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The confining pressure induces the deformation of fractures with seepage through the fracture. The seepage characteristics can reflect the deformation of the hydraulic aperture. We propose theoretical models to describe the mechanism by which the confining pressure influences the hydraulic aperture based on the fracture deformation constitutive law models of Goodman, Bandis, Sun, and Rong. Hydromechanical testing data were used to validate the four types of proposed models. The experiment results reveal the confining pressure and hydraulic aperture model based on Sun’s exponential model describes the mechanism the best. The maximum hydraulic aperture closure deformation and initial hydraulic aperture go through a growth phase with a decreasing rate, and then, they enter a stability phase when the flow rate increases to 7 ml/min, while the normal stiffness of the fracture decreases to a certain value and then tends to a stable value. Flow rate decreases as confining pressure increases in a nonlinear progression, which is described by Sun’s exponential model well. We further found that in laboratory tests at various temperatures and in field tests, the confining pressure’s influence on the hydraulic aperture is highly consistent with the model based on Sun’s model. The model developed in this study describes the mechanism by which the confining pressure influences the hydraulic aperture, and it is meaningful to rock seepage engineering with in situ stress changes at different temperatures.
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INTRODUCTION
Fractures are the key to fluid flow, transport, and heat transfer inside natural rock masses with distinct apertures due to the complex in situ stress (confining pressure), and knowledge of these fracture apertures plays an irreplaceable role in the seepage through fractures in many subsurface engineering applications, including seawater intrusion (Sebben et al., 2015), geothermal energy exploitation (Wang et al., 2021b; Li et al., 2022), Water–Silt Inrush Hazard (Ma et al., 2022a) and urban drainage systems (García et al., 2015; Ma et al., 2022b). However, previous research has focused on the relationship between the hydraulic aperture and in situ stress, and there are no theoretical models for predicting the change in the hydraulic aperture under in situ stress. It is meaningful to study the hydraulic aperture based on fracture deformation for performance assessment and optimization design in tunnels, urban underground railways, and many other underground spaces (Zhao et al., 2021).
To characterize the hydraulic aperture, the finite difference method was used to solve the lubrication equation, and the calculated results were displayed as a function of the ratio of the mean mechanical aperture to the standard deviation of the roughness distribution. The third power of the ratio of the hydraulic aperture to the average mechanical aperture is related to the ratio of the standard deviation of the mechanical aperture to the average mechanical aperture (Zimmerman and Bodvarsson, 1996). The ratio of the hydraulic aperture to the average mechanical aperture is not constant, and it can be expressed as an exponential relationship with the standard deviation of the average mechanical aperture (Renshaw, 1995). In tests conducted on gradient samples, the mean mechanical aperture was calculated and found to be considerably broader than the hydraulic aperture (Chen et al., 2000). In rock engineering applications, as one parameter used to estimate the fracture aperture, the hydraulic aperture was used in field hydraulic tests (Li et al., 2013; Cao et al., 2016). It is widely accepted that the hydraulic aperture is relevant to the fracture geometry and is meaningful to the accurate measurement of the hydraulic aperture and the permeability of the fractured rock. Affected by the measurement methods and characterization parameters of the fracture morphology used (Sun et al., 2020), the measurement accuracy of the fracture geometry is difficult in rock engineering.
Previous research has shown that the confining pressure has a non-negligible influence on the permeability and hydraulic aperture, which is affected by the ambient conditions, such as the temperature (Watanabe et al., 2017; Hopp et al., 2019), confining pressure (Chen et al., 2016; Shu et al., 2020), hydraulic pressure (Zhao et al., 2019) and dynamic disturbance (Du et al., 2019; Huang et al., 2022). However, the temperature has less impact on the change in the permeability at higher confining pressures (Ding et al., 2016). Moreover, transient pulse test results have shown that the roughness is no longer critical to the permeability when the confining pressure is greater than a certain value (Zhao et al., 2017). As an irreplaceable parameter affecting the permeability, only the experimental regularity of the confining pressure has been summarized. For the permeability reduction of fractured rocks, the technique of filling fractures with grout was proposed, and the stress-induced changes in the permeability of the infilled fractures were investigated (Zhou et al., 2020). Owing to the construction of buildings and the excavation of underground spaces, the distribution of the stress field in the original rock mass is changed (Chen et al., 2022; Yang et al., 2022). The change in the stress field distribution will inevitably lead to changes in the geometric parameters of the fracture in the rock mass, which will contribute to the change in the permeability of the fracture in the rock mass (Wang et al., 2021a; Ma et al., 2021). The change in the permeability of the rock mass will directly give rise to changes in the stability of the rock mass and the buildings on it. There is not even a reasonable theoretical model that describes the change in the hydraulic aperture under confining pressure.
By reviewing the discussion above, the mechanism of confining pressure on hydraulic aperture required further research. In this study, we investigated how the confining pressure affects the hydraulic aperture based on the fracture deformation constitutive law and how the flow rate is controlled by the confining pressure. Hydromechanical tests were conducted under different confining pressures (Pc=10–38 MPa) with a constant flow rate or seepage pressure. The results of this study enhance our understanding of the interaction between the seepage and the surrounding rock under different in situ stress conditions and offer guidance for rock engineering projects.
MODEL OF HYDRAULIC APERTURE AND CONFINING PRESSURE
We studied the mechanism by which the confining pressure influences the hydraulic aperture (Figure 1). The artificial fracture specimens from a shale block, which was taken from Changning. Figure 1B expresses the fracture of the sample, which is produced by cutting along the diameter. There are conclusions that different lithology has a certain effect on permeability and non-Darcy flow coefficient of water flow in fractured rock (Ma et al., 2013), while the lithology was not focused in this manuscript. For incompressible steady-state fluid flow through a single fracture, the Navier-Stokes equation based on Newton’s second law was used:
[image: image]
where u is the flow velocity; ρ is the fluid density; ▽P is the fluid pressure gradient; µ is the dynamic viscosity coefficient; and F is the body force vector.
[image: Figure 1]FIGURE 1 | (A) Theoretical model of the confining pressure and hydraulic aperture (Pc−eh) based on the fracture deformation constitutive law. (B) A shale sample is cut by a single fracture. The shale block was polished and cut in half along its diameter.
The inertial forces are negligible compared to the viscous forces. Thus, the N-S equation reduces to the Stokes equation, and the cubic law is obtained based on the assumption that the single fracture consists of two smooth parallel plates. The cubic law is as follows (Witherspoon et al., 1980):
[image: image]
where Q is the discharge; k is the intrinsic permeability; Ah is the cross-sectional area; w is the fracture width; and eh is the hydraulic aperture. The hydraulic aperture eh can be calculated from the cubic law (Watanabe et al., 2008; Quinn et al., 2020) as follows:
[image: image]
I. Goodman proposed the hyperbolic model of the fracture deformation constitutive law (Goodman, 1974):
[image: image]
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where [image: image] is the fracture closure deformation; [image: image] is the maximum hydraulic aperture closure deformation; [image: image] is the initial confining pressure; [image: image] is the confining pressure; and [image: image] is the initial hydraulic aperture. By combining Eqs 4, 5, the hydraulic aperture can be expressed as
[image: image]
By combining Eqs 3, 6, under a constant seepage pressure Ps, the flow rate Q can be expressed as
[image: image]
II. Eq. 4 can be replaced by the hyperbolic model proposed by Bandis (Bandis et al., 1983):
[image: image]
where [image: image] is the initial normal stiffness of the fracture. The hydraulic aperture and flow rate, respectively, can be written as
[image: image]
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III. Sun proposed the exponential model (Sun and Lin, 1983):
[image: image]
where [image: image] is the normal stiffness of the fracture. The hydraulic aperture and flow rate, respectively, can be written as
[image: image]
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IV. Rong proposed the g−λ model (Rong et al., 2012):
[image: image]
where [image: image] is a parameter associated with the fracture weathering, roughness, fluctuation degree, the matching of fracture surface and strength of the wall of the rock fracture. The hydraulic aperture and flow rate, respectively, can be written as
[image: image]
[image: image]
In this theoretical model, the hydraulic aperture is used to characterize the aperture of the fracture, and the fracture deformation constitutive law is used to describe the effect of the confining pressure on the hydraulic aperture. This model gives the theoretical expression for the confining pressure Pc and the hydraulic aperture eh related to the interaction between the flowing fluid and the surrounding rock. It provides a quantitative framework for investigating the evolution of the seepage characteristics with confining pressure.
EXPERIMENTAL METHODOLOGY
The above models show the mechanism by which the confining pressure Pc influences the hydraulic aperture eh based on the fracture deformation constitutive law (fracture deformation constitutive law models of Goodman, Bandis, Sun, and Rong), and the relevant equations are proposed. To further validate the equations relating Pc to eh or Q, we conducted hydromechanical tests on a shale sample cut by a single fracture (100 mm in width and 100 mm in length; Figure 1B) in the laboratory. The tests were performed using a device consisting of a confining pump (2J-X plunger metering pump), a syringe pump (ISCO 65D), pressure gauges, and a sample holder. The hydromechanical tests were conducted at a constant flow rate Q (2–14 ml/min) under confining pressure Pc (10–28 MPa), and at a constant seepage pressure Ps (400–2000 kPa) under confining pressure Pc (20–38 MPa).
The fluid mechanic’s test was carried out using laboratory instruments (Figure 2). The fluid mechanic’s experiment processes are as follows:
(1) The prefabricated single fracture rock sample was put into the holder. After placing the rock sample, connect the high-pressure pump, ring pressure pump and holder with capillary iron pipes to combine the fluid mechanic’s experimental system.
(2) The ring pressure pump was controlled by the computer to inject water into the ring pressure cavity of the holder, which is connected with water. After the confining pressure required for the experiment is reached, the water flow was injected into the holder through the high-pressure pump.
(3) Set up the flow required in the experiment. After the seepage flow was stable, measure the corresponding seepage pressure, record the data, and then apply the next-level seepage flow. Every level of seepage flow was constant.
(4) After recording the osmotic pressure under different seepage flow rates corresponding to the set confining pressure, gradually increase the confining pressure to the next confining pressure, repeat the previous step (3), and measure the seepage pressure under different flow rates.
[image: Figure 2]FIGURE 2 | Experimental equipment diagram.
RESULTS AND DISCUSSION
Relationship between the confining pressure Pc and hydraulic aperture eh
The seepage pressure data for the hydromechanical tests under different confining pressures with a constant flow rate were precisely captured and recorded. Subsequently, the hydraulic aperture eh was determined using Eq. 3.
Figure 3 shows the recorded confining pressure Pc and hydraulic aperture eh of the shale sample cut by a single fracture for different flow rates Q. The curves of the hydraulic aperture versus confining pressure (eh−Pc) illustrate that the four kinds of fracture deformation constitutive models (Goodman model, Bandis model, Sun model, and Rong model) apply to the relationship between the hydraulic aperture eh and the confining pressure Pc (10–28 MPa) at different constant flow rates Q. The fitting curve and correlation coefficient R2 was obtained for the curves in Figure 3. The hydraulic aperture decreases as the confining pressure continuously increases, and the rate of decrease of the curve becomes smooth after 16 MPa, indicating that the change in the hydraulic aperture with confining pressure is nonlinear when the confining pressure is greater than a certain value. The correlation coefficients R2 of the Goodman model, Bandis model, Sun model, and Rong model are 0.9506–0.9706, 0.9484–0.9722, 0.9803–0.9926, and 0.8947–0.9769, respectively. A comparison of these four fitting curves revealed that the Sun model fits the test results better than the others.
[image: Figure 3]FIGURE 3 | Variations in the hydraulic aperture (eh) with increasing confining pressure (Pc). (A) Shale sample with a single fracture, Q=2 ml/min. (B) Shale sample with a single fracture, Q = 6 ml/min. (C) Shale sample with a single fracture, Q = 11 ml/min. (D) Shale sample with a single fracture, Q = 14 ml/min. The solid line is the fitting curve for the Sun model, the dashed line is the fitting curve for the Goodman model, the dotted-dashed line is the fitting curve for the Bandis model, and the dashed-dotted-dotted line is the fitting curve for the Rong model. The discrete symbols are measurement points from the hydromechanical tests with different flow rates.
Here, we provide a quantitative analysis of the confining pressure and hydraulic aperture based on four fracture deformation constitutive law models (Goodman model in Eq. 4; Bandis model in Eq. 8; Sun model in Eq. 11; Rong model in Eq. 14), and relevant equations for the relationship between the confining pressure and hydraulic aperture are proposed (Eqs 6, 9, 12, 15).
Based on the relatively close regression effect of the Sun model, a series of related parameters were taken into consideration (Figure 4), including the maximum hydraulic aperture closure deformation Vm, initial hydraulic aperture ehi, and normal stiffness of the fracture Kn. Calculation value of Vm, ehi and Kn were obtained from the fitting results in Figure 3. Vm and ehi go through a growth phase with a decreasing rate, and then, they enter a stability phase when Q increases to 7 ml/min. Vm and ehi are 50 and 54 μm in the stable phase, respectively. There is a decline phase with a decreasing rate for the change in Kn with Q. It similarly enters a stable phase, and the stable Kn is 6 MPa/μm when the flow rate increases to 7 ml/min. As the flow rate increases, [image: image] and [image: image] increase to certain values and then tend to stable values, and [image: image] decreases to a certain value and then tends to a stable value. The correlation coefficient R2 describes the fitting results of the Sun model of the fracture deformation constitutive law (Figure 3), and the fitting result increases significantly when the flow rate is less than a certain value. It is reasonable that insufficient water flow may lead to a deviation in the course of the experiment and inaccuracy of the cubic law in this model and the hydromechanical tests.
[image: Figure 4]FIGURE 4 | Regression results for the Sun model of the fracture deformation constitutive law. (A) Maximum hydraulic aperture closure deformation Vm and flow rate Q, (B) initial hydraulic aperture ehi and flow rate Q, and (C) normal stiffness of the fracture Kn and flow rate Q.
Relationship between the confining pressure Pc and flow rate Q
To explore the relationship between the flow rate Q and confining pressure Pc based on the fracture deformation constitutive law, we obtained a series of hydromechanical test data under various confining pressures at constant seepage pressures Ps (400, 1,000, 1,600, and 2,000 kPa). As for the different models of the fracture deformation constitutive law (Eqs 7, 10, 13, 16), constant seepage pressure is a prerequisite to obtaining the direct relationship between Q and Pc. The changes in Q under various Pc are shown in Figure 5, and the relevant models of the fracture deformation constitutive law were used to fit the hydromechanical test data.
[image: Figure 5]FIGURE 5 | Variations in the flow rate (Q) with the confining pressure (Pc). (A) Ps = 400 kPa, (B) Ps = 1,000 kPa, (C) Ps = 1,600 kPa, and (D) Ps = 2,000 kPa. The solid line is the fitting curve for the Sun model, the dashed line is the fitting curve for the Goodman model, the dotted-dashed line is the fitting curve for the Bandis model, and the dashed-dotted-dotted line is the fitting curve for the Rong model. The discrete symbols are measurement points from the hydromechanical tests with different flow rates.
Figure 5 is a plot of the flow rate Q versus the confining pressure Pc based on the four proposed models of the fracture deformation constitutive law, and a series of hydromechanical test data were obtained under various confining pressures Pc (20–38 MPa) at different constant seepage pressures Ps. The Sun model can effectively describe the relationship between Q and Pc based on the constitutive law. Figure 5 shows that Q decreases as Pc increases in a nonlinear progression. It was found that Sun’s exponential model describes the fracture deformation characterized by the hydraulic aperture and affected by the confining pressure for a wide range of applications. Determination of the relationship between the flow rate and confining pressure based on the fracture deformation constitutive law has theoretical value and can be used to calculate the seepage parameters in rock engineering projects with widespread and variable in situ stress conditions.
Evaluation of the relationship between eh and Pc based on Sun’s model, laboratory tests at various temperatures, and field tests
We evaluated the theoretical model using laboratory tests conducted at various temperatures (Shu et al., 2020) and field tests (Witherspoon et al., 1979). The above research results (Figure 5) show that the model for the relationship between the hydraulic aperture and the confining pressure based on Sun’s model of the fracture deformation constitutive law (Eq. (12)) most effectively fits the results, and the series of related parameters ([image: image], [image: image], and [image: image]) are all reasonable. Thus, the theoretical model based on Sun’s model was used to evaluate the relationship between eh and Pc, and the correlation coefficients R2 are listed in Figure 6.
[image: Figure 6]FIGURE 6 | Evaluation of the proposed model for the relationship between the hydraulic aperture and the confining pressure based on Sun’s model of the fracture deformation constitutive law. (A) Hydraulic aperture and confining pressure test data for various temperatures. The green area represents the part where the temperature is less than 50°C, the blue area represents the part where the temperature is greater than 50°C and less than 100°C, and the yellow area represents the part where the temperature is greater than 100°C and less than 150°C, the orange area represents the part where the temperature is greater than 150°C and less than 200°C, and the orange area represents the part where the temperature is greater than 200°C. (B) The field test data for the hydraulic aperture and confining pressure for fractures at depths of 266 and 227 m, and the test data from an ultra-large core experiment. The solid line is the fitting curve for the Sun model, and the discrete symbols are the test data.
The proposed model for the relationship between the hydraulic aperture and the confining pressure based on Sun’s model of the fracture deformation constitutive law was used to fit the experimental data obtained at various temperatures and the field test data. The results indicate that under various temperature conditions (Figure 6A) and field conditions (Figure 6B), this model can predict the influence of the confining pressure on the hydraulic aperture well. This model is meaningful to rock engineering applications under various in situ temperature conditions and coupling conditions.
CONCLUSION
In this study, we investigated the mechanism by which the confining pressure influences the hydraulic aperture based on the fracture deformation constitutive law using a combination of hydromechanical tests and a theoretical model, and regression analysis was performed on the test data using the proposed model. The main conclusion of this study are as follows.
(1) Four types of models for the relationship between the hydraulic aperture or flow rate and the confining pressure were obtained, and the hydromechanical tests were performed under different confining pressures.
(2) The fitting results of the hydromechanical test data show that the proposed model based on Sun’s model of the fracture deformation constitutive law describes the relationship between the confining pressure, hydraulic aperture, and flow rate the best.
(3) In this study, the hydraulic aperture and confining pressure model based on Sun’s model of the fracture deformation constitutive law was evaluated using laboratory tests conducted at various temperatures and field tests.
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NOMENCLATURE
Latin alphabet
Ah cross-sectional area
eh hydraulic aperture
ehi initial hydraulic aperture
F body force vector
k intrinsic permeability
Kn normal stiffness of the fracture
Kni initial normal stiffness of the fracture
Pc confining pressure
Pi initial confining pressure
Ps seepage pressure
∇P fluid pressure gradient
Q flow rate
R2 Correlation coefficient
u flow velocity
Vm maximum hydraulic aperture closure deformation
w fracture width
ΔVf fracture closure deformation
λ Parameter
µ dynamic viscosity coefficient
ρ fluid density
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