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Abstract

:

Malan loess is an eolian sediment in arid and semi-arid areas. It is of great significance to study the pore structure of Malan loess for its evolution, strength, and mechanical properties. In order to quantitatively characterize the absolute permeability tensor of Malan loess and to simulate the seepage process of Malan loess, this study calculated the specific yield of intact Malan loess with a homemade seepage experimental device and recorded the water flow process on the surface of Malan loess during the seepage process. Modern computed tomography was used to scan the intact Malan loess samples from Jiuzhoutai, Lanzhou (western part of the Loess Plateau, China); the specific yield of the intact loess was used as the parameter value for the threshold segmentation of the scanned image for the 3D reconstruction of the connected pore space, the solver program in AVIZO software was used to solve the absolute permeability tensor of Malan loess using the volume averaging method combined with the CT scan to reconstruct the 3D pore space, and the simulation of the seepage process was carried out. The simulation results showed that Malan loess is a highly anisotropic loess; the absolute permeability in the vertical direction is 9.02 times and 3.86 times higher than the permeability in the horizontal direction. The pore spaces are well connected in the vertical direction (forming a near-vertical arrangement of pipes) and weakly connected in the horizontal direction. In the seepage simulation, it was found that the water flows first along the vertically oriented channels and then fills the horizontally oriented pores; the absolute permeability coefficient was calculated to be 0.3482 μm2. The indoor seepage experiment was consistent with the simulation experiment, which verifies the reliability of the calculated model.






Keywords:


volumetric averaging; CT scan; specific yield; absolute permeability; seepage simulation












1. Introduction


Malan loess is a porous fragile weakly cemented yellowish wind-formed sediment formed in the Late Pleistocene (Q3) of the Fourth Series in arid and semi-arid regions; it is one of the most common materials in the Loess Plateau, where Malan loess plays an important role in various infrastructures such as housing, arable land, roads, and railroads [1,2,3,4,5]. During its long formation process, Malan loess has formed different types of pores that affect its hydrogeological geotechnical properties. Because loess pores are characterized by high porosity and vulnerability, it is important for the identification and quantitative characterization of loess pores. Geological hazards are mostly developed in the Malan loess layer [6,7,8]. In order to ensure engineering construction and people’s life and property safety, Malan loess has become the focus of relevant research by researchers in the field of hydrogeology and engineering geology [3,9].



With the application of photoelectric microscope, microcomputer image, and X-ray diffraction in this field, various structural parameters (size, shape, number, volume, and total porosity) of pores in loess can be extracted [9]. Xing Li used CT scanning technology to quantitatively characterize the loess macropores under the effect of vegetation restoration on the Loess Plateau and predicted the loess saturation permeability coefficient of different vegetation root regions [10,11].



Malan loess is a typical porous medium and contains many phases in the process of water transport in Malan loess porous media. The study of macroscopic fluid seepage simulation in loess multiphase pore media requires an organic linkage of microscopic, fine, and macroscopic behaviors [12]. The volume averaging method simultaneously volume averages the microscopic equilibrium equations and the microscopic constitutive equations to obtain the macroscopic equilibrium equations and the macroscopic constitutive equations [13,14,15,16,17,18]. Compared with the classical theoretical coupling method and mixture theory, the volume averaging method not only realizes the coupling of the seepage processes in multiphase porous media studied in a unified hydrodynamic framework, but also can use the pore-scale information to derive effective local volume averaging equations [13,15,16,18].



With the development of 3D visualization software, CT-based extraction of pore parameters and feature studies of porous media have become more convenient [19,20,21,22,23,24]. Li et al. proposed a method for pore and fracture classification and extraction based on shape factor by using CT and AVIZO software to study the pore and fracture structure of paleosols [9]. Based on the solution of the closure problem, AVIZO software, combined with CT scanned images using the volume averaging method, developed a program package for solving the permeability coefficient tensor and seepage simulation. Using this solver package, the images obtained from CT scans can be analyzed and seepage simulations can be performed [25,26].



Generally, the permeability coefficient of loess needs to be measured with a ring knife; then, the soil permeability meter is used to measure the permeability coefficient. In this sampling method, the ring knife should be thrown into the soil during the field sampling process; then, the sample is taken out. During the sampling process, the natural structure of loess will be changed by vibration and pressure, resulting in errors in the measurement value of the permeability coefficient [27,28,29,30]. There is a difference between the seepage process of seepage in the loess taken out by the ring knife and the natural seepage process in the intact loess. The process of this sampling is based on ensuring the direction of loess deposition by chipping a square loess block on a large soil mass, which disturbs the loess sample very little and basically does not change the natural structure of the loess.



In this study, the CT scanning technique was used to scan the Malan loess sample from Jiuzhoutai, Lanzhou (northwestern part of the Loess Plateau, China); the porosity of the reconstructed 3D pore space after segmenting the specific yield of the intact Malan loess sample as the threshold of the scanned image was used as the characterization of the connected large pore space. The absolute permeability tensor calculation module and the absolute permeability experiment simulation module in AVIZO software were used to solve the absolute permeability tensor of Malan loess using the 3D pore space reconstructed by CT scan in combination with the volume averaging method, as well as to perform simulation of the seepage process.




2. Study Area and Data Preparation


2.1. Collection and Preparation of Malan Loess Samples


The sampling site was located in northwestern China, Lanzhou City, Gansu Province, Jiuzhoutai. The loess profile of Lanzhou Jiuzhoutai is covered by the highest terrace river gravel layer of the Yellow River in Lanzhou section, with a measured thickness of 318.2 m. Among them, the wind-formed loess is 297.2 m thick, which is the thickest wind-formed loess profile in the world with the most developed loess sequence [31,32,33,34]. The coordinates of the sampling point are 103.784105° E, 36.101807° N, 2023 m above sea level, taking L1 Malan loess. Malan loess is light yellow in color, with developed vertical pore space and visible soil agglomerates. Figure 1 shows the location of the intact Malan loess sampling site and the intact Malan loess layer in the field.



A complete square intact Malan loess column with a side length of 10 cm was taken at the sampling point and the orientation of the loess sample was always kept constant during the process of sample making. The made square loess sample was carefully brought to the laboratory and dried in an oven at 105 °C for 10 h. The weight of the sample was measured to be 1213 g and the dry density of the intact Malan loess sample was 1.213 g/cm3. When making samples, the excess soil samples were cut out and divided into three parts and some basic physical properties of the loess samples were measured by a Malven Mastersizer 2000 laser analyzer (photoelectric liquid limit and plastic limit combined tester Inmalvern Instruments Co., Ltd., Worcestershire, UK); then, the average value was found. Around the sampling point, three samples were taken by a ring knife with a diameter of 61.8 mm and a height of 40 mm; the permeability coefficient of the soil samples was measured by TST-55 variable-head permeameters (Nanjing Ningxi Soil Instrument Co., Ltd., Nanjing, China) and the average value was obtained. The results are shown in Table 1.




2.2. CT Scan and CT Image Calibration


CT scanning is a non-destructive testing technique that helps to obtain the pore structure inside the intact Malan loess sample. The ray detector of the CT unit accepts X-rays that have been attenuated by the soil sample and transforms the received signal into a series of grayscale image slices. This CT scan of loess specimens was carried out in the highway laboratory of Chang’an University, Xi’an, Shanxi Province, China. In order to obtain clear grayscale image slices, by continuously adjusting the values of scanning parameters, the scanning voltage was finally set to 205 kV, current to 0.34 mA, 300 ms (integration time), 1.39 (magnification), Detector Type to Y.XRD1620, and Detector. By setting this set of scanning parameters in the CT unit, clear grayscale image slices were finally obtained. There were 697 slices in the vertical direction and the resolution was 143.25 μm, with a magnification of 1.41 and a pixel size of 1024 × 1024. Figure 2a shows the 308th slice of the CT scan of the loess sample along the Z-direction.



The scanned slice images were subjected to image calibration, image filtering, image segmentation, pore 3D reconstruction, permeability tensor calculation, and seepage simulation using AVIZO software. In order to obtain accurate measurements, the images were calibrated before performing image reconstruction. Depending on the image size, the size of the sample, and the magnification at scanning, the calibration of the length unit was first performed in the AVIZO software. The coordinate axis units in the reconstructed 3D model were expressed in centimeters and the accuracy units were expressed in microns. When the 3D model was reconstructed, the vertical seepage direction along the X axis was positive and the horizontal seepage occurred in the Y- and Z-directions. Figure 2b shows the slice model after calibration of the 3D model of loess sample.





3. Methods


3.1. CT Image Processing


After the CT scan image calibration is completed, it is necessary to process the CT scan image to extract the pore structure in the intact Malan loess sample and conduct seepage simulation. When processing the gray slice of CT scan, the filter analysis is firstly carried out to remove the noise in the gray slice. Then, the image is segmented by threshold to obtain the binary image.



3.1.1. Image Filtering Analysis (Bilateral Filtering)


In the process of the CT scanning experiment, due to the existence of pores of different scales, loess particles of different density components in the intact Malan loess, as well as the influence of instrument operation and environmental noise during the scanning process, there are noise points on the images obtained by scanning. In order to obtain high quality results, the scanned images need to be filtered in order to eliminate the noise while preserving the edge contours and geometry of the pore space and to provide a basis for further segmentation of the pore space with grayscale images. The commonly used filtering methods are divided into five major categories, including smoothing filter, edge detection filter, sharpening filter, frequency domain conversion filter, and grayscale conversion filter. After various filtering analyses of CT scans, it is found that a better grayscale image can be obtained by filtering with the bilateral filter method in smoothing filtering for this intact Malan loess sample. Bilateral filter is a local image smoothing technique proposed by Tomasi and Manduchi. It is a compromise process combining the spatial proximity and pixel value of the image, while considering the spatial domain information and gray similarity, to preserve edges and remove noise. Bilateral filtering is a nonlinear filter that takes into account the pixel Euclidean distance and pixel local grayscale differences in the weighted average of the surrounding pixel grayscale values, which smooths the uniform area while highlighting the aperture edges well, making it capable of both noise reduction and edge preservation. Figure 3 shows the image after the bilateral filtering process.




3.1.2. Image Segmentation


After the bilateral filtering process, the loess sample slices are a series of grayscale images that cannot be directly reconstructed in three dimensions and require threshold segmentation of the grayscale images. The purpose of threshold segmentation is to extract the pores and skeleton structure of loess samples. Through the reconstruction of the 3D model, the porosity of the reconstructed model is calculated; then, the porosity of the reconstructed 3D model is constantly adjusted. According to the comparison between the porosity of the measured loess samples and the porosity of the reconstructed 3D model, the threshold value corresponding to the relatively small error between the calculated porosity of the 3D reconstructed model and the measured porosity is selected. In this study, the specific yield of the loess is used as the threshold classification criterion for the porosity of the connected pores in the loess.





3.2. Intact Loess Seepage Experiment


Specific yield is the volume share of gravity water that can be released in the unit volume of saturated soil under the action of natural gravity, usually expressed as μ. Generally, the specific yield of loess is measured by filling a loess sample into a measuring cylinder [35,36,37]. How to be able to determine the specific yield of loess samples without disturbing the original structure of the loess is the key to delineating the three-dimensional reconstruction threshold of the loess samples. The present determination of the specific yield of intact loess samples was measured by a device of my own design. The device is shown in Figure 4, where 1 and 12 are iron stands; 2 is a funnel stand; 3 is glass glue; 4 is 160 mm diameter and 120 mm high PVC tube; 5 is 10 cm × 10 cm × 10 cm loess specimen; 6 is 150 mm diameter and 10 mm high permeability stone; 7 is a plastic funnel; 8 and 13 are beakers; 9 and 11 are 100 mL burettes; 10 is a butterfly clip; a, b, c, d, and e are switches. The experimental procedure is divided into 4 steps.



Step 1: put the penetration stone 6 in the middle of the PVC pipe 4, fill the pores between the penetration stone 6 and the PVC pipe 4 with glass glue 3, let the glass glue 3 dry, and then glue the PVC pipe 4 to the plastic funnel 7.



Step 2: Connect the sample made in step 1 to the experimental setup and turn off switch e and switch a. Turn on switch c, switch d, and switch b. Add water from the top of burette 9 and burette 11 until the water is not over the surface of permeability stone 6. Turn on switch e and drain the water until the top surface of permeability stone 6 is at the same height as the water surface. Turn off switch b, turn off switch e, and record the water level height H1 in the burette. Then, turn on switch a and let it stand for 5 h; measure the volume of water in beaker 8 as V1. Empty the water from beaker 8 and beaker 13.



Step 3: Dry the dried intact Malan loess sample and place the dried sample in the middle of the infiltration stone 6. Use the PVC pipe 4 to encircle the sample and the infiltration stone 4 until the height of the glass glue 3 is the same as the height of the surface of the intact Malan loess sample 5, with a distance of 10 mm from the upper part of the PVC pipe 4. Then, let it stand until the glass glue 3 is dry. Attach the sample made in step 3 to the experimental setup. Turn off switch e and switch a. Turn on switches c, b, and d. Slowly add water from the top of burette 9 and burette 11 until the water level reaches the water level height H1 recorded in step 2.



Step 4: Continue adding water in burette 9 (keeping the water level at (H1 + 100 mm)) and let the water seep slowly through sample 5 until the water is not over the surface of sample 5. Then, turn on switch e and slowly release the water until the surface of sample 5 and the water surface are at the same height. Close switches e and b, open switch a, and let stand for 10 h; measure the volume of 8 in the beaker as V4. The volume of Malan loess specimen 5 is recorded as V0. The sample specific yield is calculated as shown in Equation (1) and the sample specific yield is calculated as shown in Table 2:


  μ =    V 4  −  V 1     V 0     



(1)








3.3. Theoretical Approach


To study the seepage process of water flow in the intact Malan loess, it is necessary to introduce the volumetric average method to relate microscopic, fine, and macroscopic behaviors. The volumetric average method is widely used to derive continuity equations for multiphase systems, enabling the study of coupled multiphase porous media seepage processes within a unified hydrodynamic framework; the information at the pore scale can be used to derive effective local volume averaging equations. An equation that is valid in a particular phase can be spatially smoothed to produce a valid equation anywhere. In Malan loess porous media, we want to know how water is transferred through the pores. Because the loess has a complex structure of porous media, it is impossible to analyze how water is transported in the pores with effective transport equations. We can use the reconstructed pore information after CT scanning to derive effective local volume averaging equations instead of solving this problem with effective transport equations and boundary conditions.



3.3.1. Absolute Penetration Rate


It is necessary to introduce the concept of absolute permeability in the seepage process of intact Malan loess. Absolute permeability is the ability of porous medium material to transport single-phase fluid. The unit is square micrometer (μm2); 1d = 0.9869233 μm2. Absolute permeability indicates the intrinsic property of porous media material, which is only related to the pore structure of porous media material and has nothing to do with other external conditions [38,39,40,41].


  Q = K   Δ H   Δ L   S = K J S  



(2)







In Equation (2): Q is the overall flow rate (unit: m3·s−1) through the porous medium of the intact Malan loess; S is the cross-sectional area (unit: m2) of the fluid flowing through the intact Malan loess sample; K is the permeability coefficient (unit: m2·s−1) [42,43,44].


   Q S  = −  k μ    Δ P  L   



(3)







In Equation (3): k is the absolute permeability (unit: m2); μ is the viscosity of the fluid (unit: Pa·s); ΔP is the pressure difference (unit: Pa) applied around the intact Malan loess sample; L is the length of the sample in the direction of flow (unit: m); Q/S is called the flow velocity v, which indicates the average velocity or Darcy velocity of the fluid through the surface of the intact Malan loess sample.



In order to calculate absolute permeability, it is necessary to solve the Stokes equation, which is a simplification of the Navier–Stokes equation, considering that water is an incompressible fluid, the density of water is constant, it is a Newtonian fluid, the viscosity of water is constant and it is a steady flow in the seepage process, and the seepage velocity does not change with time. This kind of flow in the undisturbed Malan loess is a laminar flow form with low flow velocity and no turbulent flow [45,46].


        ∇ .  →   V →  = 0     μ  ∇ 2   V →  −  ∇ →  P =  0 →       



(4)







In Equation (4):     ∇   →   .   is the scattering operator;     ∇   →     is the gradient operator;     V   →     is the velocity of the fluid in the fluid phase (unit: m/s); μ is the viscosity of water (unit: Pa·s);     ∇   2     is the Laplace operator; P is the fluid pressure of the material in the fluid phase (unit: Pa).



After solving equation system 4, the estimation of the permeability coefficient includes the application of Darcy’s law. All values of this equation can be derived from the solution of the system of equations (Q, ∆P). It is calculated by the absolute permeability experimental simulation module. The water used for this percolation simulation is used as the fluid for the simulation, which can satisfy the percolation conditions of the Stokes equations.




3.3.2. Solving Stokes Equation Based on Volume Average


In order for the equation to be valid over the entire volume, the scale must be varied. Volume averaging is a technique to achieve scale variation. Its main goal is to achieve spatial smoothing by averaging the equation over the volume. This very censored universal theory leads to a closure problem, which transforms the Stokes equations into a tensor problem [13,16,17,18].


        ∇ .  →     D →   →  =  0 →       ∇ 2     D →   →  −  ∇ →   d →  =    I →   →       



(5)







In Equation (5):       D  →   →    is a tensor that can be considered as the source of velocity space deviation (we call it the velocity perturbation field);     d   →     is a vector that can be considered as the source of pressure space deviation (we call it the pressure perturbation field);       I  →   →    is the unit tensor. The absolute permeability tensor can be calculated according to Equation (4), which is converted into a tensor and calculated as follows:


     k →   →  =  1 V     ∫ V      D →   →  d V     



(6)







In Equation (6):       k  →   →    is the permeability tensor. The permeability tensor shows the permeability intensity in any direction along the space. The permeability tensor shows the anisotropy of the porous medium and the relationship between the permeability intensity and the flow direction.




3.3.3. Boundary Conditions


There are two methods for estimating absolute permeability when solving for absolute permeability. The first method is based on experimental simulations of the resolution of the Stokes equations; the second method uses the volume-averaging method to solve the closed-loop problem of the Stokes equations. The first method requires setting three boundary conditions as: (1) the fluid does not slip at the solid interface; (2) a pixel-wide solid phase plane (no slip state) is added to the image surface that is not perpendicular to the mainstream direction, which isolates the Malan loess sample from the outside world and no liquid flows out of the system; (3) the experimental input condition is added to the image surface perpendicular to the mainstream direction by creating a stable region over which the pressure is quasi-static so that the fluid can diffuse freely over the input surface of the sample.



The second approach is to solve the closed-loop problem for the Stokes equations by the volume averaging method. In this case, the tensor problem is solved by imposing periodic boundary conditions to close and the geometry of the no-slip condition is imposed at the fluid-to-solid interface. In this way the porous medium is assumed to represent a macroscopic infinitely large material and therefore the selected region has to be representative of the porous medium sample.




3.3.4. Equation Solving


Since the matrices of this class of equations are singular, they cannot be solved by the fully implicit method (matrix inversion). That is why some time derivative terms are introduced into the system. The introduction of time derivative terms in the system of equations allows the iteration of the problem to be solved. When the time derivative tends to zero, a unique solution is obtained. The time introduced in the equation has no physical meaning. The finite volume method is used to solve the equations when solving the physical model. The equations are discretized on a staggered grid, allowing a better estimation of the no-slip boundary conditions. The pressure unknowns are located at the center of the pixel and the velocity unknowns are discretized at the surface of the pixel. The discrete scheme assumes that the voxels are isotropic.






4. Results and Analysis


4.1. Analysis of Seepage Experiment Results


In the process of the seepage experiment, the seepage process in the intact Malan loess sample lasted for a total of 680 s from the starting state when the photo was taken and observed until the end of the seepage experiment. a, b, c, d, and e in Figure 5 show the seepage state on the surface of the loess sample at 0 s, 480 s, 489 s, 498 s, 545 s, and 680 s, respectively. From this set of images, it can be seen that the water flow in the loess first seeped along some seepage channels to the surface of the loess first and then percolated in the lateral direction through small pores.




4.2. 3D Structure Reconstruction


The multi-thresholding segmentation method was used for this thresholding. Multi-thresholding is a threshold segmentation algorithm for CT scan image data; the method is also applicable to binary segmentation of other grayscale images. In this experiment, five different regions were extracted by four different thresholds; two regions, external and internal, were predefined and the image segmentation of CT scan images could be performed by adjusting the size of the thresholds. The specific yield of the loess sample was experimentally measured to be 10.1%. Then, the threshold value was adjusted several times in AVIZO software to select the threshold value corresponding to a relatively small error between the model porosity and the measured specific yield. The final threshold value selected was 170 and the model porosity was 10.08%. The process of threshold selection is shown in Figure 6a. The 308th slice along the Z-direction after the threshold segmentation is shown in Figure 6b.



In this study, based on the volume reconstruction of porous media technique in AVIZO software, the 3D reconstruction of the threshold segmented image was carried out; the 3D pore structure model of the intact Malan loess sample obtained is shown in Figure 7. The pore identification could identify 56,837 pores; the volume of the largest pore was 0.576142 cm3, the volume of the smallest pore was 2.92 × 10−6 cm3, and the average volume of the pores was 0.001777 cm3.



Through the reconstruction of the 3D structure, we could extract the coordinates of the center of gravity of each pore and conduct the statistics of the center of gravity of pores in different coordinate intervals in the X-direction (vertical), Y-direction, and Z-direction (horizontal), respectively, and set a statistical interval every 0.0456 cm in different coordinate axes. As shown in Figure 8, it could be found that the number of pores in the same pore center of gravity coordinate interval in the X-direction was relatively uniformly distributed. From Figure 9, it could be found that the number of pores in the Y-direction was normally distributed with different coordinate intervals; more than 95% of the pores were concentrated between 1.3 cm and 9.3 cm. From Figure 10, the number of pores in the Z-direction were also normally distributed, with different coordinate intervals; 95% of the pores were concentrated between 1 and 8.9 cm.




4.3. Seepage Simulation and Calculation of Absolute Permeability Coefficient Tensor


4.3.1. Experimental Simulation of Absolute Permeability


In order to simulate the seepage process from the initial moment (a) to the arrival of the water flow at the loess surface (b) in Figure 5, we simulated the seepage by observing the state of (b) in Figure 5 when the seepage process lasted 480 s. By combining the reconstructed 3D pore model, a rectangular computational unit with a length of 5.5 cm, a width of 4.1 cm, and a height of 10 cm was selected for the seepage simulation. As shown in Figure 11, the coordinates of corner point A were (0,5.3,3.2); the coordinates of corner point B were (10,9.4,8.5).



After creating the seepage simulation area, the seepage simulation boundary was set, as shown in Figure 12. Figure 12a shows the two-dimensional schematic diagram of the seepage simulation, where the water entered from the bottom of the funnel Ⅳ and then entered the sample at the bottom interface Ⅲ of the specimen. Using the upward air discharge method, the water flowing in the specimen finally reached surface Ⅰ of the sample; the four face boundaries Ⅱ in the lateral direction of the seepage flow were all water barrier boundaries. Figure 12b shows the 3D model of the 3D seepage boundary; the model boundaries I’, II’, and III’ correspond to I, II, and III in the 2D model Figure 12a. A pixel-wide solid-phase plane was added to the surface of the boundary Ⅲ’ that was not perpendicular to the mainstream direction X during the seepage simulation setup, so that the selected sample area was allowed to be isolated from the outside world and no liquid flowed out from the system, thus setting the interface Ⅲ’ as a water-isolation boundary. The pressure head was set to 0 Pa at the top surface boundary I’ and 10,000 Pa at the bottom inlet boundary III’. The pressure head at interface III’ was quasi-static and the water flow was free to diffuse over the input surface III’ of the sample. The viscosity coefficient of water (fluid viscosity) was set to 0.1 Pa·s during the simulation. In order to make the model converge during the calculation, the maximum number of iterations was set to 100,000 and the convergence accuracy was set to 0.0001 μm2.



After the boundary conditions were set, the absolute permeability experiment simulation module in AVIZO software was run, as shown in Figure 13. After 25,547 iterations to achieve iterative accuracy, the absolute permeability coefficient k of the loess in the simulated area was finally calculated to be 0.3482 μm2. The results of the seepage simulation are shown in Figure 14. The water flow entered from the seepage boundary set at the bottom and first passed through the connected pores in the loess sample in the vertical direction. Seepage in the horizontal direction occurred during the seepage process as the volume of water entering the sample increased. The seepage simulation process was highly consistent with the actual water infiltration process.




4.3.2. Absolute Permeability Tensor Calculation


When calculating the absolute permeability coefficient tensor, the boundary conditions were set in the same way as those in the seepage simulation, except that periodic boundary conditions were imposed on the bottom inlet boundary Ⅲ’ and outlet boundary Ⅰ’. In order to make the model converge when calculating, the maximum number of iterations was set to 100,000 and the convergence accuracy was set to 0.001 μm2. The absolute permeability tensor calculation module in AVIZO software was run, as shown in Figure 15. After 65,540 iterations to finally reach the iteration accuracy, the vertical absolute permeability coefficient tensor of the loess in the simulated area was finally calculated, as shown in Table 3. The absolute permeability coefficient of the Malan loess sample was 0.2848 μm2 in the X-direction, 0.03156 μm2 in the Y-direction, and 0.07378 μm2 in the Z-direction. X-direction (vertical) absolute permeability coefficient was 9.02 times higher than the Y-direction (horizontal) absolute permeability coefficient and 3.86 times higher than the Z-direction (horizontal) absolute permeability coefficient. The absolute permeability coefficients along the Z-direction were on the same order of magnitude as those along the Y-direction.



After obtaining the value of absolute permeability k, the permeability coefficient K of the loess sample can be calculated based on Equation (7), where k is the absolute permeability (unit: μm2),     ρ   w     is the density of water (unit: g/cm3), and   μ   is the dynamic viscosity of the liquid (unit Pa·s).


  K = k    ρ w  g  μ   



(7)







The X-direction (vertical) permeability coefficient of Malan loess sample was 2.791 × 10−4 cm/s, Y-direction (horizontal) permeability coefficient was 3.093 × 10−5 cm/s, and Z-direction (horizontal) permeability coefficient was 7.23 × 10−5 cm/s. The absolute permeability of Malan loess was calculated from 0.13 to 7.81 μm2 by the pore network model method by Xin Li et al. The permeability coefficients of Malan loess ranged from 1.28 × 10−4 cm/s to 7.65 × 10−3 cm/s. In this study, the absolute permeability coefficients and permeability coefficients of Malan loess samples were calculated within this interval using this method of volume averaging, which indicates that it is feasible to calculate the absolute permeability of Malan loess using the volume averaging method.






5. Discussion


This study mainly focused on the absolute permeability and simulation of seepage process of Malan loess by CT scan images combined with the volume average method. The results of seepage experiment and seepage simulation were compared and the results of permeability coefficient calculated by simulation were compared and analyzed with the results measured by the ring knife method.



In order to explore the pore morphology characteristics of the intact Malan loess, CT scanning technology was used in this study to scan the samples of intact Malan loess and to extract the pore morphology parameters of intact Malan loess [9]. It was found that the vertical pores of Malan loess were strongly developed and the center of gravity was evenly distributed in the vertical pores through the distribution of center of gravity coordinates. In the lateral direction, the coordinate distribution was normal. This also proved that the vertical permeability coefficient of intact Malan loess was larger than the lateral permeability coefficient [10,11].



Zhang et al. measured the permeability coefficient of Malan loess in Jinya Township, Lanzhou, China using the ring knife method; the permeability coefficients ranged from 0.62 × 10−4 cm/s to 1.67 × 10−4 cm/s [8,31,47]. The permeability coefficient in the vertical direction calculated by using the CT scan image of intact Malan loess combined with the volume averaging method was 2.791 × 10−4 cm/s and the horizontal permeability coefficients were 3.093 × 10−5 cm/s and 7.23 × 10−5 cm/s, respectively, while the permeability coefficient of the soil samples around the samples measured with the ring knife sampling was 1.42 × 10−4 cm/s, which was slightly smaller than that of the permeability coefficients calculated by the simulation, because the ring knife may smash into the loess during the sampling process, thus compacting the loess and resulting in the permeability coefficient to become smaller. Calculating the permeability coefficient of Malan loess by sampling using the method mentioned in this paper can effectively avoid the measurement error due to the disturbance of the loess during the sampling process.



In order to investigate the seepage process in the intact Malan loess, this study extracted the specific yield of the intact Malan loess using a homemade seepage device and observed the preferential conduction of water flow along the connected macropores on the surface of the intact Malan loess sample. This indicated that, given a certain head action, water flowed preferentially along the connected macropores in the intact Malan loess; then, the water filled the surrounding pores. This experimental method could also be used in the study of other experimental materials and could be used to study the seepage process of different porous media [3,48,49].



During the study of the porous media seepage process, the physical model was generally generalized and the model accuracy was not high. The CT scan section of the intact Malan loess sample was extracted by computerized tomography. The 3D pore structure of the intact Malan loess was reconstructed and the 3D pore morphological parameters of the intact Malan loess were extracted, which provided the base model for the water flow simulation and made the original black box model into a bright box model [9]. Comparing the seepage simulation model with the actual seepage experiment proved the reliability of the simulation model. The absolute permeability could be calculated by the seepage simulation and the absolute permeability tensor could be extracted, which provided a new idea for the calculation of absolute permeability. To perform the seepage simulation model with higher accuracy requires a higher accuracy CT scan of the sample to obtain a CT scan slice with higher resolution.



The results of this study provide a new calculation method for the absolute permeability of undisturbed Malan loess and verify the feasibility of this calculation method in order to provide scientific basis for geological disaster prevention, agricultural pollution, and water conservancy projects construction in loess areas. In engineering practice [30], it is possible to obtain the permeability parameters of the intact Malan loess samples by directly CT-scanning the samples to obtain the grayscale slices of the samples instead of conducting permeability experiments. Moreover, this method avoids the disturbance of the sample in the process of sampling by the ring knife, thus improving the accuracy of the measurement results.




6. Conclusions


In this study, the internal pore structure of the loess sample from Malan, Lanzhou was obtained by CT scanning and percolation experiments were designed. By allowing water to percolate through the intact sample by the upward air discharge method, the specific yield of the loess was measured, which provided a basis for the extraction of the threshold delineation of the percolation-connected pore space of the loess. The seepage simulation, as well as the calculation of the permeability coefficient tensor, was performed by the absolute permeability experiment simulation module and absolute permeability tensor calculation module in AVIZO software using the volume averaging method in combination with the 3D reconstructed pore space. The absolute permeability coefficients calculated by comparing this method were consistent with the results of different studies. This provides a new and effective calculation method for the calculation of absolute permeability coefficients of loess as well as seepage simulation.



In the process of threshold partitioning for the 3D pore reconstruction of Malan loess in Lanzhou, the intact loess sample had a specific yield of 10.1%; the specific yield was used as a covariate to delineate the seepage-connected pore space. The threshold value of multi-thresholding was 170, by which the threshold partitioning could overcome the capillary force under the action of gravity and water could be screened out through the pore space and prepare for the case that the seepage simulation could be applied in Darcy’s law.



After reconstructing the three-dimensional pore structure of Malan loess, it was found that the number of pores in the same pore center of gravity coordinate interval in the vertical direction of Malan loess samples was distributed relatively evenly. In the horizontal direction, the number of pores was normally distributed, with different coordinate intervals. The results of this study provide a new calculation method for the absolute permeability of intact Malan loess and verify the feasibility of the calculation method, with a view to providing a scientific basis for the prevention and control of geologic hazards, agricultural pollution, and construction of water conservancy projects in loess areas. In engineering practice, it is possible to obtain the permeability parameters of the intact Malan loess samples by directly CT-scanning the samples to obtain the grayscale slices of the samples instead of conducting permeability experiments. Moreover, this method avoids the disturbance of the sample in the process of sampling by the ring knife, thus improving the accuracy of the measurement results.



Through the seepage simulation, it can be calculated that the absolute permeability of Malan loess sample in Lanzhou is 0.3482 μm2 and the absolute permeability coefficient in X-direction (vertical) of Malan loess sample is 9.02 times and 3.86 times of the absolute permeability coefficient in Y- and Z-directions (horizontal). This also indicates that the Malan loess has developed pore space in the vertical direction and has better connectivity. Using this method can effectively avoid the error caused by the disturbance of loess soil samples in the sampling process by the ring knife method; the calculated results are closer to the permeability coefficient of the soil samples in the natural state.



During the model calculation, it is easy to produce non-convergence due to the very large number of iterations of the model run. The selection of the convergence accuracy will greatly save the computation time when the accuracy of the computation requirement is guaranteed, so a reasonable selection of the value of the convergence accuracy will improve the computation efficiency. The present study mainly focuses on the feasibility of this calculation method in the study of seepage of intact Malan loess, which can be followed up by increasing the number of samples of intact Malan loess in the study area as well as comparative analyses and further studies on the permeability of Malan loess in different study areas.
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Figure 1. Location map of the sampling sites. (a) is the location of the sampling site study area in China; (b) is the location of the sampling site in the Malan loess distribution area on the Loess Plateau.; (c) is the location of the sampling site on the Malan loess profile in Jiuzhoutai, Lanzhou; (d) is the sampling point located at Jiuzhoutai, Lanzhou. 
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Figure 2. (a) is the 308th section of loess samples along Z-direction scanned by CT; (b) is the three-dimensional model of loess samples calibrated and then sliced. 
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Figure 3. Bilateral filtering process images. 
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Figure 4. Specific yield measuring apparatus. 
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Figure 5. (a) is the starting state of the surface of the intact Malan loess sample, (b) is the surface state of intact Malan loess sample when the seepage process lasts 480 s, (c) is the state of the surface of the loess sample at the beginning of 489 s, (d) is the state of the surface of the loess sample at the beginning of 498 s, (e) is the state at the beginning of 545 s, (f) is the state of the surface of the loess sample at the beginning of 680 s of seepage. 
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Figure 6. (a) is the process of threshold selection; (b) after the threshold segmentation, slice 308 along the Z-direction. 
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Figure 7. Three-dimensional model of pore structure of sample. 
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Figure 8. Coordinates of the center of gravity in the X-direction. 
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Figure 9. Coordinates of the center of gravity in the Y-direction. 
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Figure 10. Coordinates of the center of gravity in the Z-direction. 
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Figure 11. Determination of seepage model boundary. 
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Figure 12. Seepage simulation model. (a) is the two-dimensional schematic diagram of the seepage simulation. (b)is the 3D model of the 3D seepage boundary. 
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Figure 13. Seepage iterative process. 
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Figure 14. Seepage simulation results process (The green box is the simulation area). 
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Figure 15. Iterative accuracy of the permeability coefficient tensor. 
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Table 1. Basic physical parameters of intact Malan loess.
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	Dry Density

(g/cm3)
	Void Ratio
	Clay (%)

(d < 5 μm)
	Silt (%)

(5 < d < 50 μm)
	Sand (%)

(d > 50 μm)
	Liquid Limit
	Plastic Limit
	Plastic

Index
	Permeability Coefficient K (cm/s)





	1.213
	1.18
	22.52
	65.70
	8.55
	28.21%
	15.2%
	11.83%
	1.42 × 10−4
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Table 2. Sample specific yield calculation table.
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	Project
	V4 (mL)
	V1 (mL)
	V0 (mL)
	μ





	Value
	836
	735
	1000
	10.1%
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Table 3. Absolute permeability tensor.






Table 3. Absolute permeability tensor.





	kx (μm2)
	ky (μm2)
	kz (μm2)
	Eigen Value





	0.284803
	−0.030083
	−0.124343
	0.346743



	−0.029247
	0.031562
	0.025184
	0.034523



	−0.123694
	0.28359
	0.07378
	0.008879
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