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Abstract: The implementation and development of managed aquifer recharge (MAR) have 

been limited by the clogging attributed to physical, chemical, and biological reactions. In 

application field of MAR, physical clogging is usually the dominant type. Although 

numerous studies on the physical clogging mechanism during MAR are available, studies 

on the more detailed suspended clogging types and its prediction methods still remain few. 

In this study, a series of column experiments were inducted to show the process of 

suspended solids clogging process. The suspended solids clogging was divided into three 

types of surface clogging, inner clogging and mixed clogging based on the different 

clogging characteristics. Surface clogging indicates that the suspended solids are 

intercepted by the medium surface when suspended solids grain diameter is larger than 

pore diameter of infiltration medium. Inner clogging indicates that the suspended solids 

particles could transport through the infiltration medium. Mixed clogging refers to the 

comprehensive performance of surface clogging and inner clogging. Each suspended solids 

clogging type has the different clogging position, different changing laws of hydraulic 

conductivity and different deposition profile of suspended solids. Based on the experiment 

data, the ratio of effective medium pore diameter (Dp) and median grain size of suspended 

solids (d50) was proposed as the judgment index for suspended solids clogging types. 

Surface clogging occurred while Dp/d50 was less than 5.5, inner clogging occurred while 

Dp/d50 was greater than 180, and mixed clogging occurred while Dp/d50 was between 5.5 

and 180. In order to improve the judgment accuracy and applicability, Bayesian method, which 

considered more ratios of medium pore diameter (Dp) and different level of grain diameter of 
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suspended solids (di), were developed to predict the potential suspended solids types. 

Keywords: managed aquifer recharge; suspended solids; physical clogging 

 

1. Introduction 

With the background of global water scarcity, actively promoting water reuse and excess water 

storage technology helps solve the problem of groundwater and surface water shortage attributed to 

uncertain climatic factors. Managed aquifer recharge (MAR) is one of the most effective methods to 

augment the groundwater resources [1–3]. It may form part of conjunctive use schemes, or be applied 

to increase water availability and improve water quality.  

Conventional recharge water resources including native groundwater, potable water and surface 

water were primarily used in MAR. In recent years, with the growing interest in non-conventional 

resources, quality and health issues have been raised [4]. Improvements to water quality via MAR have 

been demonstrated to reduce organic matter [5,6], trace organic compounds [7], nitrogen [8]. Bacteria 

and virus transport during MAR is another one major concern with using recycled water [9–11]. The 

water quality change and its related health risks still are the main topics for MAR researches. 

Clogging issue has been another main limited factor for the implementation of MAR around the 

world. According to the investigation on 207 groundwater recharge systems in Maryland, USA, the 

rate of loss function system attributed to clogging increased to 50% in 1990 from 33% in 1986 [12]. 

Clogging is generally caused by inter-dependent mechanisms that are often hard to distinguish [13–15]. 

The classification of clogging into physical, chemical and biological processes is quite standard [16]. 

The role of suspended particles in clogging was recognized early and was often evidenced as the main 

clogging mode during MAR process [17–19]. It has been observed to depend on the total mass of 

suspended solids and particle size distribution of the porous media with reduction in basin recharge 

rates well described by an exponential decay function [20]. The main source of suspended solids 

mainly comes from recharge water and may also generates from aquifer matrix because of 

hydrodynamic and hydrochemical function [21,22]. The mechanisms of suspended solids clogging 

including filtration and deposition function. Modified fouling index (MFI) was mainly used to assess 

clogging potential of artificial recharge well [23]. Turbidity and concentration of suspended solids of 

recharge water are the main two common water quality indexes to assess potential of clogging [24,25]. 

But the judgment criterion for suspended solids clogging is still not uniform. Siriwardene NR et al. 

(2007) showed that physical clogging was mainly caused by the migration of sediment particles  

that are less than 6 μm in diameter [26]. Okubo and Matsumoto (1983) showed that physical clogging 

problems would not occur if the suspended solids (SS) level of recharge water utilized for ASR  

is <2 mg/L [27]. However, Pavelic et al. (1998) showed that physical clogging problems did not 

exhibited at a stormwater MAR site in South Australia even when SS > 25 mg/L [22]. The recommend 

limitation of TSS < 100 mg/L was proposed by Winter (2013) [28]. These experiments were conducted 

to study the MAR clogging problem from the perspective of the nature of suspended solids and do not 

comprehensively consider the properties of porous media. Thus, the proposed criteria are mostly 

applicable at limited field conditions. This article was tried to give a more detailed classification for 
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suspended solids clogging and propose prediction methods to predict the potential clogging types. This 

would be helpful to prevent and control suspended solids clogging during MAR design and operation. 

2. Materials and Methods 

2.1. Lab-Based Approach 

A MAR laboratory experimental system included four parts: water supply tank with circulation function 

(includes a submersible pump with a maximum pump head of 5 m and maximum output 5500 L/h), 

upper and lower constant-head controller for water supply and drainage (adjustable range is 0 to 1.5 m), 

experimental seepage column (580 mm in height and with 80 mm inside diameter and is made of 

Plexiglas), and pressure observation panel. Piezometer tubes were distributed along the experimental 

column (Figure 1). 

Figure 1. Schematic diagram of aquifer recharge managed simulated system. 

 

Highly purified Quartz sand and river sand (predominant mineral composition was quartz, with a 

small amount of feldspar) were adopted as the infiltration medium. The columns were packed with 

quartz sand in increments of 1cm according to its natural density of 1.6 g/cm3.  

The suspended solids were collected from lowlands of a field site after a storm event. The particle 

diameter distribution was measured by TCZ-4 particle analyzer and showed in Figure 2. The coarse 

particles of diameter greater than 0.1 mm were removed because this part is easily to removal by 

pretreatment. All the selected suspended solids samples were mixed together. X-ray diffraction (XRD) 

pattern showed that dominant mineral composition is quartz, Alkali feldspar and Plagioclase (Table 1).  

The ultra-purified water was produced by machine of ELGA Option R7 and the main characteristics 

are as follow: TSS = 0 mg/L, TDS = 0 mg/L to 2 mg/L. The recharge water adopted in these lab 

experiments was mixed sieved suspended solids and ultra-purified water with total suspended solids 

(TSS) equals to 1000 mg/L and total dissolved solids (TDS) equals to 4 mg/L to 6 mg/L. 
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Table 1. Mineralogy of suspended solids. 

Sample No. SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9 

Quartz 37 42 46 47 38 43 56 47 49 
Alkali feldspar 11 16 17 22 11 14 10 14 15 

Plagioclase 20 23 21 22 18 30 21 22 21 
Calcite 8 3 4 4 4 2 4 8 6 

Illite-smectite mixed-layer 6 2 2 0 4 3 3 4 0 
Illite 12 8 6 0 15 5 2 0 6 

Kaolinite 5 5 3 4 9 3 4 4 3 
Amphibole 1 1 1 1 1 0 0 1 0 

Figure 2. Particle diameter distribution of suspended solids. 

 

The recharge water was feed up from a water tank to the upper constant head controller, flow 

throughout the column and then discharge via the lower constant head controller. The columns were 

initially flushed for 4 h with purified water before the experiments to clear any potential pollutants in 

the infiltration sand. During the operation period, a submersible pump was placed at the bottom of 

water tank and was used to continuously feed water into the upper constant-head water level controller; 

the water infiltrated through the columns at a hydraulic gradient of 1. Surplus water overflowed from 

the upper level controller and was recycled into the water tank.  

The flow rate and hydraulic head along the infiltration path were observed every 2 h or 4 h 

manually. TDS was measured using a Multi-parameter Water Quality Portable Meter every 2 h. TSS of 

inflow and outflow was measured using a PARTECH 740 monitor every 2 h. The time-varying 

hydraulic conductivity at different positions of the sand columns was calculated based on Darcy’s law 

(Equation (1)): 

2π

Ql
K

r h
=

Δ
 (1)

where Q (m3/d) is the flow rate; l  (m) is the distance between any two piezometric tubes along the 

column; hΔ  (m) is the hydraulic head difference at a distance of l; and r (m) is the inner diameter of 

the column. The clogging degree at different position can be expressed by the ratio of hydraulic 
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conductivity (K) and its initial hydraulic conductivity (K0). If the value of K/K0 is less than 1, that 

means clogging has happened at the specific time and specific position. 

At the end of experiment, the sand in column was excavated one centimeter at a time. The 

suspended solids were separated from each sand sample through the procedures of wash, separation, 

drying and weight.  

Seventeen experiments (Table 2) were conducted to simulate the suspended solids clogging process. 

Coarse sand (I) (sieve number 10 to 20), coarse sand (II) (sieve number 20 to 40), medium sand  

(sieve number 40 to 70), fine sand (sieve number 70 to 150), and mixed sand (sieve number 20 to 150 with 

equal amounts of fine sand, medium sand, and coarse sand (II)) were adopted as the infiltration medium. 

The grain diameters of suspended solids in recharged water were 0.075 mm to 0.05 mm, 0.05 mm to 

0.0385 mm, less than 0.0385 mm, and less than 0.013 mm. 

Table 2. Ratios of infiltration medium effective pore diameter (Dp) and levels of suspended 

solids grain diameter (di). 

Experiment 

No. 

Medium and Dp 

(mm) 
di (mm) Dp/d10 Dp/d20 Dp/d30 Dp/d40 Dp/d50 Dp/d60 Dp/d70 Dp/d80 Dp/d90 

E2 
Coarse sand (I), 

0.453 
<0.013 453.0 348.5 266.5 215.7 181.2 151.0 129.5 105.4 80.89 

E4 

Coarse sand (II), 

0.108 

0.075–0.05 2.08 2.00 1.93 1.86 1.77 1.71 1.64 1.59 1.52 

E5 0.05–0.0385 2.77 2.70 2.63 2.57 2.51 2.45 2.35 2.30 2.25 

E6 <0.0385 13.50 12.00 10.80 9.82 8.31 7.20 6.35 5.40 4.15 

E7 <0.013 108.0 83.08 63.53 51.43 43.20 36.00 30.86 25.12 19.29 

E9 

Medium sand, 

0.066 

0.075–0.05 1.27 1.22 1.18 1.14 1.08 1.05 1.00 0.97 0.93 

E10 0.05–0.0385 1.69 1.65 1.61 1.57 1.53 1.50 1.43 1.40 1.38 

E11 <0.0385 8.25 7.33 6.60 6.00 5.08 4.40 3.88 3.30 2.54 

E12 <0.013 66.00 50.77 38.82 31.43 26.40 22.00 18.86 15.35 11.79 

E14 

Fine sand,  

0.046 

0.075–0.05 0.88 0.85 0.82 0.79 0.75 0.73 0.70 0.68 0.65 

E15 0.05–0.0385 1.18 1.15 1.12 1.10 1.07 1.05 1.00 0.98 0.96 

E16 <0.0385 5.75 5.11 4.60 4.18 3.54 3.07 2.71 2.30 1.77 

E17 <0.013 46.00 35.38 27.06 21.90 18.40 15.33 13.14 10.70 8.21 

E19 

Mixed sand (I), 

0.078 

0.075–0.05 1.50 1.44 1.39 1.34 1.28 1.24 1.18 1.15 1.10 

E20 0.05–0.0385 2.00 1.95 1.90 1.86 1.81 1.77 1.70 1.66 1.63 

E21 <0.0385 9.75 8.67 7.80 7.09 6.00 5.20 4.59 3.90 3.00 

E22 <0.013 78.00 60.00 45.88 37.14 31.20 26.00 22.29 18.14 13.93 

Note: * Experiments of E1, E3, E8, E13 and E19 are the background references which recharge water is only ultra-purified water. 

2.2. Prediction Methods of Suspended Solids Clogging Types 

Suspended solids clogging types would be vary depending on the magnitude relation between 

infiltration medium pore diameter and suspended solids grain diameter. For the quantitative 

representation of the relationship among medium pore, suspended solids, and clogging type, the 

calculation for the conversion of effective grain diameter to the effective pore diameter is 

realized using the effective pore diameter formula (Equations (2) and (3)) proposed by Glover 

and Walker (2009) [29]: 
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2θ θeff eff pD r D= =  (2)

where,  

2

2
θ

8 m

am

n
=  (3)

where Deff (mm) is the effective grain diameter; θ (dimensionless) is the theta transform; reff (mm) is 

the effective pore radius; Dp (mm) is the effective pore diameter; a is a parameter thought to be equal 

to 8/3 for three-dimensional samples composed of quasi-spherical grains; m (dimensionless) is the 

cementation exponent; and n (dimensionless) is the porosity. In this study, the prediction analysis of 

the suspended solids clogging type can be achieved using two methods: the ratio of infiltration medium 

pore diameter and suspended solids grain diameter and the Bayesian method [30] based on multi ratios 

of infiltration medium pore diameter and suspended solids grain diameter. 

2.2.1. Ratio of Pore Diameter (Dp) and Grain Diameter (d) 

Using the ratio of infiltration medium pore diameter and a suitable suspended solids grain diameter as 

indicator and according to the classification results of the experimental samples, the critical value of 

discriminant index was determined to differentiate various types of suspended solids physical clogging. 

2.2.2. Bayesian Discrimination Method 

G1, G2, … Gg are g p-dimensional normal population, and each population has equal covariance 

matrix. After the calculation, the Bayesian discriminant functions for multiple populations (Equation (4)) 

could be obtained: 

1 11
( ) ln

2i i i i iW x x q− −′ ′= μ − μ μ +  ; i
i

n
q

n
=

,  1

k

i
i

n n
=

=  (4)

where qi is prior probability of each population; and ni is the number contained in ith population Gi. 
In practical application, if iμ  and Σ i are unknown, training samples could be used for estimation, 

that is, the sample average 
( )t

x and sample dispersion matrix St/n of the training samples can be used. 
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(7)

where k
ix is the ith sample in the kth population; k = 1, 2, …, g; ˆ kμ is the estimate of the kth population 

average kμ ; Σ̂  is the estimate of the population covariance matrix Σ ; and Sk is the intragroup 

covariance matrix of number k population. 

If the misclassification loss is c(j|i) (i, j = 1, 2, …, g), let c(i|i) = 0. Here, Bayesian discrimination 

criterion is: 
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The discrimination criterion could be interpreted as follows: for a given pending sample x, the 
calculated g p-dimensional normal population, the maximum of which at x ( )kW x  belongs to Gi, is 

called the category of the pending sample. 

2.3. Case Verification 

Three experiments were conducted to simulate the suspended solids physical clogging process, with 

a test case (T1 to T3) for the ratio of pore diameter and grain diameter discriminant method and the 

Bayesian discrimination method. The three kinds of sand were adopted as the infiltration medium for 

the verification experiments. Mixed sand (I) was composed by equal amounts of fine sand, medium 

sand, and coarse sand (II), Mixed sand (II) was composed by a double amount of fine sand, single 

amounts of medium and coarse sand, and Mixed sand (III) was the raw sand (grain diameter 80 μm to 

5000 μm). The grain diameter of suspended solids in recharged water was 0 mm to 0.1 mm. 

3. Results and Discussion 

3.1. Suspended Solids Clogging Types 

Based on the experimental results, suspended solids clogging could be divided into three types of 

surface clogging, inner clogging and mixed clogging.  

3.1.1. Surface Clogging (S) 

Surface clogging indicates that the suspended solids are intercepted by the medium surface when 

suspended solids grain diameter is larger than pore diameter of infiltration medium (Figure 3a). 

Characteristics of surface clogging are as follows: (a) the hydraulic conductivity of top layers (0–3 cm) 

in column decreases very fast with time, but the hydraulic conductivity of other layers can keep 

relative stable (Figure 4); (b) TSS of inflow is much greater than outflow because of the filtration 

effect (Figure 5); and (c) the suspended solids are accumulated only on the surface of sand layer 

(Figure 6a).  

Figure 3. Pictures of different types of suspended solids clogging. (a) Surface clogging 

(Exp. No.E9); (b) Inner clogging (Exp. No.E2); (c) Mixed clogging (Exp. No.E7). 

 
(a) (b) (c) 
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Figure 4. K/K0 vs. operation time (Exp. No.E9). 

 

Figure 5. Total suspended solids (TSS) concentration of inflow and outflow. 

 

3.1.2. Inner Clogging (I) 

Inner clogging indicates that the suspended solids particles could transport through the infiltration 

medium. Only a few suspended solids particles stay in the column, with the majority flowing out with 

water flow (Figure 3b). The characteristics of inner clogging are as follows: (a) the hydraulic 

conductivity of all layers in column decreases gradually with time (Figure 7); (b) TSS of inflow is 

slightly greater than outflow because the filtration effect is not obvious (Figure 8); and (c) the 

suspended solids are accumulated within the whole column (Figure 6b). 

Figure 6. Deposition profile of suspended solids in column. (a) Surface clogging (Exp. No.9); 

(b) Inner clogging (Exp.No.2); (c) Mixed clogging (Exp.No.7). 

 
(a) (b) (c) 
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Figure 7. K/K0 vs. operation time (Exp. No.E2). 

 

Figure 8. TSS concentration of inflow and outflow (Exp. No.E2). 

 

3.1.3. Mixed Clogging (M) 

Mixed clogging refers to the comprehensive performance of surface clogging and inner clogging. 

Some small particles can transport for a certain distance through the infiltration medium. As suspended 

solids continuously accumulate in the flow channel of the medium, the number of suspended solids 

particles which have the capability to transport through the medium decreases. Suspended solids 

retention position accumulates upward, ultimately forming a clogging cake on the surface of the 

infiltration medium [31] (Figure 3c). This clogging mode is a special type of surface clogging that 

takes longer time to achieve the ultimate clogging state. The characteristics of mixed clogging are as 

follows: (a) all layer’s hydraulic conductivity decreases with time, and the top layer’s hydraulic 

conductivity decreases much faster than other layers (Figure 9); (b) TSS of inflow was greater than 

outflow, the difference was getting bigger while surface clogging occurred after the time about 30 

hours (Figure 10); and (c) the suspended solids were accumulated within the whole sand column, but 

most of them deposited within depth of 10 cm (Figure 6c). 
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Figure 9. Different depths K vs. operation time (Exp. No.E7). 

 

Figure 10. TSS concentration of inflow and outflow (Exp. No.E7). 

 

The clogging mechanism, clogging process and the change laws of hydraulic conductivity are 

differs from different suspended solids clogging types. Thus, the different mathematical models and 

different prevent and control methods should be varied for each types of suspended solids clogging. 

3.2. Judgment Criteria of Suspended Solids Clogging Types 

Coarse sand (I, II), medium sand, and fine sand in the experiment were basically homogeneous 

media. Mixed sand is a heterogeneous medium with equal amounts of fine sand, medium sand, and 

coarse sand (II). Thus, using mean grain diameter, D50, as the effective grain diameter, Deff, to 

calculate effective pore diameter, Dp, is reasonable. The ratio of the infiltration medium of effective 

pore diameter, Dp, and the grain diameter of all levels of suspended solids, di, was used as the 

discriminant foundation. Table 2 shows the summary of the calculated Dp/di using Equations (1) and (2). 

The classification of suspended solids clogging experiment results could be determined by observing 

the clogging phenomenon in the experiment, combined with the suspended solids clogging 
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characteristics, and then referenced to the result of K-means cluster analysis [32] that uses different 

groups of Dp/di. Table 3 shows the classification summary.  

Table 3. Suspended solids clogging types in laboratory experiments. 

Experiment No. Clogging type Experiment No. Clogging type Experiment No. Clogging type 

E2 I E10 S E17 M 
E4 M E11 S E19 S 
E5 M E12 M E20 S 
E6 M E14 S E21 M 
E7 M E15 S E22 M 
E9 S E16 S  

3.2.1. Ratio of Pore Diameter and Grain Diameter  

Limited by the experimental conditions, the judgment index is Dp/d50, which represents the ratio of 

medium pore diameter and median grain size of suspended solids. Theoretically, when Dp/d50 is less 

than or equal to a critical value (the theoretical value is 1) and the medium pore diameter is less than 

the suspended solids grain diameter, the suspended solids are intercepted on the surface of medium and 

form surface clogging. When Dp/d50 is greater than the critical value, suspended solids are theoretically 

capable of flowing through the medium freely. However, the judgment criteria based on the experiments 

are not coincident with the theoretical analysis because of heterogeneity, curve and roughness of pore 

space. The surface clogging is much easier to occur while Dp/d50 < 5.5, the strict inner clogging is hard 

to happen until Dp/d50 > 180, and mixed clogging can be occur while Dp/d50 = 5.5 − 180. 

3.2.2. Bayesian Discrimination Method 

The ratios of medium effective pore diameter Dp and levels of suspended solids grain diameter  

d10, d20, …, d90 are selected as the judgment factors in the Bayesian discriminant analysis model. Using 

the suspended solids clogging types in the 17 experiments as training samples, Bayesian discriminant 

analysis can be used to determine the suspended solids clogging type (Equations (9)–(11)). 

C1 = −1.322 − 0.585 Dp/d10 + 1.023 Dp/d30 (9)

C2 = −3.627 – 1.789 Dp/d10 + 3.169 Dp/d30 (10)

C3 = −155.013 – 8.913 Dp/d10 + 3.169 Dp/d30 (11)

where C1, C2 and C3 represent the indicator value of surface clogging, mixed clogging and inner 

clogging. By substituting the pending samples Dp/d10 and Dp/d30 into the model to be calculated, the 

pending sample category is the group that has the largest C1, C2, and C3. 

3.3. Case Verification Results 

The discriminant criterion of Dp/d50< and Bayesian criteria were also carried out based on the 

laboratory experiments under the specific infiltration media and suspended solids with nearly uniform 

particle diameter. The laboratory experiment conditions may not coincide with any real MAR 

projection. In order to verify the suitability of above criteria, the verification experiments (T1, T2 and T3) 
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under more realizable conditions of suspended solids and infiltration media were conducted and 

analyzed by the methods of Dp/d50 and Bayesian discrimination (Equations (9)–(11)) (Table 4). 

Table 4. Case verification results for different prediction methods. 

Test No. 
Experimental 
observations 

Dp/d50 Bayesian method 
predict result Dp (mm) d50 (mm) Dp/d50 Predict result 

T1 S 0.078 0.023 3.41 S S 
T2 S 0.074 0.023 3.23 S S 
T3 S 0.807 0.023 35.24 M S 

According to experimental observations, T1, T2, and T3 exhibit surface clogging. Both the 

prediction results of Dp/d50 method and Bayesian method are work, and the Bayesian method is more 

stable and accurate because more factors was considered in the equations. 

4. Conclusions  

Suspended solids clogging in MAR can be classified into three types according to clogging 

position: surface clogging, inner clogging, and mixed clogging. Surface clogging indicates that the 

suspended solids are intercepted by the medium surface when suspended solids grain diameter is larger 

than pore diameter of infiltration medium. The suspended solids are accumulated only on the surface 

of sand layer and the hydraulic conductivity of top layers decreases very fast with time. Inner clogging 

indicates that the suspended solids particles could transport through the infiltration medium. The 

suspended solids are accumulated within the whole column and the hydraulic conductivity of all layers 

in column decreases gradually with time. Mixed clogging refers to the comprehensive performance of 

surface clogging and inner clogging. The suspended solids were accumulated within the whole sand 

column, but most of them deposited within depth of 10cm. All layer’s hydraulic conductivity decreases 

with time, and the top layer’s hydraulic conductivity decreases much faster than other layers.  

The prediction of different suspended solids clogging types is very important for design and 

maintenance of MAR facility. The ratios of medium effective pore diameter, Dp, and levels of 

suspended solids grain diameter, d10, d20, …, d90 are selected as the judgment index of suspended 

solids clogging types. Dp/d50 has a clearer physical meaning in theory and is also easier to apply. 

Surface clogging occurred while Dp/d50 was less than 5.5, inner clogging occurred while Dp/d50 was 

greater than 180, and mixed clogging occurred while Dp/d50 was between 5.5 and 180. However, the 

relative ideal conditions of nearly uniform particle diameter of suspended solids, the homogeneous 

infiltration medium and the limited number of experiments place limitations on the established 

criterion in practical applications with heterogeneous infiltration medium and non-uniform suspended 

solids. The scale effect also would play an important role to its application. 

The Bayesian discrimination method fully utilizes the ratios of different granularity levels of pore 

diameter and grain diameter, as well as the statistical relationship based on experimental samples. 

Under the condition of non-uniform infiltration medium and suspended solids, the misjudgment rate is 

lower than that of the single pore diameter/grain diameter (Dp/d50) discriminant method, thus 

exhibiting stronger practicality. With these methods, the potential suspended solids clogging types can 

be predicted prior to implementation of MAR projection. 
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In this study, further development of laboratory experiments on material selection and the number of 

experiments would further improve the single pore diameter/grain diameter discriminant criterion and 

Bayesian discriminant model to make these approaches more practical. In addition, further research will 

involve the testing of other discrimination methods to compare their advantages and disadvantages. 
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