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Abstract

:

The Weihe Basin is one of the regions with the highest concentrations of ground fissure development and the most serious disasters in China. Hidden ground fissures are formed in the shallow soil layer due to preexisting fissures generated by tectonism, hidden ground fissures suddenly exposed to the surface after heavy rainfall. Because the details of the water erosion process cannot be replicated by geological survey methods, the erosion and extension mechanism has not fully developed and the discontinuous medium numerical simulation method is well suited for simulating large deformations and facilitates a microscopic perspective in elucidating the underlying causal mechanisms. This paper deploys the discrete element method (DEM)–computational fluid dynamics (CFD) fluid–solid coupled method modeling the growth process of hidden fissures containing different soil types (sand and clay) under heavy rainfall, revealing a mechanism for the development of hidden fissures into surface fissures. The findings include: (1) the emergence process of hidden fissures into surface fissures under heavy rainfall can be summarized into four stages: subsurface erosion into hidden holes, traction into arches, collapse into sinkholes, and horizontal extension; (2) the emergence process of clay is slower than that of sand due to the constraint of cohesion; (3) the shape of the bottom seepage point affects the fissure emergence process, which is an important factor in the macroscopic performance of the exposed surface fissures. The intuitive and reproducible DEM-CFD coupled modeling used in this paper possesses important reference value for the study and prevention of water erosion ground fissures.
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1. Introduction


Water is typically perceived as an adverse element in geological issues [1,2], as it frequently triggers geological disasters and engineering problems. Ground fissure is a type of geological hazard that occurs when the surface soil and rock ruptures [3,4,5]. Understanding the underlying mechanisms of the formation has been a longstanding and complex study topic. Among the various mechanisms involved, relatively less attention has been paid to fissure formation induced by water erosion. Compared with other types of ground fissures, those caused by water erosion tend to be more sudden and can result in severe damage to infrastructure and farmland [4,5].



Currently, study on water erosion ground fissures can be divided into two main categories based on the different sources of water. The first category involves ground fissures triggered by surface water seepage resulting from human activities, such as the development of ground fissures in Dali city of China, caused by improper irrigation practices over the past decade, which has led to a rise in groundwater levels and accelerated the development of ground fissures in combination with the effects of local collapsible loess [6]. The second category involves ground fissures triggered by meteorological conditions, especially heavy rainfall, which is a common cause of ground fissure disasters, such as those in the Linfen Basin of China. Many ground fissures in this area were formed in close association with heavy rainfall [7]. The mechanical properties of soil under the influence of heavy rainfall can provide favorable conditions for the development of fissures. For example, in 1996, three ground fissures emerged in the central part of the Ethiopian Rift Valley, triggered by three consecutive years of exceptionally heavy rainfall [8]. In addition, areas with hidden fissures that are subjected to heavy rainfall are highly susceptible to sudden formation of fissures. For instance, in Weihe Basin of China, Peng et al. [4] reported on the Shuanghuaishu ground fissures in Sanyuan County, where V-shaped hidden fissures caused by fault activity were exposed overnight during a heavy rainfall, forming newly emerged fissures and causing severe damage to villages. It is noteworthy that heavy rainfall appears to be a critical factor for the development of fissures in areas with hidden fissures, even those of different shapes. In the Kenyan Rift Valley, hidden fissures mostly have a rectangular shape under specific geological conditions, and the appearance of fissures is also triggered by heavy rainfall [9].



Despite substantial progress in studies on water erosion fissures, most geological survey methods are currently unable to provide a clear explanation of the emergence process. With the continuous improvement in computational methods, numerical simulations have gradually been widely applied in various engineering geological scenarios and have strong reference value [10,11].



Based on the DEM, numerical simulations can accurately track particles motion and have great natural advantages in revealing the micro-mechanics of rock-soil masses. Numerical modeling of water erosion ground fissures involves fluid-solid coupled issues. For fluids, the DEM can be coupled with various numerical fluid methods. For example, the discrete element method–direct numerical simulation (DEM-DNS) coupled method can accurately solve the flow field around particle pores to achieve precise fluid calculations. Kriebitzsc et al. [12] used this method to model the fluidization process caused by upward seepage of a granular pile composed of 2000 circular particles. However, due to the density of the fluid mesh, it is currently more commonly used in the study of two-dimensional fluid–solid problems. The discrete element method–lattice Boltzmann method (DEM-LBM) method is a discrete mesoscopic method for solving incompressible viscous flow. This method represents fluids as discrete parcels that move in fixed lattices and follow simple collision rules and can adapt to two-phase flow. Yang et al. [13] used a three-dimensional DEM-LBM to verify its accuracy by simulating benchmark cases, but due to computational constraints, this method is still limited to simulations of a small number of particles under low Reynolds numbers.



Qualitative simulation of the development process of water erosion ground fissures requires more attention to the deformation process of the rock-soil mass, rather than the precise solution of the fluid dynamics. The coupled fluid-particle system, which combines the CFD [14] with the DEM, is now popular for studying geological engineering problems involving fluid–soil interactions. Further details on the coupled method of DEM-CFD will be presented in Section 2.



The Weihe Basin is one of the regions with the highest concentration of ground fissures and is controlled by fracturing structures, which produce many intersecting hidden fissures, often in a near-V shape. Previous studies in this region have primarily relied on geological survey methods such as trenching, geological drilling, and geophysical prospection [4,5,6]. Most research findings indicate that during heavy rainfall, surface water infiltration can strongly erode along hidden fissures, leading to significant damage to farmland and buildings [4,5,15]. However, traditional geological surveys methods fall short in replicating the occurrence process of water erosion fissures. In this regard, numerical simulations can replicate its emergence process and provide a detailed investigation of its water erosion extension mechanism. In this paper, we integrate previous research findings and employ the DEM-CFD fluid-solid coupled method for modeling and simulation, and combine macroscopic phenomena with microscopic perspectives to explain the emergence process of different soil hidden fissures under heavy rainfall in this region.




2. Geological Background


The Weihe Basin is situated in the southern part of the Fenwei Basin on the Loess Plateau (Figure 1). It is also situated at the tectonic junction of the stable Ordos Block and the active North China Block, resulting in significant fault activity within the basin. Within the Weihe basin, its tributaries have cut it into unconnected blocks. The shallow surface of this region is primarily composed of loess and ancient soil layers. As a semiarid area, it is highly prone to water erosion-induced ground fissures. Field surveys have revealed that intense rainfall is a critical factor leading to the exposure of hidden fissures on the surface [4,5].



Among numerous ground fissures in the region, the Shuanghuaishu ground fissures in Sanyuan County are renowned for their sudden appearance following heavy rainfall. During a night of fissure occurrence, after enduring over two hours of heavy rainfall, two nearly parallel northeast-oriented ground fissures emerged in Shuanghuaishu village. The upper part of the hidden fissure exhibits a wider opening, gradually narrowing towards the bottom, forming a V-shaped overall structure. The red (Figure 2) section in the image represents the primary area of water erosion within the soil mass. The soil composition consists of alternating layers of loess and paleosol, with well-developed vertical joints in the loess, contributing to its good permeability [16]. On the other hand, paleosol is generally considered impermeable due to its compactness, acting as a good water barrier. Investigation reveals the presence of loess at the bottom of the fissures, indicating past surface water infiltration along the fissures, transporting upper soil layers and depositing them at the base. This process serves as the primary cause for the sudden exposure of hidden fissure on the ground surface.



Furthermore, the region experiences a significant increase in ground fissure activity following the rainy season, often characterized by beadlike sinkholes or collapse holes. Field investigations have revealed that during the period from 2000 to 2007, there was a higher frequency of ground fissure activity, which coincided with the trend in annual precipitation observed by the meteorological bureau (Figure 3). The opening of water erosion-induced ground fissures in this area is closely related to rainfall.




3. DEM-CFD Coupled Numerical Modeling Method


This paper employs the DEM-CFD coupled numerical modeling method to examine the emergence process of V-shaped hidden fissures during heavy rainfall in the Weihe Basin. The behavior of solid particles is modeled using the three-dimensional Particle Flow Code (PFC3D V5.0) software, while fluid behavior is solved by a modified Python script that utilizes the open-source Fipy library to solve the Darcy equation. The simulation technique is implemented by integrating the particle dynamics and fluid dynamics [17].



3.1. Background: The Coupling of DEM and CFD


The DEM-CFD coupled method for numerical simulations is based on the Euler–Lagrange framework, where the particle motion and collision are calculated using the DEM. The CFD solver typically uses the finite volume method (FVM) for solving, and the Tsuji coarse-mesh fluid-particle numerical analysis system is used for coupling [18]. This method discretizes the continuous fluid into elements for solution, which does not finely solve the flow field around particles. Darcy’s law is commonly used to describe fluid movement in porous media for seepage problems.



As the most commonly used method for fluid–solid coupling, DEM-CFD has been widely applied in fields such as soil mechanics and geology. Zhao et al. [10] utilized the DEM-CFD method to solve two classic geological problems and obtained verification, indicating its good robustness, and subsequently applied it to rock and mining engineering problems. Guo et al. [19] established a coupled model using the DEM-CFD method to investigate the influence of different sand particle shapes on internal erosion of sand. Wang et al. [20] explored the factors affecting the seepage of two types of particles, and summarized through a large number of simulations that the final erosion rate is affected by the content of fine particles and porosity ratio, and proposed a predictive model for the final erosion rate through dimensional analysis.




3.2. Details of the DEM-CFD Coupled Modeling Method


3.2.1. Governing Equations of the Particle Phase


In the DEM, solids are represented by particles, and the motion of particles follows Newton’s laws of motion in the Lagrangian framework, which are controlled by the governing equations. The control equations for particles in the PFC3D software are as follows:


    ∂  u ⇀    ∂ t   =      f ⇀    m e s h   +    f ⇀    f l u i d      m p    +  g ⇀   



(1)









    ∂  ω ⇀    ∂ t   =      M ⇀   p     I p     



(2)




where    u ⇀    is the particle translational velocity; t is the time;      f ⇀    m e c h     is the total force acting on the particles;      f ⇀    f l u i d     is the total of the fluid–particle interaction forces applied on the particle by the fluid;    m p    is the mass of the particle;    g ⇀    is the gravitational acceleration;    ω ⇀    is the angular velocity of the particle;      M ⇀   p    is the moment of contact force acting on the particle; and    I p    is the moment of inertia of the particle [21].




3.2.2. Darcy’s Law


The CFD module in PFC3D was utilized to model three-dimensional flow through porous media. In this paper, the behavior of fluid infiltrating the soil under rainfall is described using Darcy’s law and continuity equation, as follows:


   v ⇀  =  K  μ ε   ∇ p  



(3)









  ∇ ⋅  v ⇀  = 0  



(4)




where    v ⇀    is the average fluid velocity;  p  is the average pressure in a fluid element;  ε  is the porosity;  μ  is the fluid dynamic viscosity, and  K  is the matrix permeability, the value of which is computed based on the  ε  and the Kozeny–Carman relationship [22], as follows:


  K =  1  180      ε 3      ( 1 − ε )  2     d 2   



(5)




where   d   is the average diameter of particles. By combining Equations (3) and (4), the Poisson equation can be derived:


  ∇ ⋅ (  K  μ ε   ∇ p ) = 0  



(6)








3.2.3. Coupling Process


In the modeling process, particular attention is paid to the coupling process between fluid and solid, wherein fluid–solid interaction forces, including drag force (     f ⇀   d   ) and pressure gradient force (     f ⇀    ∇ p    ), as follows:


     f ⇀    f l u i d   =    f ⇀   d  +    f ⇀    ∇ p    



(7)







The gradient force acting on particles is expressed as:


     f ⇀    ∇ p   =  v p  ∇ p  



(8)




where    v p    is the volume of particles. The drag force acting on particles is predominantly attributed to the velocity differential between fluid elements and particles, and can be represented using the Di Felice theory [23]:


     f ⇀   d  =  1 2   C d   ρ f  π  r p 2  |  v ⇀  −  u ⇀  | (  v ⇀  −  u ⇀  )  ε  − χ    



(9)









    C d  = ( 0.63 +   4.8       Re   p       )   



(10)









     Re  p  =   2  ρ f   r p  |  v ⇀  −  u ⇀  |  μ    



(11)









  χ = 3.7 − 0.65 exp ( −     ( 1.5 − lg   Re   p   )  2   2  )  



(12)




where    C d    is the drag coefficient;    r p     is the radius of the particles;    ρ f    is the fluid density;     Re  p    is the particle Reynolds number, and    ε  − χ     is an empirical term, which is used to account for the local porosity.



Figure 4 illustrates the two-way coupling procedure between PFC3D and Python. After particle assembly in PFC3D, the CFD module is used for coupling. During the coupling process, the CFD solver employs the Fipy library in Python to divide the mesh and solve the equations of fluid motion using the finite volume method. The two software packages exchange information explicitly. PFC3D updates particle motion using Newton’s second law and sends the calculated pore and fluid forces to the CFD module for further analysis. The CFD solver, which utilizes the Fipy library in Python, applies the finite volume method to solve the governing equations of fluid motion on the meshed domain. Both programs explicitly exchange information in PFC3D, and the calculated fluid velocity and pressure are sent back to PFC3D for iterative updating of the particle positions and velocities until equilibrium is reached.





3.3. Building of the Computational Model


Figure 5 illustrates the relationship between the actual problem and the numerical model approach. The objective is to investigate the opening process of hidden fissures in different soil fillings under the influence of heavy rainfall. The CFD mesh is created to analyze the flow field, with the fluid mesh raised by one element to model vertical rainfall infiltration. The filling soil in the fissures is modeled using the DEM. In order to investigate the effect of different soils, the linear contact model and linear contact bond model were adopted to represent the sand and clay, respectively, based on whether there is cohesive force between particles. The linear model is suitable for situations where there is no cohesive force between particles, such as sand, where each particle is represented by a spring in the normal and tangential directions of forces that can only withstand pressure. The linear contact bond model is based on the linear model, but assigns a certain tensile and shear capacity to the spring, allowing for better simulation of the mechanical properties of materials, such as cohesive soil. When the bond is broken, it reverts back to the linear model. By comparing the simulation results, we summarize the mechanism of hidden fissures development in different soils under heavy rainfall.




3.4. Determination of Computational Parameters


Figure 6 depicts the model configuration. Due to computational constraints, the soil material inside the hidden fissures is modeled as a mixture of coarse and fine particles to induce percolation failure, with a maximum coarse particle diameter of 0.005 m and a minimum fine particle diameter of 0.001 m. The model configuration is based on examples of ground fissures in the Weihe Basin [4,5], with the hidden fissure set as a V-shape, the width and height of the model both set to 0.06 m, while the length is 0.2 m. With the fissure top of 0.05 m and the seepage fissure width of 0.008 m at the bottom, hidden fissures are represented through the wall elements and given consistent contact and mechanical parameters with the surrounding soil. The model generated a total of 47,702 particles, with coarse particles accounting for 20% of the total, which satisfies the requirement of having a representative volume element (RVE) with a coarse particle count greater than 500 [24,25]. For fluid, the mesh generation of fluid domain plays a crucial role in capturing the fluid flow. As indicated by previous studies [22,26,27,28], the mesh size should be greater than 1–4 times the average particle diameter, and at least 5 fluid elements should exist in each direction. In our model, due to the influence of bottom seepage width on the failure process, an odd number of fluid elements in the seepage width will lead to uneven stress on the soil inside the fissure, thus requiring an even number of fluid elements in each direction. Therefore, we divided the fluid domain into 6 elements in the x and z directions, with a length of 0.01 m per element, and into 20 elements in the y direction, with a length of 0.01 m per element. The coupling interval was set to 100. Combining practical issues with existing studies [29,30,31], the specific simulation parameters are given in Table 1.



To better model the loose state of the soil inside the fissure, many particles were formed above the fissure and allowed to settle into it under gravity. The excess particles above the surface were then removed to create a representative sample. As the underlying paleosol was treated as a good water barrier, its thickness was set to 0.01 m. The fluid outlet was located at the position of the bottom fissure and two seepage points were established. The critical hydraulic gradient state of model was determined through extensive simulations to induce water erosion.





4. Results and Analysis


Under the impact of heavy rainfall, the soil particles gradually migrate, resulting in soil seepage failure. The preexisting hidden fissures in the soil become the dominant channel for surface water seepage, greatly affecting the macroscopic opening process of ground fissures. This section investigates the water erosion extension process of different soils.



4.1. Subsurface Erosion into Hidden Holes


Figure 7 shows the displacement process and contact network that occur in the initial stage for sand and clay. The displacement distribution indicates that fine particles in sand and a few coarse particles begin to drop locally near the seepage point, while the contact network shows the disappearance of contact between the dropped particles and the body, indicating the occurrence of incipient erosion at the bottom and the formation of small hidden holes (Figure 7a). In clay, the coarse and fine particles cluster into small blocks and drop locally near the seepage point, forming small hidden holes, and the contact network shows the disappearance of contact between the dropped block and the body, but contact forces still exist between the particles within the block (Figure 7b). Unlike sand particles, which fall off individually, the presence of cohesive forces in clay increases the interparticle connectivity, leading to the blocky detachment of particles as the main cause. The contact network also reveals that the interaction forces between clay particles are much greater than those between sand particles. Figure 8 displays the development of the hidden hole after a modeled period of time. In comparison to Figure 7, the hidden holes have obviously expanded and show a tendency to develop upward. In sand, particle detachment remains mostly single particles, whereas in clay, the detached chunks become larger. Due to the formation of hidden holes, interparticle forces increase, stabilizing the main body.




4.2. Traction into Arches


Figure 9 illustrates the upward development of the hidden holes. It is worth noting that regardless of whether it is sand or clay, when the voids reach a certain height, the soil mass above the voids undergoes collective displacement in a very short time, forming a triangle shape with a pointed top and a broad base. However, the voids do not extend to the ground surface. Figure 10 illustrates the surface displacement of both sandy and clayey soils. It can be observed that the distribution of displacement has changed from a triangular shape to an approximately rectangular shape. This is likely due to the fact that the grains on both sides of the triangle fall under the combined traction of gravity and seepage, leading to the release of stress in the soil, which supports the stability of the overlying soil. However, when the distribution of displacement expands from the triangle to the rectangle, the decrease in stress cannot support the overlying soil against the erosive effect of water flow, causing the overlying soil to loosen and the surface to start moving suddenly.




4.3. Collapse into Sinkholes


After surface displacement occurs, the overlying soil particles begin to collapse collectively. Figure 11 shows the collapsing process of sand and clay. At the initial stage of collapse, the soil particles in the collapse zone move at a higher velocity than those on the sides, resulting in a slower inward movement of the soil on both sides of the collapse zone. This results in the overall displacement distribution taking on a rectangular shape and gradually moving downwards, forming a collapse sinkhole during this stage.




4.4. Horizontal Extensions


Figure 12 shows the displacement direction of the particles. As the depth of the collapsed hole increases, the soil on both sides of the hole will collapse inward, causing the collapsed hole to expand horizontally. Figure 13 shows the longitudinal development of a collapsed hole on one side to the bottom. Regardless of whether it is sand or clay, the final distribution is similar to a W-shape. The length of the bottom of the depression is basically the same as that of the seepage point, indicating that the shape of the seepage point at the bottom has a significant impact on the macroscopic manifestation of the exposed surface of the hidden fissure. In addition, during the process of particle collapse, a large number of soil particles move downward and accumulate at the bottom, and may reform an effective structure to resist fluid erosion. Comparison of Figure 13a,b reveals that the central portion of the sand gradually collapses with the formation of two horizontal sinkholes, while the majority of the soil in the center of the clay remains stable, with a few particles adhering to the fissures. This is because the clay has tensile strength that makes its horizontal extension significantly slower than that of the sand, which can be obviously observed as an increase in the distance between the two sinkholes at the surface.



Figure 14 illustrates the complete process of reopening hidden fissures. In general, the emergence process can be divided into four stages following rainfall seepage: subsurface erosion into hidden holes, traction into arches, collapse into sinkholes, and horizontal extension, corresponding to stages (a–d) of Figure 14, respectively.





5. Discussion


This paper explored the relatively understudied phenomenon of water erosion-induced ground fissures, and revealed the growth and development mechanisms of hidden fissures in the Weihe Basin under heavy rainfall using the DEM-CFD numerical simulation method from a microscopic perspective. The findings provide important references for the study and prevention of water erosion ground fissures.



To the authors’ knowledge, most studies on water erosion fissures have relied on geological surveys to infer the development process [4,5]. Overall, the inferred results are consistent with the three stages of subsurface erosion into hidden holes, collapse into sinkholes, and horizontal extension presented in this paper. Compared to traditional methods, numerical simulation can present more details and reveal causal mechanisms from a micro perspective, especially in the stage of traction into arches, where the changes in arch shape are difficult to discern with geological survey methods.



This paper has some disadvantages that should be noted. One important issue is the model size. Due to the high computational requirements of the discrete element method, it is difficult to simulate real-scale models, which is often considered a major drawback of the discrete element method. Additionally, in order to save computational resources, we assumed that soil particles were circular, whereas in reality they are often irregular in shape. To better model the development of water erosion ground fissures, future work will consider using a coupled finite difference method (FDM) and discrete element method (DEM) to establish models that are closer to the hillslope scale, and will use irregular shapes to model soil particles, which can more realistically reflect particle migration and increase the reliability of simulation results. Beyond the constraints in simulation methods, factors such as the rainfall intensity, shape of hidden fissures and terrain conditions all exert direct or indirect effects on the process of fissures growth. It is crucial to delve deeper into the analysis of diverse factors that influence fissure development.




6. Conclusions


This paper employs the DEM-CFD coupled method to investigate the emergence process of hidden ground fissures in the Weihe Basin, building upon existing geological surveys. By simulating different soil types, it unveils a mechanism that hidden fissures develop into fissures under conditions of intense rainfall. These findings are comparable with prior research in this region, and the results provide further insights into the erosive effects of rainwater on soil particles.



The research results indicate that preexisting hidden fissures become the dominant channel for surface water seepage, leading to the formation of hidden holes at a certain depth due to the occurrence of seepage erosion at the bottom. As seepage erosion continues, the upper part of the hidden hole collapses and extends horizontally, eventually developing into ground fissures. The overall process can be divided into four stages: subsurface erosion into hidden holes, traction into arches, collapse into sinkholes, and horizontal extension. Compared to clay, sand is more prone to lateral extension due to the absence of cohesive forces between particles. Furthermore, the shape of leakage points at the bottom is an important factor in the macroscopic manifestation of exposed hidden fissures into the ground.



This study demonstrates the feasibility of the DEM-CFD coupled method in the investigation of water erosion ground fissures. The method can be applied for modeling and simulation purposes under various regional and geological conditions. The findings hold significant scientific implications for the research and prevention of water erosion ground fissures.
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Figure 1. Geologic location of the Weihe Basin (modified from Peng et al., 2018 [4]). 
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Figure 2. Typical photos and detailed characteristic of the main fissures (modified from Peng et al., 2018 [4]). 
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Figure 3. Precipitation histogram of Sanyuan from 2000 to 2015. 
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Figure 4. Coupled DEM-CFD numerical model (modified from Wang et al., 2022 [20]). 
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Figure 5. Relationship between problem and numerical method. 
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Figure 6. Model diagram: (a) frontal dimensions; (b) overall morphology and particle distribution; (c) fluid distribution; and (d) location of bottom seepage points. 
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Figure 7. The beginning stage of hidden holes: (a) the displacement distribution and contact force network of sand; (b) the displacement distribution and contact force network of clay. 
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Figure 8. The ending stage of hidden holes: (a) the displacement distribution and contact force network of sand; (b) the displacement distribution and contact force network of clay. 
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Figure 9. The beginning stage of an arch: (a) the lateral and top displacement distribution of sand; (b) the lateral and top displacement distribution of clay. 
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Figure 10. The ending stage of an arch: (a) the lateral and top displacement distribution of sand; (b) the lateral and top displacement distribution of clay. 
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Figure 11. The stages of a sinkhole: (a) the displacement distribution of sand; (b) the displacement distribution of clay. 
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Figure 12. The stage of horizontal extension: (a) the displacement (arrow) distribution of sand; (b) the displacement (arrow) distribution of sand clay. 






Figure 12. The stage of horizontal extension: (a) the displacement (arrow) distribution of sand; (b) the displacement (arrow) distribution of sand clay.



[image: Water 15 02321 g012]







[image: Water 15 02321 g013 550] 





Figure 13. The ending stage of horizontal extension: (a) the displacement distribution of sand; (b) the displacement distribution of clay. 
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Figure 14. Ground fissure outcropping process caused by strong erosion effect of heavy rainfall: (a) subsurface erosion into hidden hole; (b) traction into arche; (c) collapse into sinkhole; and (d) horizontal extension (modified from Wang et al., 2019 [5]). 
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Table 1. Input parameters to numerical model.
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	Type
	Parameters
	Value



	Solid
	Maximum particle diameter (m)
	0.005



	
	Minimum particle diameter (m)
	0.001



	
	Particle density (g/cm3)
	2600



	
	Normal stiffness (N/m)
	1.0 × 106



	
	Shear stiffness (N/m)
	1.0 × 106



	
	(CB) Tensile strength (N)
	1.0 × 101



	
	(CB) Shear strength (N)
	5.0 × 101



	
	Friction coefficient
	0.5



	Fluid
	Fluid density (kg/m3)
	1000



	
	Fluid viscosity (Pa·s)
	0.1
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