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The seepage failure induced by high water pressure along the fault structural plane is one of the main factors for the deformation and failure of underground caverns. Based on the pipe domain seepage model with the discrete element particle flow method, the law of flow conservation is introduced, and the pressure renewal equation is improved by connecting the change of mechanical volume in timestep with the effective stress. The model for pipe domain seepage analysis of fractured rock mass is established, and the sample seepage model is used to simulate and verify the seepage process. Then, seepage failure induced by water pressure in an underground tunnel is analyzed by using this model. The results show that the improved pipe domain seepage model conforms to Darcy’s law, the seepage velocity of the model can be changed by controlling the viscosity coefficient, and the tunnel failure phenomenon is consistent with the actual phenomenon in the practical project. The research results can provide a theoretical basis and method for investigating the deformation and failure of underground caverns under complex seepage.
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INTRODUCTION
Seepage effects are crucial for evaluating the stability of geotechnical engineering, and seepage mainly occurs along structural planes, such as the discontinuous plane, faults, and joints in rock mass. Thus, revealing the mechanical behaviors of seepage in rock mass with structural planes is important for the theoretical research and guiding the engineering practice.
The finite element method and finite difference method are widely used for the numerical analysis of seepage. In terms of the finite element method, a variety of seepage finite element methods [1, 2] were developed and used to analyze the seepage path, deformation and failure of rainfall, water-rich foundation pit, and cross-river tunnel [3–7]. However, these methods are mostly used in the homogeneous continuous medium, which cannot well reflect the hydraulic conductivity and dominant flow effect of fracture network in real structural rock masses, and ignore the microseepage damage to the rock. Under the erosion of high water pressure seepage, microcracks gradually appear inside the rock. The integrity of the rock is destroyed by the appearance of the microcracks, and the seepage inside the rock is aggravated, which further accelerates the erosion of the rock, promotes the gradual increase and expansion of the microcracks, and even leads to the penetration of microcracks. Finally, the damage of rocks is caused. Therefore, the discrete element method is emerged in the simulation of seepage in rock mass as the DEM can well construct the fractures inside rock mass and capture the micro-mechanical behaviors inside the fractures. By using the coupling method of computational fluid dynamics and discrete element method (CFD-DEM), behaviors in the seepage process, such as erosion, landslide, and the relationship between hydraulic gradient and flow velocity [8–11], can be investigated. In addition, a two-dimensional fracture–pore mixed seepage model based on the finite discrete element method (FDEM) was proposed [12], which can analyze the seepage process in a single-fracture or multi-fracture porous medium.
In recent years, research on seepage deformation and failure of geotechnical medium by the particle flow method has attracted more and more attention. To consider the internal seepage of geotechnical medium, there are two main methods: one is the coarse grid method and the other is the pipe domain method. The former is a simplified method and commonly used to simulate seepage in the particle medium. The fluid flow is determined by solving the average fluid pressure and velocity of each fluid grid. This algorithm is relatively accurate and reliable, but the flow and solid calculation should be integrated. As the particle position changes all the time, the process is cumbersome. For example, the coarse grid fluid method was used in the particle flow code (PFC) [13] to research the internal phenomenon and seepage direction of granular soil seepage process, and some certain results are achieved. The other method, the pipe domain seepage model, is introduced into the particle system; with this method, each domain has a certain fluid pressure, and the flow occurs through flow pipes; the flow and flow velocity vary with the size of the tube. Because the solid and fluid calculations are based on the same particle system, the solid–fluid coupling can be realized more conveniently, and the method has a better effect in rock fracture simulation.
Based on the pipe domain seepage model, the law of flow conservation is introduced into its governing equation, the pressure renewal equation is deduced, and an improved pipe domain seepage model is established with the particle flow code. Then, its applicability is verified by the simulation of sample seepage and high water pressure tunnel seepage, and the deformation and failure of high water pressure tunnel under seepage are investigated. This method was used to initially simulate hydraulic fracturing of fractured rock mass from a mesoscopic perspective [14].
PIPE DOMAIN SEEPAGE MODEL
Generation of Pipe Domain Model
Seepage is simulated by introducing the domain and pipe into the particle system in the pipe domain seepage model. With the particle flow code, a series of particles are usually bonded to represent mechanical properties of geotechnical materials. As shown in Figure 1, a domain is formed by interconnected particles, and a pipe is formed by particle contacts. Firstly, the network of domain and pipe is formed on the particles of model. Each domain is composed of a circle of closed particles, and the seepage pressure in the domain represents the fluid pressure at the centroid of the domain. As shown in Figure 1A, the contact between each two adjacent particles in the closed particle circle is described as a pipe, each pipe is connected with two adjacent domains, and seepage is considered to occur in the pipe. The pipe domain seepage model can well describe the real physical process. The rock and soil mass are granular media, and the water pressure mainly exists in the pore units between particles. The transmission of seepage between particles is similar to the flow transmission in the pipe.
[image: Figure 1]FIGURE 1 | Pipe domain model and calculation flow chart. (A) and (B) are the force diagram of fluid pressure on particles, and (C) is the flow chart of fluid solid coupling.
The pressure gradient caused by seepage in the pipe is assumed to be concentrated at the corresponding contact, and the fluid pressure in the domain is uniform and acts on the particles with the same size. As shown in Figure 1B, the resultant force of the fluid pressure in the domain on each particle is
[image: image]
where [image: image] is the fluid pressure in the domain, [image: image] is the normal direction of the connecting line between the two contact points of the particle, and [image: image] is the length of the connecting line.
Pressure Governing Equation
The water flow in each pipe is assumed to satisfy the smooth parallel plate [15] flow, and its velocity (flow per unit time) is
[image: image]
where [image: image] is the opening of the pipe, [image: image] is the viscosity coefficient of the fluid, [image: image] is the seepage pressure difference between the two domains connected by the pipe, and [image: image] is the length of the pipe and is taken as the sum of the radius of the two particles corresponding to the pipe. In order to consider the influence of stress on permeability, when the contact force between particles is 0, the opening of the pipe is equal to the residual opening value ([image: image]) and then gradually tends to 0 as the normal contact force increases, as is shown in the following formula:
[image: image]
where [image: image] is the normal contact force at the contact and [image: image] is the normal contact force when the opening is reduced to half of the residual opening. If the normal contact force is tensile force or 0, the pipe opening is equal to the sum of the residual opening and the distance between the two particles, as is shown in the following formula:
[image: image]
where [image: image] is a dimensionless multiplier, which generally takes a number less than 1, [image: image] and [image: image] are the radius of two particles, respectively, and [image: image] is the distance between two particles.
In a timestep [image: image], the flow in the adjacent other domains will be received by each domain (the inflow is positive). The seepage pressure increment in the domain in this timestep can be calculated according to the total inflow flow of the domain, the fluid compression modulus [image: image], and the apparent volume of the domain [image: image], but only the mechanical volume change [image: image] for the same timestep can be used to calculate the seepage pressure increment in this timestep. Therefore, the law of flow conservation should be considered into the pipe domain seepage model. That is, the flow inflow of each domain is equal to the sum of mechanical volume increment of the domain and the fluid compression amount in the domain, as shown in the following formula:
[image: image]
where [image: image] must be the mechanical volume change in this timestep. Since it has not been calculated, the relationship between it and the effective stress increment should be determined first, and the compression amount of fluid in the domain is related to the change of fluid pressure in the domain, so the formula above can be written as
[image: image]
where [image: image] is the effective stress increment, [image: image] is the compression modulus of the solid skeleton, [image: image] is the compression modulus of the fluid, and [image: image] is the porosity of the model.
The total stress is assumed to be unchanged; according to the effective stress principle, [image: image], formula (6) can be written as
[image: image]
According to formulas 5 and 7, the renewal equation of seepage pressure can be derived, such as the following formula:
[image: image]
If the fluid is assumed to be incompressible, the formula above can be simplified to
[image: image]
The physical meaning of the updated equation is clear. When a certain flow ([image: image]) flows into the domain, in order to meet the flow conservation, the seepage pressure will increase, and the increment of seepage pressure will increase the volume of the domain, and the volume increment is equal to the inflow flow. The total stress is assumed to be unchanged, and the volume increment can be calculated by the increment of seepage pressure, solid compression modulus, and the apparent volume of the domain. Thus, the increment of seepage pressure is calculated by the inflow flow.
Coupling Implementation
The mechanical calculation of the network of pipe and domain is based on the particle system, similar to that of the particle flow method. The change of the volume of the domain and the opening of the pipe will be caused by the deformation of the particles. Therefore, the coupling of seepage and stress can be effectively simulated by the pipe domain model. The coupling calculation process is shown in Figure 1C. A certain flow will be transferred through the pipe at each timestep, and the change of seepage pressure will be caused by the inflow or outflow of flow in the domain. Because the whole region is full of domains, the change of seepage field can be reflected by the change of seepage pressure in all domains.
Stable Timestep
In seepage calculation, if the seepage timestep used exceeds the critical timestep, the solution of seepage pressure will oscillate and distort [16]:
[image: image]
where [image: image] is the viscosity coefficient of the fluid, [image: image] is the average radius of a circle of particles forming the domain, [image: image] is the apparent volume of the domain, [image: image] is the number of pipes connected to the domain, [image: image] is the compression modulus of the fluid, [image: image] is the opening of the pipe, and [image: image] is the porosity of the model.
METHOD VALIDATION AND INFILTRATION LAW
To verify the suitability of the domain–pipe model for simulating seepage, as shown in Figure 2A, the numerical model is constructed, with a width of 1 m and a height of 2 m. The left and right boundaries of the model are impermeable. A fixed water pressure boundary of 1 MPa is applied on the upper side and 0 MPa on the lower side. The fluid is assumed to be incompressible. The seepage pressure here is hyperstatic seepage pressure. As shown in Figure 2B, gray lines are the pipelines, and the seepage pressure is displayed in the form of particles in the center of the domain, that is, the pipe junction. Seven measurement points A (h = 1.9 m), B (h = 1.6 m), C (h = 1.3 m), D (h = 1.0 m), E (h = 0.7 m), F (h = 0.4 m), and G (h = 0.1 m) are set at different heights of the sample.
[image: Figure 2]FIGURE 2 | Distribution of seepage pressure in domains at different times under seepage. (A) and (B) are the sample diagram and pipe domain diagram, and (C–F) is the seepage pressure distribution diagram at different times.
The linear parallel bonding model is adopted for the contact between particles. The basic parameters of the particles in the model are as follows: the density is 2500 kg/m3, the range of radius is 0.01–0.015 m, the porosity is 0.18, the parallel bond Young’s modulus is 20 GPa, the parallel bond tensile strength is 0.2 GPa, the parallel bond cohesion strength is 0.1 GPa, the parallel bond friction angle is 80°, the normal-to-shear stiffness ratio is 2.5, the pipe opening is 1 × 10−5 m, the compression modulus of rock mass is 6 GPa, and the compression modulus of fluid is 2 GPa.
It can be seen from Equation 2 that the permeability coefficient [image: image] and the viscosity coefficient [image: image] can control the flow velocity in the pipe. As is shown in Figures 3A,B, the time for seepage pressure to reach the steady state is changed by changing the parameter [image: image] within a certain range without changing other parameters of the rock sample.
[image: Figure 3]FIGURE 3 | Variation curve of seepage pressure. (A) and (B) are seepage pressure curves at different measurement points under different permeability coefficients, (C) is the variation curves of seepage pressure with seepage gradient in steady state, (D) and (E) are the parameter sensitivity analysis of the porosity and viscosity coefficient of the model to the growth rate of seepage pressure of the model.
Therefore, in order to accelerate the progress of simulation, a small viscosity coefficient is set to amplify the flow velocity, and the permeability coefficient k = 0.1 m/s. The distribution of seepage pressure at different times of the rock sample under seepage is shown in Figures 2C–F. The size of seepage pressure is proportional to the particle size. A fixed seepage pressure boundary of 1 MPa is applied on the upper side of the model, and the lower seepage pressure is 0. Therefore, the real seepage simulation path is in the range of 0.1 m ≤ h ≤ 1.9 m, as shown in Figure 2. As the seepage progresses, the model gradually infiltrates from top to bottom, and the seepage pressure also decreases gradually from top to bottom, which basically conforms to the seepage principle.
When the progress time of the seepage is long enough, the inflow flow and outflow flow tend to be consistent, and the seepage reaches stability. As shown in Figure 3B, the seepage pressure versus time at seven measuring points is recorded, respectively. And the pressure at each measuring point tends to be stable after increasing to a certain value.
Sensitivity analysis of the model parameters is carried out by adjusting the parameters within a certain range up and down and observing the change of seepage pressure transmission speed. In order to facilitate the display of the change of seepage pressure, the ordinate is set as the change amplitude, i.e., [image: image], where [image: image] is the seepage pressure at a certain time in the original model and [image: image] is the seepage pressure at the same time in the current model. The parameter sensitivity analysis of the porosity and viscosity coefficient of the model to the growth rate of seepage pressure of the model is carried out, as shown in Figures 3D,E. The results in the figure show that the porosity is positively correlated with the growth rate of seepage pressure, and the viscosity coefficient is negatively correlated with it.
The fixed seepage pressure boundary of 1 MPa, 2 MPa, 3 MPa, 4 MPa, and 5 MPa is set on the upper side of the model, respectively, and 0 MPa is set on the lower side. The seepage process is, respectively, simulated to obtain the seepage pressure when the seepage reaches stability and then draw the variation diagram of the seepage pressure with the seepage gradient, as shown in Figure 3C. The seepage pressure of the model is approximately proportional to the seepage gradient. The seepage pressure distribution of rock sample simulated by the modified pipe domain seepage model is in good agreement with the seepage law, which proves that the model is accurate and applicable.
APPLICATION RESEARCH OF TUNNEL SEEPAGE
As shown in Figure 4A, the length and width of the surrounding rock mass are 10 m, the diversion tunnel shape is circular, the diameter is 3 m, there is a liner with a width of 0.3 m around, and there are two faults above the tunnel. The model’s boundary conditions are fixed. In the normal working period, the diversion tunnel mainly bears internal water pressure, and in the unused period, such as maintenance, the tunnel changes to bear external water pressure. Due to the deep buried depth and high water pressure in the upper part of the tunnel, a fixed seepage pressure boundary of 10 MPa is applied above the tunnel. The improved pipe domain seepage model is used to simulate the seepage situation of the tunnel. The micro-parameters of the rock mass are basically consistent with those of the rock sample. The compression modulus of the rock mass is 6 GPa, the compression modulus of the fluid is 2 GPa, and the porosity is 0.18. The parameters of fault are as follows: the deformation modulus is 1.8 GPa, the parallel bond Young’s modulus is 6 GPa, the parallel bond tensile strength is 0.06 GPa, the parallel bond cohesion strength is 0.03 GPa, the parallel bond friction angle is 30°, and the pipe opening is 1 × 10−4 m. The parameters of liner and the junction between liner and rock mass are as follows: the deformation modulus is 3 GPa, the parallel bond Young’s modulus is 10 GPa, the parallel bond tensile strength is 0.1 GPa, the parallel bond cohesion strength is 0.05 GPa, the parallel bond friction angle is 50°, and the pipe opening is 1 × 10−5m. During the numerical simulation, the timestep is set to 1 × 10–7, that is, the simulation is carried out for 1×107 cycles for 1 s. The real time is set as the termination condition in the simulation process. When the corresponding number of seconds is reached, the model stops the simulation.
[image: Figure 4]FIGURE 4 | Damage and seepage pressure distribution of the tunnel at different times under high water pressure. (A) is the tunnel model diagram, (B–F) is the diagram of tunnel seepage pressure, deformation and failure at different times, (G) and (H) are seepage failure diagrams in practical engineering.
The distribution of seepage pressure at different times is shown in Figures 4B–F. Under the action of high water pressure, due to the low strength of rock mass near the fault and structural planes, seepage mainly occurs along the fault. With the development of seepage, fractures gradually appear near the junction of the tunnel and the fault and continue to develop along the fault under the action of seepage, resulting in local damage to the tunnel liner. As is shown in Figure 4D, point A begins to be damaged under the action of seepage. The failure gradually develops outward along the fault. With the development of fractures, some section of the surrounding rock begins to be damaged. In Figures 4E,F, due to the influence of small fault width and low location, seepage failure also began to occur at point B after point A was damaged for a period of time. The whole process of deformation and failure is consistent with the actual engineering phenomenon as is shown in Figures 4G,H.
DISCUSSION
The discrete element particle flow pipe domain method can well visualize the microscopic fractures inside the rock mass caused by seepage. Obviously, the strength of the rock mass is an important factor affecting the seepage failure. The lower the strength, the more obvious the influence of seepage failure. In addition, the integrity of the rock also affects the seepage. The size of the porosity in the rock mass, the number of cracks, and the degree of penetration of the cracks all affect the seepage. The greater the internal porosity of the rock mass, the more the number of cracks, the higher the degree of penetration of the cracks, and the more obvious the influence of seepage damage. At the same time, because the solid and the fluid are based on the same particle system, the fluid–solid coupling is more convenient. The improved seepage model of the pipe domain method makes the results more reasonable through the introduction of the principle of flow conservation and the solid compression modulus. However, this method still has shortcomings for the particle processing of the model boundary. At the model boundary, the particle may not be wrapped by the domain, so the seepage state cannot be well reflected in the seepage process. This is also an issue that needs to be addressed in future research.
CONCLUSION
Based on the discrete element pipe domain seepage model, the concept of flow conservation is introduced to improve the pressure renewal equation and form an improved pipe domain seepage model, which can intuitively analyze the deformation and failure of high water pressure tunnel. The main conclusions are as follows:
1) The law of flow conservation and the compression modulus of solid skeleton [image: image] are considered in the governing equation of pipe domain seepage model, which can more truly reflect the seepage process.
2) The simulation and verification of the seepage process of rock sample show that the seepage simulation results of the improved pipe domain seepage model accord with the seepage law. The model velocity can be adjusted by adjusting the viscosity coefficient [image: image], which can be used to simulate the long-time seepage effect in practical engineering.
3) The research of seepage failure process of typical projects under high external water pressure shows that this model can reveal the whole process of deformation and failure of near fault tunnel under high water pressure, which is consistent with the actual engineering phenomenon.
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