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As one of the most common geological disasters, rockfalls seriously threaten the safety of linear projects such as roads, railways, and oil and natural gas pipelines. The rigid protective structures that are used for disaster reduction are easily damaged by the impact of rockfalls, which affects the service life of structures. Consequently, the buffer layer has been introduced to resolve this problem. In this work, numerical simulations were carried out by the discrete element method to study the interaction between falling rocks and the granular medium of a soil cushion layer that is installed on a rigid structure. The falling rock is modeled as a single sphere and the soil cushion layer is modeled as a component composed of a collection under the action of gravity, where the filled particles of the soil cushion layer are based on superquadric spheres generated by the superquadric surface equation. This paper uses three shapes (i.e., spheres, cubes, and cylinders) to mix and match as the soil cushion layer. The buffer performance of different mixed material buffer layers is investigated by analyzing the pressure of the bottom plate. The force chain propagation process is investigated by analyzing the comparison of the force chains of the soil cushion layers with different thickness and different filling particles after being impacted. The energy propagation process was studied by analyzing the evolution of the kinetic energy of the particles after the impact of the soil cushion layer.
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INTRODUCTION
Geological disasters are of widespread concern because they threaten all kinds of infrastructure, human life and property, and seriously restrict the development of human beings (Chae et al., 2017; Fan et al., 2020; Qiu et al., 2020; Cui et al., 2021; Feng et al., 2021; Lee et al., 2021). Rockfall is one of the most common natural hazards in mountainous region. Because of its high kinetic energy characteristics, rockfall poses a considerable threat to the safety of linear projects (Zhang et al., 2004; Guzzetti and Reichenbach, 2010; Zhang J. et al., 2015; Feng et al., 2022; Rao et al., 2022). Measures such as concrete slabs and soil bedding are used to reduce the damage of rockfalls (Lambert and Bourrier, 2013; Chen et al., 2015; Ng et al., 2016). A soil cushion layer of adequate thickness can effectively reduce the impact of a rockfall, while a soil layer installed in front of a concrete slab also has the effect of dispersing the energy of rockfall impact. Therefore, studying the buffering effect of soil bedding on rockfall impact can facilitate the effective design of the corresponding protection.
Quantitative methods have been successfully applied in many fields (Li et al., 2021a; Li H. J. 2022), and many experimental and theoretical studies have been carried out to investigate the interaction between rockfall and soil cushion layers (Calvetti and Di Prisco, 2012; Kim et al., 2015; Zhang G. C. et al., 2015; Ferrero et al., 2016; Tao et al., 2017; Pérez-Rey et al., 2019; Zhou et al., 2021). In these studies, some important factors in the rockfall impact process (e.g., the thickness of the soil cushion layer, and the mass and velocity of the rockfall) were studied in depth, and used to study the laws of impact force and penetration depth. In addition, numerical simulations using discrete element methods (DEM) have been used to analyze the effects of rockfall impacts from a microscopic to macroscopic perspective. For example, Zhang et al. (2017) used a 3D DEM model to study the energy propagation process and the rebound effect of falling rocks when they impacted the buffer layer. Bourrier et al. (2010) used the DEM method to study the evolution of the force chain of falling rocks impacting the buffer layer of soil particles and the overall mechanical response of the buffer layer. Su et al. (2019) conducted a series of DEM model experiments to study the effect of the particle size distribution of soil particles on the horizontal impacts of the impacting rock masses. Roethlin et al. (2013) used the DEM method to study the stress distribution on concrete slabs. These experiments can verify that the DEM method is an effective method to study the impact response of soil buffer layer.
In these studies, the particles of the soil cushion layers are always treated as spheres and the shapes of the falling rocks (e.g., spheres, ellipsoids, or cylinders) are mainly studied. In reality, the particles of the filled soil buffer layer may be very irregular, resembling shapes such as cubes, wedges, and flat spheres. In addition, previous studies have shown that the impact force, penetration depth, and so on of the soil buffer layer particle pile of falling rocks have a great influence (Shen et al., 2019; Ji and Liu, 2020; Shen et al., 2021; Zhu et al., 2021). Shen et al. (2021) studied the effect of the size of the particles of the buffer layer on the impact buffering efficiency of the soil buffer layer, and the shape of the discrete element simulation of the soil buffer-filled particles was spherical. Zhu et al. (2021) studied the effect of the thickness of the soil bedding layer and the size of the filled particles on the impact of falling rocks with spherical particles, and found that the increase of the particle size of the bedding layer decreased the penetration depth of rockfall and attenuated the buffering effectiveness. Shen et al. (2019) studied the impact of different sphericity of the blocks and different falling heights of stones falling on a concrete substrate. The authors found that the maximum impact force on the falling stones increased with the increase of the sphericity of the falling blocks, and the penetration depth of the falling stones decreased with the increase of the sphericity of the falling stones. Ji and Liu (2020) studied the effects of different buffer thicknesses and glass or gravel-filled buffers on the buffering effect of rockfall impacts, explored the force chains evolution of rockfall impacts with different buffer thicknesses by the discrete element method, and further analyzed the buffering performance of spherical particle-filled buffers from the perspective of force chains. It can be seen that these studies all focus on the particle size of the soil buffer layer, the thickness of the buffer layer, and the shape of the falling rocks, whose buffer layer particles are all spherical in shape. Therefore, further research is needed to investigate the influence of the shape of the particles filled in the buffer layer on its buffering ability.
With successful application of quantitative analysis in multiple domains (Li et al., 2021b; Li H. H. 2022), in this study the interaction between rockfall and buffer layer particles are investigated using a discrete element approach using DEM commercial software. A simple spherical rockfall vertically impacting a soil buffer layer particle medium is considered. The objectives include studying the kinetic energy propagation between impacted particles and the evolution of the force chains. Impact simulations were performed for soil buffers filled with different particle shapes and for different soil buffer thicknesses to understand the whole impact process. In addition, the relevance between the buffering performance of soil layers and the shape of the filled particles was investigated.
MATERIALS AND METHODS
Construction of superquadric particles
The superquadric shape was first proposed in mathematics by Barr (1981); this shape is an extension of the sphere and the ellipse. The superquadric equation given by Barr is as follows:
[image: image]
where a, b, and c are the semi-axis lengths on the major axis of the particle (Figure 1A), and s1 and s2 are the shape parameters that describe the particle. By simply altering the five shape parameters (a, b, c, s1, s2) in Eq. 1, the superquadrics gives a good trade-off between the complexity of the model and the flexibility of the shape. An ellipsoid is obtained if a = b = c, when the parameters s1 = s2 = 2; a cylinder is obtained when s1 = 8 > 2 and s2 = 2 ; and a cube is obtained when s1 = s2 = 8 > 2 (Figure 1B).
[image: Figure 1]FIGURE 1 | Superquadric elements in three dimensions: (A) standard model; (B) sphere, cylinder, and square.
Superquadric particle contact detection
The efficiency of contact detection between particles is related to factors such as contact detection algorithms, particle shape, and boundary conditions, which will directly affect the calculation time of the numerical simulation. In addition, when the semi-axis parameter of the superquadric particle conforms to the condition a = b = c, the shape indexes s1 and s2 are smaller, the particle shape is closer is to the sphere, or the particle surface is smoother, and the efficiency of contact detection is higher. However, as the particle shape parameters s1 and s2 increase, the efficiency of contact detection decreases (Podlozhnyuk et al., 2017). Next, we will briefly introduce three commonly used particle contact detection methods (Wang and Ji, 2018). Among them, the spherical bounding box contact detection algorithm is relatively simple and efficient, as shown in Figure 2A. The radius of the spherical bounding box can be expressed as [image: image]; when Ri + Rj > L0, the particles are in contact; when Ri + Rj < L0, the particles are not in contact; L0 is the direct distance from the center of the spherical bounding box i and j. The oriented bounding boxes (OBBs) consider the spatial orientation and aspect ratio of the particles, as shown in Figure 2B. The algorithm assumes that if the particles on the space vector have an intersection, then the particles will contact; otherwise, particles will not contact (Portal et al., 2010). A spherical bounding box and an OBB, as a brief judgment algorithm for contact detection between particles, improved the calculation efficiency to a certain extent. However, the meso-contact or elastic contact between the particles will not be effectively detected, resulting in data loss.
[image: Figure 2]FIGURE 2 | Neighbor particles contact detected search: (A) bounding spheres; (B) OBB.
Using the nonlinear Newton iterative method as the third contact between cells transforms the optimization problem of solving the shortest distance between cells into a nonlinear system of equations for solving (Wellmann et al., 2008). When the particles are in contact, the surface normal of the particle are parallel and opposite, and the geometric potential energy is equal according to the midpoint between particles with respect to the surface of the two particles equations, as shown in Figure 3, which can be expressed as
[image: image]
where X=(x,y,z)T; Fi(X), and Fj(X) are the equations of particle i and j in global coordinates, respectively; ▽Fi(X) and ▽Fj(X) are the external normal directions of the surfaces of particle i and j in the x, y, and z directions; and k2 is the external normal direction between the particles.
[image: Figure 3]FIGURE 3 | Schematic diagram of superquadric particles contact detection.
Equation 2 with Newton’s iterative formula can be expressed as
[image: image]
where [image: image], [image: image]. If the between particles contact point X0 conforms to the condition Fi(X0) < 0 and Fj (X0) < 0, then the two-particle element is in contact at X0, and the detection overlap at X0 can be calculated as [image: image] or [image: image].
When the particle surface point conforms to Eq. 4, and the unknown parameters λ1 and λ2 can be calculated by the one-element nonlinear Newton equations expressed in Eq. 5, then the normal overlap when contact between particles occurs can be expressed as [image: image].
[image: image]
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Similarly, the contact detection algorithm of the particle boundary is expressed as a function, which is the superquadric equation, and establishes the nonlinear equations to be solved. The boundary considered in this paper is a cylinder bore of the rigid structure shown in Figure 4, and the function can be expressed as
[image: image]
where D and H are the inner diameter and height of the cylinder bore, respectively.
[image: Figure 4]FIGURE 4 | Schematic diagram of contact detection between the surface of the superquadric particle and the boundary of the cylinder bore.
While there is contact between the particle elements, the surface normal is parallel, and vice versa. When the geometric potential energy from the midpoint to the surface of the particle is equal to that from the midpoint to the cylinder surface, then the nonlinear equations can be established and expressed as
[image: image]
Equation 7 with Newton’s iterative formula can be expressed as
[image: image]
where [image: image], [image: image]. If the contact midpoint X0w conforms to the condition Fi(X0w) < 0 and Fw(X0w) > 0, the two-particle element is in contact at X0w, and the detection overlap at X0w can be calculated [image: image].
Furthermore, Xjw on the surface of the cylinder can be expressed as Eq. 9. When Xiw conforms to Eq. 10, and the unknown parameter λ3 can be calculated by the one-dimensional nonlinear Newton iteration equation expressed in Eq. 11, then the normal overlap when the particle element is in contact with the cylinder boundary can be expressed as [image: image].
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In general, the Newton iteration of solving a quadratic nonlinear system of equations algorithm for solving the quadratic nonlinear system of equations is the main factor affecting the efficiency of particle search and the overall computation time, which is closely related to the particle surface sharpness and aspect ratio. As the inter-unit search efficiency decreases significantly with the exponential increase of the sharpness parameters s1 and s2, the efficiency of inter-unit search decreases significantly because the particles are close to spherical shape. The overall computational efficiency gradually improves as the particles approach a spherical shape.
The linear spring-dashpot contact model
The contact model of the superquadric particle element is an improved model based on the three equations linear elastic damping model (Di Renzo and Di Maio, 2004). The interaction force and torque between the particles in the contact model can be simplified to a spring, damper, and slider. According to Newton’s second law, the force, overlap, and direction at the contact point at which the particle element interacts can be calculated, as shown in Figure 5.
[image: image]
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where kt,n is the normal displacement stiffness coefficient; δn,ij is the normal overlap of particles i and j; ηt,n is the particle normal damping coefficient; vn,ij is the normal relative velocity of particle i and j; and ni,j is the unit normal vector of the overlap between particle i and j.
[image: Figure 5]FIGURE 5 | Contact model of linear spring-dashpot. As the particles interact, the resulting contact normal force Fn can be expressed as.
The tangential force Ft when the particles are tangents can be expressed as
[image: image]
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where δt,ij is the tangential overlap of particle i and j; vt,ij are the relative tangential velocity of particles i and j; vi,j are the relative velocity of particles i and j; ω is the angular velocity of particle rotation; and li and lj are the distance from the centroid of particle i and j to the point of contact between particle i and j, respectively.
DEM model calibration and validation
In this section, the DEM model is first calibrated and then validated. Figure 6 shows the DEM model configuration of the rockfall impacts on the soil cushion, and three different particle shapes (i.e., spheres, cubes and cylinders) in the soil cushion are constructed by the quadric hypersurface equation. A soil cushion layer of different thicknesses is randomly generated at the bottom of a rigid boundary with a diameter of 100 mm, and the soil cushion is kept in stable equilibrium under the action of gravity. The rock block is simulated as an individual spherical particle with a diameter of 16 mm. During the simulation, the rock block is placed directly above the soil buffer and the initial velocity v0 of the rock block impacting the soil cushion is determined based on its fall height. Poisson’s ratio, Young’s modulus, and density of the soil cushion particles are selected as the values commonly used in the paper (Effeindzourou et al., 2017; Ji and Liu, 2020; Shen et al., 2021; Zhu et al., 2021), and the parameters of the DEM model are detailed in Table 1 below.
[image: Figure 6]FIGURE 6 | Schematic DEM model of the rockfall impacting soil cushion layer.
TABLE 1 | Simulation parameters used in the discrete element method (DEM).
[image: Table 1]To determine the thickness of the soil buffer layer and the effect of its particle shape on the impact characteristics between the rockfall and the cushion layer, different particle shape groups and cushion layer thickness groups were set up in the experiment. The particle shape groups were: sphere-cylindrical layer, sphere-cubic layer, cubic-cylindrical layer, and cylindrical-cubic-spherical layer. The thicknesses of the soil particle cushion layers were 15, 20, 27, 34, 41, 48, and 55 mm, which were relatively consistent with the experimental conditions of Ji and Liu (2020).
RESULTS AND DISCUSSION
Impact of rockfall on the force of the bottom floor
To research the buffering effect of different shapes of particle bedding on the impact process of falling rocks and to ensure the consistency of the particle aspect ratio of the soil buffer layer, we obtained the buffering performance of the soil cushion layer formed under different particle shapes. Figure 7 presents the evolution of impact pressure for the rockfall motion on the system of granular materials (sphere-cylinder) buffering at different thicknesses of the soil cushion layer. After rockfall collision onto the surface of the particle layer, the bearing impact pressure of the particle first sharply increased to the peak value and then gradually decreased to zero within a short time. The impact pressure duration decreased with the increased thickness of the particle layer and finally is smaller than 7.5 ms. However, the impact pressure is decreased from 0.42 to 0.2 Pa with the increased thickness of the particle layer. According to Zhang et al. (2017), the impact pressure and impact duration were factual relations to the number of particles contacted in the rockfall, and the contact force includes normal and tangential directions in the particles buffering layer at impact. In current numerical results, the evolution of contact force on normal and tangential direction are shown in Figures 8A,B, respectively. It can be seen that the evolution of Fn and Ft were similar with impact pressure and impact duration. When the rockfall touched the soil cushion layer surface, the contact force of particle sharply increased to maximum contact force and then decreased to zero within a short time. In addition, we note the time that Fn and Ft reached maximum value were the same as peak value of impact pressure because the relationship is close between both contact force and impact pressure. For the test of thickness of particles layer (h = 15 mm), the value of Fn and Ft is larger than other cases. The normal and tangential forces on the base plate was greater when the height of soil cushion layer to contact number between rockfall with particle buffering was smaller, and the transmission of the impact force was more stable. As expected, for the test of thickness of particles layer (h = 55 mm) the impact force of the bottom plate was smaller when more particles join to contact with rockfall, and this means that the greater impact force resolved between particles lead is smaller. Hence, the evolution of the contact force can reflect impact pressure and impact duration.
[image: Figure 7]FIGURE 7 | Evolution and comparison of the impact average pressure for the rockfall impacting against the granular material of buffering (sphere-cylinder) with different thicknesses of the particle layer.
[image: Figure 8]FIGURE 8 | Evolution of the contact force for the rockfall impacting against the granular material of buffering (sphere-cylinder) with different thicknesses of the particle layer: (A) normal force; (B) tangential force.
The evolution characteristics of the maximum impact force on the bottom plate surface of different types of soil cushion layers with the thickness of the cushion layer are shown in Figure 9. The impact force on the bottom plate tends to decrease gradually as the thickness of the particle cushion layer increases. After the thickness of the cushion layer reaches 48 mm, the maximum impact force on the bottom plate tends to be horizontal with the increase of the thickness, which is consistent with the change trend of the experimental results of Zhu et al. (2021). When the thickness of the soil cushion layer is less than 48 mm, the different shapes of the filled particles have a significant effect on the cushioning performance of the cushion layer at the same thickness. In particular, the impact force on the bottom plate of the cushion layer with the particles filled with the sphere-cylinder combination is the smallest and its cushioning effect is the best, and the impact force on the bottom plate of the cushion layer with the particles filled with the sphere-cylinder-cube is the largest and the buffering effect is the worst. As the thickness of the soil buffer layer increases, the shape of the filled particles of the soil buffer layer gradually reduces its influence on the pressure of the bottom plate. When the thickness of the buffer layer is not less than 48 mm, the shape of the filled particles already has little effect on its buffering. It seems that by controlling the thickness of the soil buffer layer and the shape of the filled particles, the impact force on the bottom plate can be reduced very well.
[image: Figure 9]FIGURE 9 | Comparison of the maximum impact for the rockfall impacting against the granular material of buffering with different thickness of soil cushion layer.
Figure 10A shows that normal pressure maximum (P) of the bottom plate on the sphere-cylinder group is lowest in one of the mixture granular materials, P of sphere-cylinder-cube group is largest, P of sphere-cube and cylinder-cube group is in-between them, presented a decrease trend of the exponential function, and the value of decrease is minimized with the growth value of particle thickness layer (h0). The proposed prediction mathematics model between P and h0 is shown in Table 2. According to the literature of Ji and Liu (2020), this result proposes a critical thickness of particle layer (hc). It can be obviously seen that when h0 < hc (particle thickness layer of critical value), the particle shape or the sharpness of the particle surface (i.e., particle catalog of the granular material system) is more complicated and is more sensitive to P; when h0 > hc, the particle shape or mixture level of particle system is not sensitive to P; meanwhile, hc in this paper is 48 mm. Meanwhile, the rate of buffering capacity (κ) presents a tendency to increase with the additional value of the particle thickness layer, note that this tendency is in contrast to P, and κ reaches a stable value of 90% when h0 = 48 mm, as shown in Figure 11B. Because hc is closely related to factors such as granular material, impactor shape, and geometric size, there is a difference in hc under different boundary conditions. In addition, to evaluate value of thickness of granular material layer (i.e., hc, and also mean economic cost and consumption of material) there is thus a need for further research of the buffering characteristics of particulate materials.
[image: Figure 10]FIGURE 10 | Influence on particle thickness layer for impact pressure of bottom plate: (A) normal pressure maximum P; (B) rate of buffering capacity κ.
TABLE 2 | Fitting function model of normal pressure maximum P.
[image: Table 2][image: Figure 11]FIGURE 11 | Comparative analysis of the evolution of normal force chains of different mixed particle materials at the same moment: (A) cylinder-cube; (B) sphere-cube; (C) sphere-cylinder; (D) sphere-cylinder-cube.
Micromechanics characteristics of the mixed granular material at the peak pressure of the bottom plate
The force chain is defined as a network of discontinuous lines in the centers of the contact particles, being the path along which the force is selectively transmitted along the contact network, and the thickness of the lines is proportional to the magnitude of the contact force. In the impact overshoot, the different buffer layers all show the shock wave propagating radially and laterally from the impact point within the buffer layer. The larger normal contact force is mainly concentrated under the falling rock, while the smaller normal contact force is distributed near the propagation front, which is similar to the experimental phenomenon of Shen et al. (2019). Figure 11 shows a comparison of the force chain evolution for soil buffers filled with different particle shapes at the same moment. Based on the color and thickness of the force chains, it can be seen that the maximum normal contact force is the largest in Figure 11C, followed by Figure 11D, and the smallest in Figure 11A. This is due to the fact that as the shape of the cube of the particles filled with the soil buffer layer increases (i.e., the increase in the sharpness of the particles makes the interparticle contact tend to be from point contact to surface contact), the contact area between the particles increases and the particle system is denser. The relative sliding and rolling between the particles are suppressed, the efficiency of the force chain network in transmitting force is more rapidly, and the buffering effect of the soil buffer layer is poor.
Figure 12 shows the evolution of the falling rock impact force chain with different buffer layer thicknesses. It can be seen that the maximum normal contact force between particles is the deepest in color when the buffer layer thickness is h = 15 mm, and the lateral development of the force chain is also the slowest, the vertical development is the fastest, and the buffering effect is the weakest. Combined with Figure 11C, the comparison shows that the radial and lateral development of force chains are on the rise as the buffer layer thickness increases to h = 41 mm in the process, and the mesh structure of force chains becomes increasingly complex. When the buffer layer thickness h ≥48 mm, the longitudinal network of the force chain at that moment can no longer touch the bottom plate, and the longitudinal and transverse development of the force chain network both show a slowing trend. From the perspective of force chain, when the thickness of soil buffer layer reaches hc, the buffer efficiency of buffer layer thickness does not show an increasing trend.
[image: Figure 12]FIGURE 12 | Comparison of the evolution of force chains with different thicknesses of the sphere-cylinder soil buffer layer at the same moment: (A) h = 15 mm; (B) h = 20 mm; (C) h = 27 mm; (D) h = 34 mm; (E) h = 48 mm; (F) h = 55 mm.
Kinetic energy mobilization
The effect of rockfall on the soil buffer layer involves the evolution of a range of energy components, with the evolution of kinetic energy in particular being the most specific (Zhang et al., 2017). During the impact process, the kinetic energy of falling rocks is gradually transferred to the particles of the soil buffer layer, resulting in significant changes in both the rotational kinetic energy Er and the translational kinetic energy Et of the particles of the soil buffer layer. Figure 13 presents the evolution of kinetic energy for a system of granular materials buffering at different thickness of particle layer. Obviously, as shown in Figure 13A, the trend of the average translational energy of soil buffer particles of different thicknesses after impact is similar, but the average translational energy of buffer particles tends to decrease gradually with the increase of buffer thickness. As shown in Figure 13B, the trends of the maximum translational energy of different types of soil buffers after impact with the thickness of soil buffers are relatively consistent, and the influence of the shape of the buffer-filled particles on the translational energy of the buffer particles can be seen.
[image: Figure 13]FIGURE 13 | Evolution and comparison of the translational kinetic energy for the rockfall impacting against the granular material of buffering with different thickness of particle layer: (A) sphere-cylinder; (B) translational kinetic energy of max.
Figure 14A shows that the time course curves of the average rotational kinetic energy of the soil buffer during the impact of falling rocks on the soil buffer of different thicknesses. It can be seen that as the thickness of the buffer decreases, the peak of the average rotational kinetic energy becomes larger, which is due to the increase of the average tangential force on the particles of the soil buffer. Figure 14B shows the trend of the maximum rotational kinetic energy of different types of soil buffer particles with the increase of buffer layer thickness. It can be seen that the shape of the filled particles of the buffer layer has a greater influence on its rotational kinetic energy. In particular, the variation of the rotational kinetic energy of the cylinder-cube buffer layer is the greatest.
[image: Figure 14]FIGURE 14 | Evolution and comparison of the rotational kinetic energy for the rockfall impacting against the granular material of buffering with different thickness of particle layer: (A) sphere-cylinder; (B) rotational kinetic energy of max.
CONCLUSION
In this study, based on the hyperquadratic surface equation to construct the non-spherical particle shape, the discrete element method was used to numerically analyze the buffering characteristics of the mixed particle soil buffer layer under the action of spherical rockfall impact. The evolution of the internal force chain of the buffer layer and the evolution of the kinetic energy of the particles in the buffer layer are further investigated by studying the effects of the buffer layer thickness and the composition of the cushioning material on the bottom impact force.
The results show that the buffer layer thickness is an important factor that affects the buffering performance of mixed materials of different shapes. When the thickness of the buffer layer h < hc, the buffering performance of the buffer layer of mixed materials with different shapes increases with the thickness of the particle layer; when h > hc, the influence of the particle shape and buffer layer thickness on its buffering performance is small and the change is small. Meanwhile, the buffer performance of soil cushion layer with spherical filling is better than that of soil cushion layer with mixed materials. The higher the content of cube-particles of mixed materials, the more the surface contact between the cushion layers increases and the point contact decreases, which increases the stability of the buffer system and thus reduces the buffer performance of the soil cushion layer particles.
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