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Pervious concrete (PC) pavements can effectively reduce surface runoff, but it will be clogged with time and its service life will be affected. In this study, based on three groups of PC specimens with different aggregate gradations optimized by previous experiments, the pavement-clogging simulation test is carried out using the two-way coupling of the particle flow code with computational fluid dynamics (PFC-CFD). The results show that when the gradation of aggregates in the pervious pavement is different, the volume fraction of clogging material in the pavement and the time when the volume fraction of the clogging material reaches the maximum are also different. It is related to the zigzag degree and size of the pore in the pervious pavement. The smaller the particle size of coarse aggregate in the pervious pavement, the easier it is to be clogged, and the discontinuous graded coarse aggregate has a good shielding effect on the clogging material. Different clogging material gradations have different effects on the clogging of pervious pavements. According to the aforementioned research results, researchers can select different mix ratios of anti-clogging PC according to different areas of use. The law obtained from the experiment can provide a reference for further study of the double-layer pervious pavement structure design.
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1 INTRODUCTION
Pervious concrete (PC) generally contains no or minimal fine aggregate; due to the low cement content, coarse aggregates can form a large number of interconnected pores [1], so rainwater can freely infiltrate into the PC pavement and reduce the problem of urban waterlogging [2]. With time, different types of clogging material will be transported to the interior of a PC pavement under the action of rainwater or natural settlement [3], which will eventually reduce the permeability of PC and seriously reduce the service life of the pervious pavement [4].
B. Debnath et al. [5] showed that the clogging of PC mainly depends on the coarse aggregate’s size, and the smaller the particle size of coarse aggregate, the higher the clogging rate. V. V. Hung et al. [6] found that porosity and permeability decrease with the increase in fine aggregate proportion. G. Brunetti et al. [7] used different sizes of sand as clogging materials and found that fine sand could significantly reduce the permeability of pervious concrete. J. Zhang et al. [8] believed that the active time of fine sand in pores is longer than that of coarse sand, and when the clogging particles are only coarse sand, the peak is shorter than that in the case of fine sand. G. F. B. Sandoval et al. [9] studied the results showing that the plugging particles with smaller particle sizes (clay and sediment C) significantly harm the decrease of permeability. J. P. Coughlin et al. [10] found clay can clog pervious roads about ten times as much as sand. J. W. Lee et al. [11] showed that in the case of small-size aggregate (1.0 mm–2.8 mm), the clogging depth is 15 mm, and in the case of large-size aggregate (>6.0 mm), the clogging depth can reach more than 35 mm. M. Kayhanian et al. [12] found that most of the clogging substance of a PC pavement occurs near the pavement’s surface, and the clogging substance is mainly in the 25-mm depth of the pavement with low porosity. X. Nan et al. [13] showed that clogged particles of 0.6–2.2 mm are clogged in the pervious pavement of 2 cm, and particles smaller than 0.3 mm can enter the pervious pavement and form a deep blockage. Q. Yang et al. [14] found that rainfall intensity and duration will affect infiltration performance and clogging. M. Brugin et al. [15] showed that the rainfall mode and the pavement slope significantly influence the clogging of the pervious pavement. X. Cui et al. [16] believed that clogging is easy when the value of the particle size ratio is between 0.6 and 0.8. J. Zhang et al. [17] believed that clogging material of the full gradation is more likely to block the specimens with higher porosity.
G. F. B. Sandoval et al. [18] believed that the permeability coefficient of a pervious pavement decreases significantly in the first 5 years; so, it is necessary to maintain the pervious pavement once a year in the first 5 years. J. Huang et al. [19] found that cleaning with pressurized water is only effective for the top 30 mm of the pervious specimen. A. Singh et al. [20] showed that pressurized water is also effective in removing up to 3.18 mm sediments but is less efficient at deeper depths. A research study by N. Hu et al. [21] showed that the combination of pressure cleaning and vacuum suction best removes clogging material in a pervious pavement. G. F. B. Sandoval et al. [22] believed that according to the type of clogging material, it is necessary to maintain pervious pavements regularly to prevent the decrease of the permeability coefficient. A. Kia et al. [23] developed a new type of pervious pavement with a low curvature pore structure, which has anti-clogging performance, high permeability, and strength but a high preparation and installation cost. A research study by I. Barišić et al. [24] showed that when the aggregate of PC is a mixture of small and large particle sizes, the permeability coefficient decreases slowly and has a favorable effect on mechanical properties. K. S. Elango et al. [25] showed that the PC prepared with binder has good permeability and can meet the requirements of pervious concrete. A. Garcia et al. [26] believed that in order to prepare the mix proportion of PC with a low clogging rate, it is necessary to analyze the clogging material in this area and prepare the PC mixture which is less than or larger than the pore diameter. H. Zhou et al. [27] found that the equivalent diameter of the pore is determined by CT scanning and image processing. The open and closed pores’ geometric properties are calculated using the algorithm code [28]. A. Parvan et al. [29] obtained the real pore structure to explore the development process of hydraulic characteristics.
G. Ma et al. [30] developed a numerical simulation to study the hydraulic characteristics of pervious pavements and to visualize the clogging process. J. Xu et al. [31] studied the distribution of clogging material and the development of clogging depth in the PC pavement under the action of natural deposition and seepage through the discrete element method (DEM) and computational fluid dynamics (CFD). J. Hu et al. [32] showed that based on the CFD-DEM model, the clogging development process of pervious pavements under the action of rainfall is simulated by considering the factors of climate, pavement porosity, flow velocity, blocking material quality, and pavement structure. S. Remond et al. [33] showed that the motion and clogging of small spherical particles in the random accumulation of large balls are simulated by the DEM. In a study by X. Nan et al. [34], the CT scanning technique and Avizo software were used to reconstruct the inner hole structure, and the DEM model in CFD simulates the multiphase flow of surface particles in pervious concrete. J. Zhang et al. [35], based on the numerical simulation method, studied the anti-clogging performance of different pervious pavement structures. In a study by J. Zhang et al. [36], the mechanism and development law of pore clogging in the pervious pavement were studied using the CFD-DEM model. A research study by W. Zhao et al. [37] showed that the numerical simulation method could minimize the dependence on the real experimental work [38] and solve the problems that cannot be carried out in the laboratory [39, 40].
The aforementioned numerical simulation method simplifies the aggregate of PC to spherical particles, which is always different from the real aggregate shape. There are few experimental studies on the clogging of PC pavement with high compressive strength and good permeability in the literature. In this study, based on three groups of PC specimens with different aggregate gradations optimized by previous experiments, the pavement clogging simulation test is carried out using the CFD module in discrete element software PFC3D. The coarse aggregate in the PC specimen is composed of the real aggregate’s clump, making the virtual specimen more authentic and scientific. In this study, the internal clogging of three pavement structures is studied through experiments and numerical simulation. Using the method of two-way coupling of the particle flow code with computational fluid dynamics (PFC-CFD), the clogging simulation experiments of different pervious pavements are carried out, and three clogging states of pervious pavements are obtained. The effects of coarse aggregate gradation and clogging material gradation on the anti-clogging ability of pervious pavements are analyzed. According to the research results, researchers can select different mix ratios of anti-clogging PC according to different areas of use. The law obtained from the experiment can provide a reference for the further study of the design of double-layer pervious pavement structures.
2 EXPERIMENTAL PROGRAM
2.1 Materials
The cement used in this experiment is ordinary Portland cement with a strength grade of 42.5. The main parameters are shown in Table 1.
TABLE 1 | Physical properties of P.O42.5 ordinary Portland cement.
[image: Table 1]Three kinds of aggregates are selected, which are 5–10 mm, 10–15 mm, and 15–20 mm. The performance indexes of the aggregates are shown in Table 2. The shape and appearance of the aggregates are shown in Figure 1.
TABLE 2 | Physical properties of natural coarse aggregate.
[image: Table 2][image: Figure 1]FIGURE 1 | Natural coarse aggregate with different particle sizes: (A) 5∼10 mm; (B) 10∼15 mm; (C) 15∼20 mm.
2.2 Sediments
In the actual seepage process of pervious pavements, the clogging substance of different particle sizes in rainwater will reduce the performance of pervious pavements; so, the clogging simulation should be as close as possible to the clogging process in real life. The clogging material of the PC pavement was collected, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Collection and screening of clogging materials: (A) collection of clogging materials; (B) screened clogging materials.
In this study, in order to better understand the range of particle size and clogging depth of clogging material, colored sand with different particle sizes is used as clogging material, as shown in Figure 3. The composition content of clogging material in each particle size range is shown in Table 3.
[image: Figure 3]FIGURE 3 | Colored sand with different particle sizes.
TABLE 3 | Colored sand with different particle sizes.
[image: Table 3]The colored sand is divided into fine sand, coarse sand, and full-grade sand using the screening method, and the particle size ranges are 0.15–0.6 mm, 0.6–4.75 mm, and 0.15–4.75 mm, respectively.
2.3 Pervious concrete production and optimization
2.3.1 Pervious concrete production
The mixing method of this experiment is the cement paste wrapping method. First, the cement is poured into the mixer, and 1/2 the total quantity of water is added and stirred for 1 min to moisten the cement. At this point, coarse aggregate and cement paste may be well combined. Then, the aggregate is added and stirred for the 1 min. The aggregate is fully mixed with cement. Finally, the remaining water is poured and stirred for 2 min to get the PC mixture. In this experiment, there are nine specimens in each group, and the mold size of the specimens is 100 mm × 100 mm × 100 mm.
2.3.2 Pervious concrete optimization
The design point and mixed coarse aggregate analysis were carried out in this study using Design-Expert software, as shown in Table 4. The compressive strength and permeability of PC were predicted and optimized using regression equations and the response surface model. The basic mechanical properties and permeability of PC are optimally balanced by optimizing. After optimization, the proportions of the three groups of mixed aggregates are 5–10 mm:15–20 mm = 7:3, 5–10 mm,10–15:15–20 mm = 3:1. Laboratory experiments verify the reliability of the optimization result. The error relative to the result was controlled by 5%, indicating that the prediction of the measured data of the confirmatory test of PC can be realized through the optimization results of the response surface design and has high accuracy. The optimum thickness of wrapped slurry is selected in the experiment, and the design porosity is 20%. Finally, three groups of PC with high compressive strength and good permeability are obtained and used as representative samples for the clogging test. The optimization results are shown in Table 5.
TABLE 4 | Simplex centroid design point of aggregate gradation.
[image: Table 4]TABLE 5 | Optimal performance result of permeable concrete.
[image: Table 5]2.4 Laboratory clogging experiment
Based on the optimization in Section 2.3.2, three groups of PC specimens with high compressive strength and good permeability were chosen for the anti-clogging test. The simulation test was carried out using the pervious clogging device, as shown in Figure 4. The steps of the laboratory clogging experiment are as follows.
(1) The specimen was sealed with adhesive tape, placed into the self-made pervious clogging device, and the container was lowered into the device. The mixture of clogging particles was collected as shown in Figure 4A.
(2) Around 10 g clogging particles were obtained and spread evenly on the surface of the specimen. The spray intensity of the sprinkler simulating rainfall was kept unchanged and sprayed for 10 min, as shown in Figure 4B.
(3) After the clogging test, the test water was filtered by a 0.16-mm sieve, and then, the collected colored sand was put into a stainless steel tray and placed in the oven. After drying, its mass is a, and it is screened.
(4) The specimen was removed from the device and dried. The colored sand on the surface of the specimen was gently swept. After drying, its mass is b, and it is screened.
[image: Figure 4]FIGURE 4 | Laboratory clogging test: (A) pervious clogging devices; (B) simulated rainfall.
The mass of the colored sand left inside the specimen is 10-a-b. The mass ratio of each particle size range of the internal clogging of the three groups of specimens is shown in Table 6.
TABLE 6 | Mass of each particle size range of the clogging material in the specimen.
[image: Table 6]3 TEST AND THE SIMULATION DESIGN
PFC can be considered a simplified implementation of the DEM. As the skeleton of pervious concrete, the size and shape of aggregate have an important influence on the performance of pervious concrete. The effective performance of the size and shape of the aggregate itself in the numerical simulation determines the effect of the numerical simulation of PC. The CFD module is included in the PFC3D program.
3.1 Discrete element model of pervious concrete
3.1.1 Aggregate scanning
In this study, the particle flow modeling method is adopted. In this experiment, a 3D laser scanner was used to scan the aggregate to obtain the STL file of aggregate outline information, and the corresponding aggregate model was reconstructed by PFC3D5.0 software, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | True shape of the aggregate and the shape of the aggregate obtained by scanning: (A) true shape of the aggregate; (B) shape of the aggregate obtained by scanning.
3.1.2 Establishment of the aggregate cluster template
In this study, the STL file, which characterizes the outline information of the aggregate, is imported into PFC3D5.0 software to reconstruct the real shape of the aggregate. The specific steps are as follows.
(1) Using the geometry import command built in to create geometry in PFC3D5.0, the STL file of aggregate is imported into software, as shown in Figure 6A.
(2) The imported geometry is the surface outline of the aggregate, while the real aggregate is solid. Therefore, in order to simulate aggregate, it is necessary to fill the geometry with spherical particles, which are discrete elements in PFC3D5.0 software and can be realized by the command of a clump template created in PFC3D5.0. The geometry created in step (1) is imported into PFC5.0 through the keyword geometry, and the particles are automatically filled into the geometry to create an aggregate cluster template, as shown in Figure 6B.
(3) The average aggregate volume was measured by the net basket method after weighing 100 g of each of the three kinds of aggregates. According to the mass ratio of mixed particle size aggregates, the volume fraction of each particle size in three 100 mm × 100 mm × 100 mm samples was calculated, as shown in Table 7. In the discrete element program, each particle’s aggregate size and volume are input, and the samples with different aggregate size ratios are generated according to the aggregate cluster template.
[image: Figure 6]FIGURE 6 | Product aggregates of different shapes: (A) real aggregate model; (B) aggregate cluster template.
TABLE 7 | Volume fraction of each particle size in the sample.
[image: Table 7]3.1.3 Modeling of pervious concrete specimen
The STL file of the outer profile of the aggregate was introduced into PFC3D5.0 to establish the cluster template to characterize the aggregate. Based on the different particle sizes and porosity of the specimen in the test, the compaction process of permeable concrete was simulated, and the cube specimen of 100 mm × 100 mm × 100 mm was obtained. The specific steps are as follows.
(1) A compression mold is generated. Because of the irregular shape of the aggregate unit, the number of coarse aggregates with a fixed volume in the fixed-volume mold must be less than the ratio of the two volumes; so the volume of the virtual mold is enlarged. After repeated experiments, the mold volume is three times the sample volume, and a cuboid box of 100 mm × 100 mm × 300 mm is generated by using the wall generate command, as shown in Figure 7A
(2) Coarse aggregate is added. Using the clump distribute command, according to the volume fraction of the particle size in different samples in Table 7, a certain number of aggregate models are generated in the box, as shown in Figure 7B
(3) The specimen is compressed. After the aggregate model is generated in the cuboid box, the direction, speed, and time are applied to the upper wall through the servo mechanism. When the mold height reaches 100 mm, the loading is stopped, and the cube test block model of 100 mm × 100 mm × 100 mm is obtained, as shown in Figure 7C.
[image: Figure 7]FIGURE 7 | Process of model compression: (A) generated compression mold and (B) coarse aggregate filled; (C) compression model.
The contact model used in this study mainly involves the linear stiffness model, and the linear stiffness contact parameters of the aggregate model are shown in Table 8.
TABLE 8 | Linear stiffness contact parameters of the aggregate model.
[image: Table 8]3.2 Modeling of the sediment
In PFC3D, the clogging material is represented by balls of different sizes. The contact between the clogging particles and the clump that makes up the pavement structure is set as a linear stiffness model. The contact parameters are analogous to coarse aggregates. The diameter of clogging particles is 0.16–5 mm. According to the proportion of the particle size of each clogging material in Section 2.2, it is assumed that 2 g clogging material is poured into the virtual specimen. According to the gradation of the clogging material, the median of the two adjacent sieve sizes is taken as the result of the average particle size [32]. The number of clogging materials and contact parameters for each particle size range are shown in Table 9.
TABLE 9 | Number of clogging materials and contact parameters in each particle size range.
[image: Table 9]3.3 Mathematical equations in the PFC-CFD model
In fact, under the action of rainwater and gravity, clogging particles flow into the interior of PC through the pores of pervious concrete, resulting in the clogging of pervious concrete. However, it is impossible to know the clogging inside the pores. In this study, the clogging simulation test uses the CFD module in PFC3D to visualize the clogging process, and the interaction between particles and fluid is considered.
PFC3D gives the equation of motion of particles:
[image: image]
[image: image]
where [image: image] is the velocity of the particle, [image: image] is the mass of the particle, [image: image] is the total force exerted by the fluid on the particle, [image: image] is the sum of the external forces acting on the particle (including the external force and contact force), [image: image] is the acceleration of gravity, [image: image] is the angular velocity of rotation of the particle, [image: image] is the moment of inertia, and [image: image] is the moment of inertia.
In order to calculate the fluid–particle interaction force, the particle cluster (clump) in PFC is regarded as a single spherical particle (calculating the equivalent radius at the same volume). The fluid–particle interaction force acts on the centroid of the particle cluster (clump) without considering the bending moment. The force exerted by the fluid on the particle (fluid–particle interaction) [image: image] consists of two parts: the drag force and the fluid pressure gradient force.
Drag force is defined as follows:
[image: image]
where [image: image] is the drag force on a single particle, [image: image] is the porosity of the fluid unit in which the particle is located, and [image: image] is the empirical coefficient considering local porosity.
[image: image]
where [image: image] is the drag force coefficient, [image: image] is the fluid density, [image: image] is the particle radius, [image: image] is the fluid velocity, and [image: image] is the particle velocity.
[image: image]
where [image: image] is the Reynolds number of the particles.
[image: image]
[image: image]
where [image: image] is the dynamic viscosity coefficient of the fluid.
The physical force applied to the fluid unit is as follows:
[image: image]
where [image: image] is the volume of the fluid unit, and the summation object on the molecule is the particles overlapping with the fluid unit.
[image: image]
The physical strength per unit volume of each fluid unit is determined by drag and drag in the PFC3D:
[image: image]
where [image: image] is the volume of the fluid unit, [image: image] is the fluid velocity, [image: image] is the fluid pressure, [image: image] is the fluid pressure gradient, [image: image] is the fluid density, and [image: image] is the hydrodynamic viscosity coefficient. Fluid software determines these parameters.
The flow with a low Reynolds number in porous media can usually be described by Darcy’s law.
[image: image]
where [image: image] is the flow velocity of the fluid, [image: image] is the permeability matrix, [image: image] is the fluid viscosity, [image: image] is the porosity matrix, and [image: image] is the fluid pressure. The cyclic calculation process of two-way coupling of PFC-CFD is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Cyclic computation process of two-way coupling of PFC-CFD. The PFC cycle advances at a time increment equal to the coupling time interval [image: image]. The fluid solver updates and sends [image: image], [image: image], [image: image], [image: image], and [image: image] to PFC.
3.4 The setup of the PFC-CFD simulation
The CFD module in PFC can be used to calculate porous media flow under three-dimensional conditions. Generate the boundary of the model wall; the size is 100 mm × 100 mm × 300 mm. A total of 2 g full-grade clogging particles are released on the top of the sample. It is found that the average void velocity of pervious pavements with 20% porosity is 0.015 m/s. At the speed of 0.015 m/s, water flows vertically into the wall from the entrance of the x–y plane located at zonal 0.22 m and flows out from the exit of the x–y plane at zonal 0 m. Except for the entrance and exit, the other wall boundaries are impervious. In the process of two-way coupling, the PC pavement structure composed of clumps always remains at rest, and the clogging particles enter the interior of the PC pavement with the flow of water, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Simulated clogging test of permeable pavement under the action of gravity and running water.
The speed of the clump that makes up the pervious pavement is set to 0. The displacement of the clogging particles only changes when there is a collision between the clogged particles and the clump of the pavement. In this study, the time step of the fluid calculation is 2.0 × 10−4 s. In the actual calculation process, the time step of PFC3D is generally smaller than that of the fluid [32], and the time step of particle calculation is 2.0 × 10−6 s. The model is preserved every 100,000 time steps until the residual clogging particles in the pavement structure no longer move. The whole process of the two-way coupling calculation was carried out for 6 s.
Based on the optimization of Section 2.3.2, three groups of PC specimens with high compressive strength and good permeability were obtained for the anti-clogging test. In this study, the thickness of the designed pavement was 100 mm, and the pavement structure is divided into five layers along the vertical direction, namely, I layer (0–20 mm), II layer (20–40 mm), III layer (40–60 mm), IV layer (60–80 mm), and V layer (80–100 mm). The simulation test of clogging of three groups of specimens under the action of gravity and running water is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Clogging simulation test under the action of gravity and running water. (A) PA1; (B) PA2; (C)PA3.
4 EXPERIMENTAL RESULTS AND ANALYSIS
4.1 Verification of the clogging simulation and test
Based on the same experimental conditions, laboratory and numerical simulation clogging experiments were carried out on three groups of PC specimens. The comparison of the results is shown in Figure 11. Due to the different masses of clogging material between the laboratory clogging test and numerical simulation clogging test, there will be some errors in the results, but the error between the two results is less than 5%. It is proved that the PFC-CFD module in PFC3D can accurately simulate the clogging of PC specimens.
[image: Figure 11]FIGURE 11 | Comparison of clogging experiment results between laboratory and numerical simulation. (A) PA1; (B) PA2; (C) PA3.
4.2 Clogging state in the pervious pavement
As shown in Figure 12, there are three states of deposition of clogging materials on the surface of pervious concrete. Figure 12A shows the clogging of the large particle size clogging material. As shown in Figure 13A, the diameter of the clogging material is larger than the size of the pores. The pores of the PC pavement are directly clogged by the clogging material, resulting in a sudden clogging of the pavement. Figure 12B shows the clogging material’s clogging with mixed particle size. The clogging substances of mixed particle size are gathered together; the diameter of the clogging material is smaller than the pore size but very close to the pore diameter. At the same time, the clogging material with a small particle size is also deposited around it, which is equivalent to forming a large particle size clogging material. Figure 12C shows the clogging of small particle size clogging material. As shown in Figure 13B, the diameter of the clogging material is smaller than the pore size of the road. A lot of small particle size clogging material is gathered together; small particle size clogging material easily forms an arch when passing through the pore structure [33], leading to clogging.
[image: Figure 12]FIGURE 12 | Clogging state of clogging materials with different particle sizes in permeable pavement structure: (A) large particle size clogging; (B) mixed particle size clogging; (C) small particle size clogging.
[image: Figure 13]FIGURE 13 | Relationship between the diameter of clogging particles and the distance between two aggregates: (A) D1 > D2; (B) D1 < D2.
4.3 Influence of coarse aggregate gradation
The zigzag degree and diameter of pores of PC pavement with different aggregate gradations may be different, and the clogging in the pervious pavement will be different. In this study, clogging simulation experiments were carried out on three groups of PC pavement with different aggregate gradations, and the clogging material is full-grade sand. The variation curve of the volume fraction of clogging particles during the development of road structure clogging over time is shown in Figure 14. The volume fraction of clogging particles in PA1 and PA2 tends to increase and stabilize because there are coarse aggregates with small particle sizes in both PA1 and PA2. The relatively large contact area of small-size aggregate can form relatively small pores, and the clogging material moves slowly down under the action of water flow; so, it is not easy to move out of the pervious pavement structure under the action of water flow. Therefore, the number of clogged particles on the pavement surface will only increase to a certain number but will not decrease. The volume fraction of the clogging substance in PA1 is 8.3% less than that in PA2. PA1 is a kind of PC with discontinuous gradation, and the particle size ratio of coarse aggregate is 5–10 mm:15–20 mm = 7:3 in which small coarse aggregate accounts for the majority. In the PC with mixed particle size aggregate, the contact area between large-size coarse aggregates is small, and it is easy to form large pores. Small-size coarse aggregate is smaller than the pore between the large-size aggregate. The small-size coarse aggregate fills the pores so that the pore size becomes smaller, and it is difficult for clogging material to enter the pores. PA2 is a PC pavement with a single aggregate, and the particle size of coarse aggregate is 5–10 mm. The pores formed are more uniform, and the clogging material enters the pores more easily. Therefore, the volume fraction of the clogging substance in PA2 reaches the maximum first. The volume fraction of clogging particles in PA3 increased rapidly first and then reached a maximum of 56.9% at 1.8 s. It decreased sharply by 31% at 1.2 s and then gradually stabilized. Large-size aggregate concrete with the continuous gradation of PA3 and coarse aggregate particle size ratio is 10–15 mm:15–20 mm = 3:1. Large aggregate size forms a small zigzag degree of pore, and the particle size of secondary aggregate is larger than that between superior aggregates; so, it is impossible to fill the pores and form large pores. Some of the clogging particles migrate out of PA3 under the action of water flow.
[image: Figure 14]FIGURE 14 | Clogging development of different aggregate gradation.
The aggregate gradation in PA1 is a discontinuous gradation; the small-size aggregate fills the pores produced by the large-size aggregate, the large pores are separated by the small-size aggregates to form a smaller pore structure, and the zigzag degree of the pores increases. PA2 is a coarse aggregate with a small particle size and single gradation, so it can form a uniform pore structure with smaller pores but smaller zigzag degree. PA3 is composed of coarse aggregate with large particle sizes and continuous gradation. The diameter of pores formed in permeable pavement structures is larger, and the zigzag degree is small. Therefore, the greater the zigzag degree in the pervious pavement structure, the slower the clogging development, the smaller the pores, and the more clogging materials can block the outside. When aggregate gradation in the pervious pavement is different, the time when the volume fraction of clogging material reaches the maximum is also different. The time when the volume fraction of clogging material in three kinds of pervious pavement reaches the maximum is PA1 > PA2 > PA3, which is related to the zigzag degree and diameter of pores in the pervious pavement. After the clogging material in the pervious pavement tends to stabilize, the volume fraction of the clogging material is 28.8%, 36.9%, and 25.5%, respectively. The results show that the smaller the particle size of coarse aggregate in the pervious pavement is, the easier it is to be clogged.
Figures 15A,B,C show the distribution of clogging substances at different pavement depths of PA1, PA2, and PA3, respectively. By comparing the distribution of clogging particles in three kinds of pervious pavement, there are clogging particles in each layer of PA3 and clogging particles in the first three layers of PA2, but only in the first and second layers of PA1. The volume fraction of clogging particles in the first layer of PA2 is larger than that in the first layer of PA3 because the aggregate size of PA2 is smaller than that of PA3. PA2 can block the entry of clogging particles with large particle sizes, and clogging particles with small particle sizes accumulate in the pavement. Due to the large pore size in PA3, most of the clogging particles can migrate smoothly to the next layer under the action of water flow, and some of the clogging particles pass directly through each layer of the pavement structure. PA1 is a kind of PC with discontinuous gradation, forming the smallest pore diameter and improving the barrier effect. After the occurrence of clogging, the volume proportion of clogging material of PA1, PA2, and PA3 is 28.6%, 36.9%, and 25.5%, respectively, and the anti-clogging performance of PA1 and PA3 is better.
[image: Figure 15]FIGURE 15 | Distribution of clogging substances at different pervious pavement depths. (A) PA1; (B) PA2; (C) PA3.
4.4 Influence of clogging material gradation
The three states of clogging material in pervious pavements introduced in Section 4.2 show that the grade of clogging has a certain influence on the clogging development of PC pavement. Different clogging material gradations have different effects on the clogging of pervious pavement. Figures 16A,B,C show the clogging distribution of different gradations of clogging substances in PA1, PA2, and PA3, respectively. The particle size range of fine sand is 0.16–0.63 mm, that of coarse sand is 0.63 mm–5 mm, and that of full-grade is 0.16–5 mm. The results show that the volume fraction of clogging material in PA1 and PA2 has the same trend. PA1 and PA2 are more likely to be clogged by fine sand. Because the pores of these two kinds of pavement are small, they cannot migrate out of the pavement structure under the action of water flow. Fine sand accumulates in the pervious pavement over time, causing serious clogging. When the fine sand is the clogging material, the volume fraction of the clogged material in PA1 and PA2 is larger than that in full-grade sand. Because full-grade sand contains sand with larger particle sizes, the larger sized sand particles are clogged in the pores of the pavement surface layer. They cannot enter the pervious pavement, so part of the smaller-sized sand cannot enter the pore. Therefore, when the full-grade sand is used as the clogging material, the volume fraction of the clogging material decreases by 7.4% and 13.4%, respectively, and the clogging effect of fine sand on PA2 is greater than that of PA1.
[image: Figure 16]FIGURE 16 | Distribution of clogging substances with different gradation in each layer: (A) full-grade sand; (B) find sand; (C) coarse sand.
When the coarse sand is the clogging material, the volume fraction of the clogging material in PA1 and PA2 is the lowest of the three clogging conditions, which are 11.97% and 17.3%, respectively. Most of the particles in coarse sand are larger than the pores of PA1 and PA2, so it is clogged in the surface layer of the pervious pavement and rarely enters the interior and distributes in the first pavement layer. The change of the volume fraction of clogging substance in PA3 is opposite to that of PA1 and PA2. When the clogging material is coarse sand, the volume fraction of clogging material in PA3 is a maximum of 28.45%. The pores formed by PA3 are relatively large, and some large clogging materials can enter its interior to cause clogging. However, when the clogging material is full-grade sand and fine sand, the sand with a smaller particle size is more likely to migrate out of the pervious pavement structure and is less likely to cause clogging. When the full-grade sand is the clogging material, the small particle size and the large particle size aggregates enter the PA3 together, and the small particle size aggregates migrate out of the pervious pavement structure. As a result, when full-grade sand is the clogging material, the volume fraction of the clogging material increases by 7.41%.
As shown in Figure 16A, the clogging substances of the three pervious pavements are full-grade sand. The clogging substances in PA1 are distributed in the first and second layers and can reach a depth of 40 mm. The clogging substances in PA2 are distributed within 60 mm, and the volume fraction of the clogging material in each layer is larger than that in PA1. The clogging substances in PA3 can migrate out of the pervious pavement structure. The distribution of clogging substances in Figure 16B is roughly the same as that of full-grade sand. Figure 16C shows that coarse sand is distributed within 80 mm of PA3. Among the three pervious pavements, coarse sand cannot migrate out of the pervious pavement structure under the action of water flow but is clogged inside it. Among the gradations of the three clogging substances, only coarse sand cannot migrate out of the PA3 structural layer under the action of water flow, which significantly impacts the anti-clogging performance of PA3.
5 CONCLUSION
The clogging simulation experiments of different pervious pavements are carried out using the two-way coupling method of PFC-CFD. Three clogging states of pervious pavements are obtained, and the effects of coarse aggregate gradation and clogging material gradation on the anti-clogging ability of pervious pavements are analyzed. The conclusions are as follows:
(1) The three states of the deposition of clogging material on the surface of PC are the clogging by large particle size clogging material, the clogging by mixed particle size clogging material, and the clogging by small particle size clogging material. It shows that the gradation of clogging material has a certain influence on the clogging development of PC pavement.
(2) When the aggregate gradation in the pervious pavement is different, the time when the volume fraction of clogged material reaches the maximum is also different. The time when the clogging material in the three kinds of pervious pavement reaches the maximum is PA1 > PA2 > PA3, which is related to the zigzag degree and diameter of pores. After the clogging material in the pervious pavement tends to stabilize, the volume fraction of the clogging material is 28.8%, 36.9%, and 25.5%, respectively, indicating that the smaller the particle size of the coarse aggregate in the pervious pavement is, the more likely it is to be clogged.
(3) Different clogging material gradations have different effects on the clogging of pervious pavement. Therefore, selecting the mix ratio of pervious pavement based on the particle size range of clogging materials in a certain area is necessary for preparing pervious pavement with anti-clogging performance.
(4) The results of this experiment show that PA1 has the highest compressive strength and has a strong barrier effect on full-grade sand and coarse sand. The compressive strength of PA2 is slightly lower than that of PA1, but the anti-clogging ability is the worst. The lowest compressive strength of PA3 is 23.07 MPa, and the clogging material is full-grade sand and fine sand, showing good anti-clogging performance. According to the aforementioned research results, researchers can select different mix ratios of anti-clogging PC according to different areas of use. The law obtained from the experiment can provide a reference for the further study of the design of double-layer pervious pavement structures.
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