al. [20] found that the shear
cracks of a rock formed during the failure process will increase under water pressure.
Essayad et al. [21] conducted the consolidation test of hard rock tailings under the action of
pore water pressure, and obtained the influence of pore water pressure on the compression
parameters. Pirhooshyaran et al. [22] simulated the coupling effect of hydraulic fracture
and primary fracture, which was verified by the Brazil test. In the process of loading,
the damage accumulates continuously and finally leads to failure [23–26]. In terms of
a constitutive model, many scholars combine damage mechanics with statistics to form
a mesostatistical damage theory. Hajiabadi et al. [27], based on shear failure and creep,
proposed a constitutive model that can reflect the loading rate of chalk. For a high-porosity
rock, Richards et al. [28] proposed a constitutive model considering hydrostatic unload-
ing response and plastic volumetric strain. Tomac et al. [29,30] established a hydraulic
fracturing model considering the strain rate and pore water pressure. Wang et al. [31]
considered the process of degradation; a constitutive model under hydrological conditions
was established. Bian et al. [32] considered the influence of the compression stage; a dam-
age constitutive model considered a weak water effect was established. Song et al. [33],
combined with the composite power function, established the constitutive model reflecting
the osmotic pressure. Liu et al. [34] used strain as a damage factor to describe the damage
caused by crack generation and propagation; a stress seepage damage constitutive model
was established, but it could not reflect the impact of seepage pressure on damage.

Therefore, in this paper, the Cretaceous weakly cemented red sandstone was taken
as the research object, and the hydraulic coupling test was conducted to analyze the influ-
ence of different seepage pressures on the hydraulic properties; considering the influence
of seepage pressure and combined with a generalized effective stress principle, strain
equivalence theory and M–C criterion introduced the damage threshold, and a hydraulic
coupling damage constitutive mode was established. Compared with previous studies,
this paper systematically studied the mechanical characteristics and seepage characteristics
of Cretaceous weakly cemented sandstone and carried out a quantitative analysis; the
constitutive model can reflect the contribution of load and osmotic pressure to damage,
with clear physical meaning and closer to the actual situation.

2. Engineering Background and Microcharacteristics of Red Sandstone
2.1. Engineering Background

The Kekegai Coal Mine is located in Yulin City, Shaanxi Province, with a design
production capacity of 10 Mt/a. The central air inlet and return shaft is the first shaft
constructed by the drilling method in China’s western region. According to the exploration
data of the shaft inspection hole, the central air return shaft passes through the strata from
top to bottom, which are the Quaternary, Cretaceous, and Jurassic strata. The red sandstone
was taken from the Cretaceous strata.

2.2. Microcharacteristics

The composition analysis test of red sandstone was conducted by EDS, as shown in
Figure 1; the sample mainly includes O, Si, Pt, C, Al, Mg, Fe, Ca, K, Na, and Ti. The content
of the O element is the most abundant, followed by the Si element.

Figure 2 shows the morphological characteristics of the fracture. Mineral particles
are bonded together through cement. The uncoordinated deformation of particles leads to
stress concentration; therefore, the particle cross section on the fracture surface presents an
irregular orientation in the microview. In the process of deformation, the clay cementitious
material is destroyed, the cracks generated will continuously open and close, and the
friction between local particles will make the microstructure stagger, causing changes
in macromechanical properties of weakly cemented rocks. The cementation material is
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between particles, the skeleton structure is loose, and the degree of compaction is low. The
cementation material contains many micropores. After the destruction of the cementation
material, the micropores are exposed, resulting in the discrete distribution of concave
convex cavities on the failure surface, and there are a large number of loose particles on the
fracture surface.

Figure 1. EDS energy spectrum.
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Figure 2. Microcosmic appearance.

Figure 3 shows the intensity of the diffraction peak obtained by testing with an X-ray
diffractometer. Mineral matching is carried out through the built-in database to obtain
the mineral composition and content of the rock, as shown in Figure 4. The basic skeleton
structure of red sandstone is composed of minerals such as orthoclase, quartz, plagioclase,
and calcite. The minerals that play the role of cementation are mainly clay minerals, such
as montmorillonite, chlorite, illite, and kaolinite. Among them, skeleton particles account
for 86.8%, cement accounts for 13.2%, and cement accounts for a small proportion.
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Figure 3. XRD diffraction patterns.
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Figure 4. Mineral composition diagram.

Mineral composition and microstructure essentially affect the macromechanical prop-
erties of red sandstone. Most clay minerals are hydrophilic. During the water–rock interac-
tion, the cement absorbs water, expands, and disintegrates. The skeleton structure bonded
by the cement tends to be loose, indicating that the content of clay minerals is low and the
stability is poor, which is the direct reason for the weak cementation ability of Cretaceous
red sandstone.

3. Hydraulic Coupling Test
3.1. Test Instrument

Figure 5 shows the test equipment and rock samples, the TAW-2000 rock mechanics
testing system, and it can realize the hydraulic-mechanical coupling test. The size of the
rock sample used in the test is 50 mm × 100 mm; the wave velocity test shall be carried out
before the experiment to eliminate uneven samples.
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Figure 5. TAW-2000 rock mechanics testing system and rock samples.

3.2. Test Scheme

To compare the influence of seepage pressure on the results, the test was divided into
two groups. The first group carried out a conventional triaxial test; that is, the seepage
pressure was 0 MPa, and the confining pressures were 0, 4, 6, 8, and 10 MPa.

The second group conducted a hydraulic-mechanical coupling test. Figure 6 shows a
schematic diagram of the hydraulic-mechanical coupling test. Before the test, the prepared
sample is saturated with water in a vacuum for 24 h through a vacuum saturation instru-
ment. After water saturation, hydraulic coupling tests are carried out for Cretaceous red
sandstone. The confining pressures are 4, 6, 8, and 10 MPa, and the water pressures are
1, 2, and 3 MPa.
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Figure 6. Schematic diagram of the hydraulic-mechanical coupling test: (a) installation drawing of
sample, (b) schematic of pressure.

During the test, ensure that the confining pressure is greater than the seepage pressure,
and use the rubber film and heat shrink tube to seal the sample. First, apply an axial force
of about 0.5 kN to fix the sample, and then apply the confining pressure. After the confining
pressure reaches the preset value and becomes stable, apply the seepage pressure. After the
seepage pressure reaches the preset values and becomes stable, the axial force is applied
through deformation control until failure, and the loading speed is 0.01 mm/min.
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4. Test Results and Analysis
4.1. Stress–Strain Curve

In this paper, conventional triaxial tests and triaxial hydraulic coupling tests were
carried out. Figure 7 shows that confining pressure and seepage pressure can significantly
affect the strength and deformation characteristics; with the increase in confining pressure,
the strength increases, and the resistance to deformation increases. The effect of osmotic
pressure is opposite.
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4.2. Crack Volume Model

The crack volume model was the primary method for determining the crack initiation
and penetration of rocks [35,36]. Figure 8 shows a schematic diagram of phase division and
characteristic strength; this method is to determine the crack closure strength (σc), crack
initiation strength (σi), dilatancy strength (σd), and peak strength (σf ). The volume strain
curve and volume strain curve of the crack show compression first and then expansion.

In the crack closure stage, the original microcracks and pores are closed, and the crack
volume strain is gradually reduced. In the crack stable development stage, the volume
strain increment is approximately equal to the elastic volume strain increment, and the crack
does not expand significantly, so the crack volume strain curve is approximately horizontal.
In the crack unstable development stage, the crack propagation and the crack volume strain
curve deflect to the negative direction. In the dilatancy stage, the rock transforms from
volume compression to volume expansion; the volume strain expansion rate of the crack
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is relatively large, and the rock enters an obvious yield state. In the postpeak stage, the
internal fracture surface of the rock expands and penetrates, and the rock failure.

Figure 8. Schematic diagram of phase division and characteristic stress.

The volume strain, volume crack strain, and volume elastic strain meet the following relations:

εvc = εv − εve (1)

During the rock compression test, the volume strain εv was expressed as

εv = ε1 + ε2 + ε3 (2)

Assuming that the volume increment is composed of elastic strain and crack increment
strain, the elastic volume strain considering seepage pressure can be expressed as

εve =
(1− 2µ)(σ1 + σ2 + σ3 − 3αPw)

E
(3)

where εv is the volume strain, εve is the volume elastic strain of the rock, and εvc is the crack
volume strain of the rock.

4.3. Evolution of Characteristic Strength

Figure 9 shows the evolution law of the characteristic strength of red sandstone.
Through linear regression of the relationship curve between the strength and confining
pressure of red sandstone, and it was found that each characteristic strength and confining
pressure approximately meet the linear relationship.

Seepage pressure can accelerate the process of crack development and weaken the
strength. With the increase in seepage pressure, the crack closure stress, crack initiation
stress, dilatation stress, and peak stress of the rock are reduced. Confining pressure delays
the process of failure and limits the formation of cracks. Confining pressure suppresses
the effect of seepage pressure; the greater the confining pressure is, the weakening effect
of seepage pressure on the strength decreases. This is because under the effect of seepage
pressure, pore and fissure water produce expansion tension on the pore and fissure tip,
which accelerates the expansion of pore and fissure.

With the increase in seepage pressure, the strength growth rate of red sandstone under
unit confining pressure increases. Taking the peak stress of red sandstone as an example,
when the water pressure is 0, 1, 2, and 3 MPa, the strength growth rates under the unit
confining pressure are 3.3, 3.45, 3.51, and 3.61, respectively, indicating that the greater the
seepage pressure is, the better the strengthening effect of confining pressure on strength is.
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4.4. Deterioration Mechanism Caused by Water Pressure

Mohr’s circles and stress envelopes were obtained by the M–C strength criterion. The
cohesion and internal friction angle are calculated according to the following formula:

c =
b

2
√

k
, ϕ = arcsin

(
k− 1
k + 1

)
(4)

where k and b are the slope and intercept of the peak strength—confining pressure curve in
Figure 9d.

As shown in Figure 10, under the effect of 0–3 MPa seepage pressure, the internal
friction angle of red sandstone is between 32.3◦ and 34.5◦, and the cohesion is between
0.8 and 4 MPa. With the increase in seepage pressure, the internal friction angle increases
slowly, indicating that water pressure has a reduction on the internal friction angle of weakly
cemented sandstone. The seepage pressure will affect the cohesion, which decreases with
the increase in seepage pressure; when the seepage pressure increases to 3 MPa, the cohesion
is only 20% of that without seepage pressure. This is because Cretaceous red sandstone has
the characteristics of poor cementation capacity; under the effect of seepage pressure, the
particles are dissolved, and the cements between particles lose their cementation strength,
so the cementation is weakened. Moreover, in the loading process, the seepage pressure
will inevitably produce expansion tension on the tip of the pore fracture, further reducing
the cementation.

Mineral composition and microstructure essentially affect the macromechanical prop-
erties of red sandstone. Most clay minerals are hydrophilic. In the process of water–rock
interaction, the cement absorbs water, expands, and disintegrates. The skeleton structure
bonded by the cement tends to be loose, indicating that the low content of clay minerals
is the direct reason for the weak cementation ability of Cretaceous red sandstone. Under
the action of hydraulic coupling, seepage pressure accelerates the dissolution of cemen-
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titious materials, increases the scouring of pores and fissures, and causes the decrease
in internal cohesion and loosening of particles. The seepage volume force increases the
expansion of pores and fissures and the scouring of particles increases, which speeds up
the disintegration of the internal structure of sandstone.

Figure 10. Mohr’s circle and envelope line under different confining pressures and seepage pres-
sures: (a) seepage pressure is 0 MPa, (b) seepage pressure is 1 MPa, (c) seepage pressure is 2 MPa;
(d) Seepage pressure is 3 MPa.

5. Damage Constitutive Model Considering Seepage Pressure
5.1. Effective Stress Principle

The applicable constitutive model is very important for simulating the stress–strain
relationship of materials [37]. The statistical damage constitutive model has the characteris-
tics of clear parameter meaning and wider applicability. Therefore, this paper selects the
statistical damage constitutive model to simulate the stress–strain curve of the rock. In this
paper, the hydraulic coupling effect is considered, and the connection between stress and
seepage pressure is established through the principle of effective stress [38,39]:

σ
′
ij = σij − αPwδij (5)

where σ
′
ij is the effective stress tensor, σij is the total stress tensor, α is the effective stress

coefficient, Pw is the seepage pressure, and δij is the second-order tensor.

5.2. Construction of the Constitutive Model

According to the hypothesis of equivalent strain [40–42],

σ̃ij =
σij

1− D
(6)

By combining Formulas (5) and (6), it can be obtained that the damage constitutive
relationship of porous elastic materials under hydraulic coupling is

σ̃
′
ij =

σ
′
ij

1− D
=

σij − αPwδij

1− D
(7)
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Assume that a large number of microelements constitute the rock, and the microele-
ment strength is randomly distributed; therefore, the probability density of the Weibull
distribution [43] is

P
(

f(σ)
)
=

m
k

( f(σ)
k

)m−1

exp

[
−
( f(σ)

k

)m]
(8)

where k and m are parameters of the model, and f(σ) is the rock yield criterion.
Therefore, the damage variable D [44] can be expressed as

D = 1− exp

[
−
( f(σ)

F0

)m]
(9)

The value range of D is (0~1), D = 0 represents the initial state or no damage state, and
D = 1 represents the complete damage state.

The microelement strength function is established based on the strength criterion. The
rock microelement strength described by the M–C strength criterion [45,46] is

f(σ) = σ1 − σ3
1 + sin ϕ

1− sin ϕ
− 2c cos ϕ

1− sin ϕ
(10)

The traditional M–C criterion is insufficient to describe the rock stress state under
hydraulic coupling; therefore, the seepage pressure is introduced. In combination with
Formulas (5) and (10), an improved M–C criterion reflecting the effect of hydraulic coupling
is obtained:

f(σ′ ) = σ
′
1 − σ

′
3

1 + sin ϕ

1− sin ϕ
+

2α sin ϕ

1− sin ϕ
Pw −

2c cos ϕ

1− sin ϕ
(11)

Combining Equations (7) and (11), the microelement strength function based on the
improved M–C criterion was obtained:

f(σ) =
((1− sin ϕ)σ1 − (1 + sin ϕ)σ3 + 2α sin ϕPw)Eε1

(1− sin ϕ)(σ1 − 2µσ3 − (1− 2µ)αPw)
− 2c cos ϕ

1− sin ϕ
(12)

where 2c cos ϕ
1−sin ϕ is the damage threshold, which means that when f(σ) ≥ 0, the rock enters the

yield stage and the damage starts to appear.
It can be seen that the existence of seepage pressure accelerates the process of sand-

stone’s failure. Axial stress and seepage pressure play a positive role in rock yield, while
confining pressure plays a restraining role in rock yield.

Hooke’s law is expressed as

ε̃
′
1 =

1
E

[
σ̃
′
1 − µ

(
σ̃
′
2 + σ̃

′
3

)]
(13)

By substituting Equations (6) and (12) into Equation (13), the rock hydraulic coupling
damage constitutive model is obtained:

σ1 = Eε1 exp

[
−
( f(σ)

k

)m]
+ 2µσ3 + (1− 2µ)αPw (14)

This is the general form of the hydraulic coupling damage constitutive model, which
can degenerate into the classical linear elastic constitutive model in the nondamage state;
whether there is damage is determined according to Equation (12). When seepage water
pressure is not considered, it can be reduced to the constitutive model based on the M–C
criterion [47].
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5.3. Solution of Model Parameters

The model’s parameters play a key role in establishing a statistical damage constitutive
model. Usually, many methods are used to determine parameters [48]. The curve fitting
method was adopted in this paper.

Equation (14) was transformed and put forward the exponential term:

exp

[
−
( f(σ)

k

)m]
=

σ1 − 2µσ3 − (1− 2µ)αPw

Eε1
(15)

The values of m and k can be obtained by linear regression. Thus, the hydraulic
coupling damage constitutive model considering the improved M–C criterion can be
determined. By taking logarithms twice to Equation (15), Equation (16) is obtained:

y = mx− b (16)

where
y = ln

Eε1

σ1 − 2µσ3 − (1− 2µ)αPw
(17)

x = ln f(σ) (18)

b = −m ln k (19)

5.4. Model Validation

The constitutive model is verified by triaxial hydraulic coupling test results of Cre-
taceous red sandstone; the relevant model parameters are shown in Table 1. As shown
in Figure 11, the theoretical curve basically coincides with the test curve; this model can
accurately capture the nonlinearity near the peak. This shows that the damage constitutive
model can reflect the strength characteristics and stress–strain relationship of red sandstone
under hydraulic coupling, and verifies the rationality and applicability of the hydraulic
coupling damage constitutive model. To some extent, it can predict the mechanical behavior
of red sandstone under a complex stress state.

Table 1. Parameters of statistical damage model.

Number
Seepage
Pressure

(MPa)

Cohesion
(MPa)

Internal
Friction
Angle

(◦)

Confining
Pressure

(MPa)

Peak
Strength

(MPa)

Peak
Strain

Elastic
Modulus

(MPa)

Poisson’s
Ratio m k

S-0-0

0 MPa 3.99 32.33

0 14.5 0.00519 3800 0.325 8.8 11.3
S-4-0 0 27.9 0.00658 5350 0.292 9.5 26.7
S-6-0 0 31.5 0.00725 5600 0.271 10.2 32.5
S-8-0 0 41.4 0.00737 7300 0.257 11.3 40.4

S-10-0 0 47.6 0.00759 7600 0.236 12.6 44.5

S-4-1

1 MPa 3.01 33.4

1 25.2 0.00655 4800 0.302 14.3 22.5
S-6-1 1 32.4 0.00713 5500 0.281 14.7 30.1
S-8-1 1 38.6 0.00832 5700 0.266 15.1 35.3

S-10-1 1 46.1 0.00810 6600 0.245 16.3 41.5

S-4-2

2 MPa 2.22 33.82

2 21.8 0.00658 3850 0.311 12.5 20.8
S-6-2 2 30.4 0.00687 5100 0.298 13.8 27.2
S-8-2 2 36.7 0.00729 6500 0.276 14.6 32.5

S-10-2 2 43.1 0.00743 7200 0.256 15.4 43.1

S-4-3
3 MPa 0.82 34.48

3 17.5 0.00649 3400 0.314 11.6 18.6
S-6-3 3 24.9 0.00655 4600 0.295 12.5 26.7
S-8-3 3 31.4 0.00673 5700 0.276 13.9 33.4
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Figure 11. Comparison between experimental curve and theoretical curve. (a) Seepage pressure is
0 MPa, (b) seepage pressure is 1 MPa, (c) seepage pressure is 2 MPa, and (d) seepage pressure is
3 MPa.

5.5. Parameter Sensitivity Analysis

Sensitivity analysis is an indispensable link in numerical simulation research [49,50].
Because it can screen out the key parameters that affect the effectiveness of the model, it is
of great significance in the quantification of model uncertainty and parameter calibration.
Through sensitivity analysis, this paper mainly discusses the physical meaning represented
by the parameter and the influence of the parameter on the shape. The high and low
of sensitivity or the sensitivity index is not the focus of this paper; moreover, the model
parameters are only m and k, so this paper only carries out local sensitivity analysis.

To explain the physical significance of parameters, the stress–strain curve sample of
S-4-2 is selected for the sensitivity analysis of the parameters m and k. Keep the value of
k unchanged; take m as 5, 10, 15, and 20; and then draw the stress–strain curve. As shown
in Figure 12, the change of parameter m produces an effect on the shape of the stress–strain
curve. With the increase in m, the peak strength and peak strain increase, the increase in
peak intensity gradually decreases, the postpeak curve becomes steep, and the stress–strain
curve changes from strain softening to strain hardening, indicating that the parameter m
reflects the plastic deformation characteristics.

Keep the value of m unchanged; take m as 10, 15, 20, and 25; and then draw the
stress–strain curve. As shown in Figure 13, the peak strength increases with the increase
in k; the strength of the rock increases, indicating that the rock’s resistance to failure and
deformation is enhanced; the brittleness is enhanced; and the failure becomes sudden. It
shows that k affects the strength and brittleness of the rock.
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Figure 12. Sensitivity analysis of parameter m.

Figure 13. Sensitivity analysis of parameter k.

6. Conclusions

A series of tests, such as a scanning electron microscope and a hydraulic coupling
test, were carried out to analyze the micro- and macromechanical characteristics of weakly
cemented red sandstone, and a hydraulic coupling constitutive model was derived. The
following conclusions were obtained through experiments and theoretical studies:

(1) The evolution laws of characteristic strength of red sandstone are obtained by the
volume strain method. Confining pressure limits crack propagation and enhances
strength. With the increase in confining pressure, crack closure strength, crack initia-
tion strength, dilatancy strength, and peak strength increase. The seepage pressure
accelerates the crack propagation and weakens the strength, and the effect of seepage
pressure is opposite to that of confining pressure.

(2) Cretaceous red sandstone has few clay minerals, loose structure, low cohesion, and
weak cementation ability. Under the action of seepage pressure, the cement between
particles is dissolved, and the cement strength is easily lost. In addition, the water
pressure produces expansion tension on the tip of pores and fractures, speeding up
the expansion of pores and fractures, resulting in a significant decrease in cohesion,
which shows an obvious softening effect.

(3) The seepage pressure action term is introduced into the M–C criterion, and the element
strength function that can reflect the influence of seepage pressure is obtained by
combining the effective stress principle and strain equivalence theory.
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(4) The model can better reflect the stress–strain relationship of red sandstone under
the hydraulic coupling action, and has wide application. At the same time, it can
degenerate into a conventional damage constitutive model without the action of
seepage pressure.
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