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Based on the measured fracture production of the rock body in the field, the disc fracture hypothesis is used to generate three groups of fractures to form a fracture network by the Monte-Carlo method. The three-dimensional fracture network is simplified into a spatial one-dimensional pipe element model based on the hypothesis of water channel flow in the fractures, and the equivalent pipe diameter of the pipe element is considered to be linearly related to the fracture width. The equivalent permeability tensor is obtained by using a genetic algorithm to obtain the ratio of the equivalent pipe diameter to aperture size for each group of fissures, and compared with the equivalent permeability tensor obtained by the overall single-parameter model and direct algorithm. In comparison with the measured permeability tensor, it is concluded that the multiparameter model can better characterize the permeability tensor than the single-parameter model.
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1 INTRODUCTION
Seepage is the flow of fluids in pore media, and the analysis of seepage in fractured rock is very important for human production and life, such as oil storage and underground storage of nuclear waste (Javadi et al., 2010). Therefore, the problem of seepage in fractured rock has been widely concerned and studied. It was found that rock mass discontinuity is discontinuous and extremely irregularly developed, and the fracture network is very complex. To facilitate the study, many scholars have used computer technology to generate discrete fracture network models to carry out research on the permeability characteristics of the simulation models (Witherspoon and Long, 1987; Song and Xu, 2004; Wang et al., 2016). These studies have widely used the permeability tensor to characterize the fracture permeability properties. The nature of the tensor allows the transformation of a discontinuous fractured rock into a continuous medium model for solving the seepage field (Ansari et al., 2016), simplifying calculations and making the solution of large-scale engineering problems possible.
Currently, the two main methods used to study the permeability tensor are the experiment and numerical analysis methods. For the former method, based on the principle of oscillatory micro-water testing, the permeability coefficient tensor of the rock mass was determined in situ by a single-borehole slug test (Zhou et al., 2015). The permeability test was carried out on gabbro shear fractures taken from the Danjiangkou reservoir area under different surrounding pressure and fracture water pressure, based on which the permeability coefficient was corrected considering the changes in three-dimensional stress and fracture water pressure to obtain a new expression for the permeability tensor (Yang et al., 2013). The fracture structure surface parameters were obtained through field measurements and used the discrete element method for seepage analysis (Li and Zhang, 2016). In terms of numerical analysis, the discrete fracture model was applied to study the characteristics of the permeability tensor for different rock discontinuity systems by a planar seepage analysis method (Wang et al., 2013). Based on the UDEC (Universal Distinct Element Code) computing platform, the discrete fracture network model was used to investigate the permeability tensor and analyzed the anisotropy of the permeability tensor (Baghbanan and Jing, 2007). From the literature, it can be found that the numerical method is mainly an analytical calculation of fracture seepage in the case of a two-dimensional model, which differs considerably from the actual situation. In terms of research on 3D models, the boundary element method is used to calculate the permeability tensor of a 3D fracture network, and the permeability tensor is used to quantify the fracture seepage flow (Li and Chen, 2006). The fracture network is generated based on the geometric distribution nature of the fracture, and the triangular element network is divided on the fractured disk to simulate the complex flow and the transport of CO2 in the fracture by numerical methods (Lee and Ni, 2015). Cacas et al. (1990) considered that the seepage in the fissure is channeling, so they proposed to simplify the 3D fracture network into one-dimensional pipe elements, which provided a new idea for the analysis and calculation of seepage flow (Cacas et al., 1990). Wang et al.’s (2002) hydraulic pressure test is used to correct the results of the pipe element model, and the permeability tensor is obtained using the regression analysis. Yu et al. (2006) established a discontinuous fracture network pipe element seepage model and calibrated the model. Wang et al. (2015) used a single-parameter model to determine the element pipe diameter by the inversion method and calculated the permeability tensor of the fractured rock mass using the finite element method.
Some of the above literature studies on seepage calculations focus on the analysis of planar networks, which do not reflect spatial effects; however, there are analytical spatial networks with planar triangular elements, with a large computational scale. Some studies of spatial networks use the one-dimensional pipe element model, but the application of the pipe element model lacks verification of engineering data, and the diameter of the pipe element is determined only by limited piezometric tests, which is difficult to reflect the effects of spatial networks; in addition, due to the geostress history effect, the spatial joints subjected to multi-period tectonic movement and the grouping joints effect appeared, so this article proposes a multiparameter model to reflect the spatial clustering effect of the joints.
The pipe element model is similar to the flow pattern of water between the fissures, which effectively reduces the computational effort, so this article will also use the pipe element model for seepage analysis. The difference is that in the previous pipe element model, there is only one parameter as the ratio of equivalent pipe diameter and aperture size; in this article, multiple groups of fracture networks will be generated in the three-dimensional fracture network model, and each group of fractures will be labeled with the ratio of pipe diameter and aperture size as the corresponding parameters, and the permeability tensor determined by the finite element method will be studied by the multiparameter model.
2 ESTABLISHMENT OF 3D FRACTURE NETWORK MODEL AND SEEPAGE NUMERICAL METHOD
In engineering practice, the rock discontinuity system may appear to be random, but the aggregation of their characteristic data reveals that the distribution conforms to certain distribution patterns. The statistical model of the characteristic data of the rock structure surface is established by sampling field measurements and then statistical analysis, and computer technology is used to generate a fracture network model with statistical characteristics that match the field measurements (Zhang et al., 2004).
2.1 Generation of the Fracture Network Model
Over years, there are various fracture network models used to characterize the rock discontinuity system. Among those models, the Baecher model is widely used due to its simplicity and practicality (Wang et al., 2010). In this article, we assume that the fractures in the rock mass are discs. The distribution of fracture geometry parameters is determined through field investigations, and then the Monte-Carlo method is used to generate a fracture network, and the useless fractures are excluded. In the process of generation, each fracture in each group is numbered separately.
2.2 Representation of Fracture Direction and Production Shape
For the convenience of application, a three-dimensional spatial coordinate system is established, with the XOY plane horizontal and the Z-axis straight up. In using the dip angle dip to find the plane equation, we need to know the direction of the X-axis; here, it refers to the geological compass direction; that is, the north direction is 0°, the east direction is 90°, and the south direction is 180°. The X-axis is defined as pointing east, the Y-axis is north, and the Z-axis is plumb up.
As shown in Figure 1, the unit normal vector of a rift is used to represent its direction. Suppose the unit normal vector of a rift is OP, point N is the vertical projection of point P on the XOY plane, θ is the angle between OP and Z-axis clockwise, and ϕ is the angle between X-axis and ON anti-clockwise. The unit normal vectors of this fissure are l, m, and n, and their values are
[image: image]
[image: Figure 1]FIGURE 1 | Fracture vector coordinates.
In geology, the direction of the fissure is expressed by dip direction α and dip β. If the coordinate system points east by the X-axis and north by the vertical axis, the relationship between (θ, ϕ) and (α, β) can be calculated by the following equation:
[image: image]
2.3 One-Dimensional Pipe Element Model
Planar seepage assumes that the fractures are discs of thickness and that water flows over the entire fracture disc. The number of fractures is large and the workload of finite element calculation is very heavy, which causes a lot of inconvenience to the research work. In this article, the seepage path of water in a fracture is simplified to a pipe element model based on the previous assumption of trench flow. In other words, the center of the intersecting fractures and the center of the intersection line are used as the nodes of the pipe element, and two adjacent nodes form a pipe element so that the flow of water between the fractures is simplified to the flow between the channels of the pipe element. According to the group number of the fracture plane where the pipe element is located, the pipe element is then classified, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Pipe element of the fracture network.
2.4 Calculation Method for Seepage
Assuming that the flow path of the pipe element is circular, the flow rate through the flow path is (Zhang and Sanderson, 2002)
[image: image]
where ΔH is the difference in the head between two nodes; L is the distance between the two nodes; D is the pipe element diameter; [image: image] is the density of water; [image: image] is the acceleration of gravity; and [image: image] is the coefficient of hydrodynamic dynamic viscosity (at [image: image], [image: image]).
According to Eq. 1, the flow rate through two nodes (i and j) in any pipe element m can be obtained as follows:
[image: image]
where nodal flow q is positive for inflows and negative for outflows. In matrix terms, this can be expressed in the following form:
[image: image]
The above equation can be simplified to
[image: image]
where K is called the total permeability matrix. It is obtained by iterating over all the element permeability matrices [image: image].
3 PIPE DIAMETER INVERSION AND PERMEATION TENSOR DETERMINATION
3.1 Inversion of Parameters
From Eq. 1, it is necessary to know the size of diameter D of each pipe element for the seepage calculation. According to the proportional relationship between the equivalent pipe diameter and the aperture size of the fracture, the ratio of the equivalent pipe diameter to the aperture size of Group i of fractures is set to [image: image] ([image: image]; n is the fracture group number in the study area).
Based on the improved genetic algorithm, ratio [image: image] of the equivalent pipe diameter to aperture size for each group of fractures is obtained overall by the inversion method with the error between the simulated and measured values of the permeability tensor as the objective function.
Since a change in Ni can affect the magnitude of the principal value of the permeability tensor, the objective function can be expressed as follows:
[image: image]
where [image: image] is the main value of permeability from the numerical calculation of the model and [image: image] is the main value of permeability measured in the rock mass.
3.2 Determination of the Penetration Tensor
The permeability of the jointed rock mass is expressed using the permeability tensor and has a significant anisotropy, which means that the permeability coefficient varies significantly in each direction. According to the literature (Zhang, 2002), flow rates [image: image], [image: image], and [image: image] in each direction can be obtained by applying the head boundary on the boundary of two opposite faces in the space of a unit volume cube and conducting numerical simulation tests. However, these three numerical values alone cannot effectively determine the permeability tensor of the fissure, so we apply equal head boundary to a pair of opposite faces (boundary) of the positive hexahedral specimen and set the corresponding variable head boundary conditions for the remaining faces according to their adjacency; change the boundary conditions of the three groups of opposite faces, as shown in Figure 3, for the computational model for the test, with equal head boundary applied to the model boundary along ii direction and variable head boundary in the other two directions, and six flow data can be obtained; three sets of simulations can be performed to obtain 18 data, and then determine the second-order permeability tensor based on the iterative principle. According to Darcy’s law,
[image: image]
where Q is the vector flow, k is the permeability tensor, I is the hydraulic gradient, and A is the overland flow area.
[image: Figure 3]FIGURE 3 | Boundary conditions of a computational model.
let q = Q/A be the flow rate per unit area of overflow, Darcy’s law can be written as follows:
[image: image]
For any three-dimensional orthogonal hydraulic slope drop ([image: image]), the above equation can be written as follows:
[image: image]
Then the permeability tensor is
[image: image]
where [image: image] is the j-directional flow generated by the permeability slope drop in i-direction, i, j = x, y, and z.
3.3 Error Calculations
The relative error of the main value of permeability is
[image: image]
where [image: image] is the main value of permeability measured by the field piezometric test and [image: image] is the main value of permeability calculated.
Since the error of the main direction of permeability cannot be directly derived, the angle between the direction of the main value of the calculated permeability and the direction of the main value of the field pressure water test is the absolute error of the main direction. The cosine of the angle between the two permeability main value directions is
[image: image]
where [image: image] is the column vector of the permeability coefficient corresponding to the main value of permeability measured by the field piezometric test and [image: image] is the column vector of the permeability coefficient corresponding to the main value of permeability obtained by calculation.
4 EXAMPLE CALCULATION
4.1 Engineering Example
The information on the geometric parameters of the fractures was obtained from the literature (Li and Chen, 2006) by actual measurements as shown in Table 1, and three groups of fractures were measured.
TABLE 1 | Statistical parameters of the fracture network.
[image: Table 1]The literature (Li and Chen, 2006) used the boundary element method to calculate the permeability tensor of the fracture network in Table 1, and the main value of permeability and the main direction were obtained by the field piezometric test for calibration as in Eq. 7, which was used as the target permeability tensor for the later pipe diameter inversion:
[image: image]
4.2 Multiparameter Model Calculations
A self-programmed fracture network finite element program was used to simulate the fracture network by inputting the information in Table 1 into the program.
The authors use a C++ compiler to write a 3D fracture network finite element program in a multiparameter model state, and the main functions of the program are as follows: 1) Generate the fracture network according to the geometric distribution law of the fracture structure surface, and eliminate the fractures that are useless for hydraulic conductivity by a path search, which simplifies the calculation. 2) The fracture disc is simplified into a pipe unit model, and in the process of simplification, the fractures where the equivalent pipe units are located are discriminated, the groups where the fractures are located are identified, and the pipe units in the same group are categorized. In the inversion, different parameters are set as ratios according to the category of pipe units. 3) Using the improved genetic algorithm, the optimal values of the parameters are determined by fitting the multiparameter calculation at the same time. 4) The main value and main direction of permeability of the 3D fractured rock mass under the multiparameter model are obtained by calculation. Figure 4 is the flow chart of the program.
[image: Figure 4]FIGURE 4 | Calculation flowchart.
The generated domain of the program is a cubic area of 100 m × 100 m × 100 m, in which a cubic area of 20 m × 20 m × 20 m is intercepted as the study domain. The Monte-Carlo method is used to generate a three-dimensional fracture network. A total of 2,00,255 structural surfaces are generated in the generated domain, including 1,29,006 structural surfaces in Group 1, 38,224 structural surfaces in Group 2, and 33,025 structural surfaces in Group 3. In the study domain, a total of 911 structural surfaces are generated after excluding the fractures that do not contribute to seepage, including 480 structural surfaces in Group 1, 250 structural surfaces in Group 2, and 181 structural surfaces in Group 3. Simplifying them into a pipe element model, 4104 elements are obtained with 3033 nodes, and the generated fracture network is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Three-dimensional fracture network. (A) Element view along ii direction. (B) Element view along ii rotated 90° direction.
During the numerical calculation, the head boundary was set at [image: image] and [image: image]. Since three sets of fracture networks are generated in the model, the parameters [image: image], [image: image] are set as the ratio of the equivalent pipe diameter to aperture size for the three sets of fractures, respectively, as described in the contents of Section 2.
Using Eq. 7 as a criterion for the fit, the three parameters were obtained by optimal fitting equal to 13.17, 12.06, and 3.01, respectively.
The head distribution of the multiparameter model is calculated as shown in Figure 6, with the following permeability tensor (in m/s):
[image: image]
[image: Figure 6]FIGURE 6 | Three groups of simulated head distribution: (A) fixed head boundary applied in the x-direction, (B) constant head boundary applied in y-direction, and (C) z-direction applied fixed head boundary.
Since the permeability tensor belongs to the second-order tensor, the eigenvalues of permeability tensor matrix k are the permeability principal values, and its eigendirection is the permeability principal direction. The principal values of permeability and the principal directions of permeability obtained from the permeability tensor are as follows:
[image: image]
Compared with the data in Eq. 7, the error is
[image: image]
where ε is the relative error of the main value and θ is the absolute error of the main direction.
4.3 Single-Parameter Model Calculations
The single-parameter model approach of the literature was used to numerically simulate the three-dimensional fracture network seepage model (Wang et al., 2015).
Parameter N is set as the ratio of the equivalent pipe diameter to the aperture size for the three sets of fractures in the calculation process.
With the information shown in Table 1, the value of parameter N is obtained as 12.34 and the result of its permeability tensor (in m/s) is as follows:
[image: image]
The main coefficient of permeability and the main direction of permeability are as follows:
[image: image]
Compared with the data of Eq. 7, the error is
[image: image]
where ε is the relative error of the main value and θ is the absolute error of the main direction.
The relative error in the main value of penetration is larger for the single-parameter model than for the multiparameter model.
4.4 Calculation of Different Models With a Constant Aperture Size
The distribution of aperture sizes in the above two sections obeys a log-normal distribution with a mean of 0.0001 and a standard deviation of 0.0001. In this section, all aperture sizes of the cleft are set to a constant value of 0.0001, and other geometric parameters remain unchanged.
The values of the parameters of the multiparameter model for the case of the study domain size of 20 m × 20 m × 20 m are 19.51,16.55, and 14.05, and the permeability tensor (in m/s) is
[image: image]
[image: image]
[image: image]
The one-parameter model has a parameter value of 16.46 and a permeability tensor of
[image: image]
[image: image]
[image: image]
The mean values of the parameters obtained for the multiparameter model by varying the size of the study domain with those of the single-parameter model are shown in Table 2.
TABLE 2 | The parameter values of the model.
[image: Table 2]From the calculation results of Eq. 16 and Eq. 19, it can be seen that the errors in the main value of permeability and the main direction of permeability for both models are within the engineering allowable range for a fixed aperture size.
4.5 Direct Algorithm for the Percolation Tensor
After determining the seepage area based on the literature, the area of the seepage basin is calculated by integration (Wang et al., 2002), and then the area of the area is replaced by a regular rectangle. In this article, the seepage area is simplified to a pipe element to find its pipe diameter, where Eqs 21–25 include the derivation process. Figure 7 illustrates the simplified process.
[image: Figure 7]FIGURE 7 | Simplified diagram of pipe element.
By Darcy’s law,
[image: image]
According to the geometric relationship in the figure, Eq. 20 can be written as follows:
[image: image]
[image: image]
where Q is the given seepage flow rate, K is the permeability coefficient, [image: image] is the hydraulic gradient, δ is the fissure width, b is the cross-sectional width with length r from the center of the disc, R is the distance between the two boundaries of the seepage region, [image: image] is the cross-sectional width through the center of the disc, and [image: image] is the length of the intersection line between the two discs.
The integral formula leads to
[image: image]
[image: image]
Then the diameter of the pipe element can be written as follows:
[image: image]
The area of the irregular seepage region is calculated by the integral method, the area is replaced by a regular rectangle equivalent, and the fractured disk is simplified to a pipe element to simulate the seepage between the intersecting fractures and perform the calculation of the fracture permeability tensor. According to Sections 2.3, 3.2, the calculation of the permeability tensor is as follows:
[image: image]
The main coefficient of permeability and the main direction of permeability are as follows:
[image: image]
Compared with the data of Eq. 7, the error is as follows:
[image: image]
It is found that the absolute error of the principal value of the direct algorithm is smaller than that of the single-parameter and larger than that of the multiparameter model; the errors in the main direction of penetration are larger than those of the single-parameter and multiparameter models.
5 DISCUSSION
The calculation results in Sections 4.2, 4.3, and 4.5 show that when the aperture size obeys log-normal distribution, the sum of absolute errors in the main direction is 63.04 for the multiparameter model, 63.1 for the single-parameter model, and 101.4 for the direct algorithm. The errors of the multiparameter and single-parameter models are consistent, and the errors of the direct method are larger. In terms of the error principal component of the seepage tensor, the error of the multiparameter model is significantly smaller than that of the single-parameter model with the direct algorithm. From the calculation results, the multiparameter model is significantly optimized in the main direction of the permeability tensor as well as the main value, which is more in line with the actual situation. The reason for this is that in the process of optimization, under the condition that the objective function Eq. 4 meets the requirements, the corresponding principal direction and the principal direction of the target tensor remain basically the same; that is, the angle between the two is an acute angle.
When the aperture size of the fracture network is constant, the single-parameter model gives better results than the multiparameter model. This is because when the aperture size is constant, the ratio of the pipe diameter to the aperture size of each element is close to the same number, so the single parameter model gives more accurate results. It is also found from Table 2 that the mean parameter values of the multiparameter model for a constant aperture size are approximately equal to those of the single-parameter model, and fluctuate around 17.00 for different research domain sizes.
6 CONCLUSION

1) In this article, a three-dimensional discrete fracture network model is used to simplify the complex fractured rock into a pipe element model, and multiple parameters are set in the numerical analysis to obtain the permeability tensor. From the calculation results of project measured data, it can be seen that when the aperture size obeys log-normal distribution, the error of the multiparameter model is smaller, and it is suitable to choose the multiparameter model in this case. When the mean aperture size is a constant size, a single-parameter model is suitable for the calculation and analysis.
2) From the calculation results of Eq. 10, we can find that the calculated results of the multiparameter model have relatively small errors in both the main value of permeability and the main direction of permeability. This indicates that in engineering applications, the use of multiparameter models for simulation can improve the accuracy of permeability analysis and has better theoretical and practical properties.
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