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                    Abstract
Particle clogging in the artificial groundwater recharge process is one of the main factors influencing the artificial groundwater recharge efficiency, and particle deposition is the microscopic mechanism of the occurrence and development of particle clogging. Particle deposition in porous media changes the pore structure. The computed tomography (CT) scanning technique is a nondestructive testing method and determines the spatial distribution of pores in porous media. This study combines physical and CT scanning experiments to identify the change process of the pore structure in the artificial groundwater recharge process and compares the pore changes during recharge experiments between two columns containing different media. Porous media changes are observed with the CT scanning technique. The fractal theory is applied in the analysis of CT scan images and physical experiment results. The results of this study indicate that particle deposition can be examined by using CT scan images to obtain pore-related parameters, the internal pore structure of porous media determined through CT scan images can be applied in numerical simulation, and a mathematical model for particle deposition calculation in porous media is established. Compared to the physical experiment measurements, the spatial particle deposition information acquired with the CT scanning technique exhibits a higher accuracy and contains much more relevant data. Not only does this research reveal more clearly the particle clogging mechanism which is based on particle deposition, but also characterize, simulate and predict more accurately the development tendency of particle clogging during artificial groundwater recharge.
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Appendix 1
See Fig. 4
Fig. 4[image: figure 4]
Physical experimental system


Full size image

Appendix 2
2.1 X-ray Radiation Intensity Attenuation Equation
The principle of the CT scan imaging technique is to use X-rays to penetrate materials of different densities, in which the intensity exponentially decays with the density of the penetrated materials (David et al. 2002), and different densities on the specified plane of the test object can be distinguished. Material information is obtained via computerized digital image reconstruction (Guo 2011), and high-resolution CT scan images are generated (Fernandes et al. 2016).
The principle of the CT scan imaging technique is shown in Fig. 1. X-rays are generated by the X-ray tube and captured by the X-ray flat-panel detector after passing through the test sample on the platform. According to the obtained X-ray radiation intensity relative to the initial radiation intensity, the attenuation of the sample can be visualized to obtain structure information. The X-ray radiation intensity attenuation equation is as follows (Chapman et al. 1997):
$$I={I}_{0}{e}^{-\mu l}$$

                    (5)
                

Where I is the radiation intensity measured by the flat-panel detector, I0 is the initial radiation intensity of the rays emitted by the tube, μ is the radiation attenuation coefficient (positively related to the density), and l is the length of the detected object. According to the attenuation of the obtained rays after passing through the sample, a CT scan image containing internal structure information on the porous media in the column is obtained.
The column as the scanned object only contains two phases, namely, solid and liquid phases, and the medium itself and the recharged particles comprise the solid phase, which establishes a stark density difference from the liquid phase during the CT scan imaging process, which facilitates the identification of the solid and liquid phases in the scanned image.
Appendix 3
3.1 Relationship Between the Segmentation Threshold and Porosity
In the process of CT image acquisition, noise inevitably occurs due to environmental disturbances and instrument errors, which results in invalid pixels that impede image information acquisition. Therefore, the CT scan images were filtered and denoised in Avizo software. The filter modules in Avizo include a median filter, nonlocal mean filter, anisotropic diffusion filter, etc. After comparing the filtering effects of the different modules, the median filter module was selected to process the obtained CT images. The scanned images were filtered, thus yielding cleaner filtered images, and the number of small isolated scattered points was obviously reduced. The denoised CT scan images were binarized to distinguish the solid and liquid phases, i.e., the grayscale images were converted into binary images characterizing the pore distribution and pore structure. The numerical selection of the segmentation threshold is very important because this is related to the subsequent extraction of relevant pore structure parameters, so the experimentally obtained column porosity data were considered to select the threshold selection. The column porosity obtained through the physical experiments was used in the selection of the segmentation threshold for the binarized CT scan images. The equation of relationship between the segmentation threshold T and porosity P is as follows:
$$\begin{array}{c}f\left(T\right)=MIN\left\{f\left(T\right)=\right.\left|P-\frac{\sum_{i={I}_{min}}^{T}V\left(i\right)}{{\sum }_{i={I}_{min}}^{{I}_{max}}V\left(i\right)}\right|\end{array}$$

                    (6)
                

Where T is the segmentation threshold, P is the porosity, Imax and Imin are the maximum and minimum grayscale values, respectively, of the image, and V(i) is the number of pixels with a grayscale value of i.
Appendix 4
4.1 Algorithm of Box-Counting Method
The algorithm was proposed by Russell et al. (Russell et al. 1980). The algorithm is expressed as follows:
$$\mathrm{d}=\underset{\varepsilon \to 0}{\mathrm{lim}}[\mathrm{log}N(\upvarepsilon )/\mathrm{log}(1/\varepsilon )]$$

                    (7)
                

Where ɛ is the side length of the cube filling the pore space or of the square filling the pore area, and N is the number of cubes required to fill the pore space or the number of squares required to fill the pore area. The calculation equation indicates that the fractal dimension of pores in three-dimensional space ranges from 2.0 to 3.0, and the fractal dimension of pores in two-dimensional space ranges from 1.0 to 2.0. The higher the fractal dimension, the more complex the pore distribution and structure (Yu et al. 2019).
Appendix 5
5.1 Equation of Shape Factor
The equation is as follows (Prodanovic et al. 2007):
$$\begin{array}{c}G=\frac{6\sqrt{\pi }V}{{S}^{1.5}}\end{array}$$

                    (8)
                

Where V is the pore volume and S is the pore internal surface area. The shape factor can be calculated by directly entering the equation into Avizo and calling the calculated pore volume and pore internal surface area after binarization and segmentation. The shape factor of a sphere is 1, and the shape factor of any other shape is smaller than 1. The more a given shape deviates from a sphere, the smaller the shape factor (Afsharpoor and Javadpour 2016).
Appendix 6
6.1 Equation of Tortuosity
The Equation is as follows (Dullien 1979):
$$\begin{array}{c}\Gamma =\frac{{L}_{t}}{{L}_{0}}\end{array}$$

                    (9)
                

Where \({L}_{t}\) is the actual length of the pore space, namely, the distance traveled by the liquid phase through the pores, and \({L}_{0}\) is the vertical distance between the pore entrance and exit, i.e., the height between the upper and lower surfaces of the column section.
Appendix 7
7.1 Algorithm of Correlation Analysis
The change amplitude (percentage value) of the hydraulic conductivity is set to Y, the corresponding fractal dimension and shape factor change amplitude is denoted as X, which are substituted into the correlation coefficient equation to determine the correlation between these parameters and hydraulic conductivity:
$$\begin{array}{c}{r}^{2}={\left[\frac{Cov\left(X,Y\right)}{\sqrt{Var\left(X\right)Var\left(Y\right)}}\right]}^{2}\end{array}$$

                    (10)
                

Where Cov(X,Y) is the covariance of X and Y, Var(X) is the variance in X, and Var(Y) is the variance in Y.
However, because insufficient tortuosity data are available to calculate the correlation coefficient, the correlation is assessed by directly calculating the ratio of the tortuosity change range to the hydraulic conductivity change range.
Appendix 8
8.1 Mann-kendall Rank Correlation Test Method
The Mann-Kendall test method was first proposed by Mann (1945) and perfected by Kendall (1957) (Mann 1945; Kendall 1957), which has been widely applied to analyze the trend of time series data in hydrological research. The principle relies on the calculation of the p value of the occurrence of xi<xj among all dual values (xi and xj, for j> i) of stationary hydrological time series data, i.e., \({x}_{1},{x}_{2}\cdots {x}_{n}\). If the latter value in the sequence is larger than the previous value, we conclude that the sequence exhibits an upward trend, and conversely, it is considered that the sequence exhibits a downward trend. The above statistics are calculated as:
$$\begin{array}{c}U=\frac{\tau }{{\left[Var(\tau )\right]}^{1/2}}\end{array}$$

                    (11)
                

Where:
$$\begin{array}{c}\tau =\frac{4p}{n\left(n-1\right)}-1\end{array}$$

                    (12)
                

$$\begin{array}{c}Var(\tau )=\frac{2\left(2n+5\right)}{9n\left(n-1\right)}\end{array}$$

                    (13)
                

According to the above equation, if the U value is greater than zero, the sequence trend is upward. Otherwise, the sequence exhibits a downward trend. Moreover, with increasing n value, the U value increasingly obeys the standard normal distribution. In this study, the time sequence data was replaced by the spatial sequence data to obtain the trend statistics of the change rate of the fractal dimension of the columns containing the two media with the depth. Given the significance level of α=0.05 and U0.05=±1.96, when |U| is greater than U0, it is considered that the sequence attains a significant trend.
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