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1 INTRODUCTION 

Traditionally, discrete element (DE) method and finite element (FE) method are used in 
numerical simulation of granular flow problems. A drawback with the (DE) method is the 
limitations in modelling the extreme large number of particles, which normally are in real 
granular flow problems. With a numerical method based on continuum mechanics modelling 
like the FE-method, the problems can be solved with less computation particles. However, the 
limitations of the FE-method have been pointed out to be when extremely large deformation 
needs to be captured. Granular flow problem motions produce large distortions of the mesh 
and ruin the convergence of the problem. The purpose of this paper is to compare two 
alternative continuum based methods, the Particle Finite Element Method (PFEM) and the 
Smoothed Particle (SP) method, to model two different granular flow problems.  

2 SMOOTHED PARTICLE METHOD 

 The SP-method1 is a mesh-free Lagrangian method, where the problem domain is 
represented by a finite set of particles with specific masses. The partial differential equations 
are reduced into ordinary differential equations by a kernel approximation and a particle 
approximation based on the current local set of distributed particles in every time step. The 
particles are free to move in action of the internal and external forces, there are no direct 
connections between them like the mesh in the FE-method. The mesh free formulation and the 
adaptivity of the SP-method result in a natural handling of extremely large deformations. 

3 PARTICLE FINITE ELEMENT METHOD 

PFEM2, is a new strategy for solving large deformation problem with the use of FE-



Gustaf Gustafsson, Juan Carlos Cante, Pär Jonsén, Rafael Weyler and Hans-Åke Häggblad 

method and remeshing. A set of particles representing the problem domain is defined, a finite 
element mesh is generated, the associated incremental problem is solved, and finally the new 
positions of the particles are updated. The process continues with the generation of a new 
mesh and the solution of a new incremental problem. The main difference with more standard 
remeshing techniques is the use, for mesh generation, of Delaunay triangulation which prove 
to be nodal based, robust and computationally fast. All the variables are stored at the particles 
and are interpolated for spatial integration. 

4 CONSTITUTIVE MODEL 

The constitutive model for the granular material is an elastic-plastic relation in SP and a 
flow model in PFEM. Both are formulated in terms of large plastic deformation theory. The 
yield function is given by the Drücker-Prager surface: 

2 2( , ) 2 0f p J J kp d     (1) 

Where, p, is the mean pressure, J2, the second invariant of the deviator stress tensor and k 
and d are material parameters. The elastic properties are considered constant for the actual 
range of density. 

5 EXAMPLES 

Two flow problems are studied. First, the steady state flow of granular material down an 
inclined chute is solved and the resulting velocity profiles from the two numerical methods 
are compared for two angles of internal friction. The characteristic results are also compared 
with an analytic solution of the problem.  

The second problem is pouring of a fill shoe into a die during filling of a powder 
metallurgy component. The purpose is to iterate the right constitutive data for the powder 
material by comparing the free surface of the powder in experimental test with the results 
from the numerical simulations. 

5.1 Granular flow down an inclined chute 

The initial configuration and dimensions of the granular flow down an inclined chute is 
seen in Figure 1a. The problem is pure gravity driven and the problem is studied during 0.5 s. 
The material properties are an initial density of 3.0 g/cm3, a shear modulus of 28.2 kPa and a 
bulk modulus of 54.7 kPa. Two different slopes of the internal friction according to Equation 
1 are used, k = 0.1 and k = 0.8, the cohesion, d = 10.0 Pa. Both methods use the same material 
properties. Constrained nodes of the same material, model the boundaries. 

 
Figure 1. a: Initial configuration. b: Final state SP-method with velocities. c: Final state PFEM with velocities. 
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For the SP-method the explicit solver LS-DYNA is used. A symmetric renormalized SP 
formulation is used and the initial smoothing length is 1.2 times the particle distance and 
varies with time. Artificial viscosity is added to avoid problems with tensile instability. The 
granular material is represented by 49245 particles with an initial distance of 0.25 mm. The 
problem is solved in 16743 time increments. With PFEM, the problem is solved using the in-
house code POWCOM. 18730 particles with an initial distance of 0.45 mm are used to model 
the problem, which is solved in 10000 time increments implicitly.  

5.2 Fill shoe pouring 

The initial dimensions of the fill shoe pouring problem are seen in Figure 2a. The fill shoe 
has a constant velocity of 100 mm/s, the problem is studied during 1.0 s. The boundaries are 
modeled by rigid walls with a friction coefficient of 0.15. The problem is solved with five 
different slopes of internal friction, k = 0.2, k = 0.4, k = 0.8, k = 1.2 and k = 1.6, in order to 
compare with experimental result. 

 

 
 

[mm] 

Figure 2. a: Initial configuration of the fill shoe pouring problem. b: Experimental shape of the fill shoe4 after 
0.32s. c: SP solution after 0.32s. d: PFEM solution after 0.32s.  

With the SP-method 80000 particles with an initial distance of 0.25 mm are used. The 
problem is solved in 14901 time increments. With PFEM the problem is solved with 6619 
particles with an initial distance of 1.0 mm and is solved in 5000 increments. 

6 RESULTS 

The primary purpose of this paper is to compare and see the differences in results from the 
SP-method and PFEM, but also to compare with analytic solution and experiment. No 
intentions are made to compare the computational effort, as the codes are still under 
development and not optimized to run as fast as possible.  

6.1 Granular flow down an inclined chute 

The simulations of granular flow down an inclined chute are designed to give a steady state 
flow down the chute. Figure 3a show the maximum velocity at the line marked “A” in Figure 
1. According to this figure, steady state is reached around 0.25 s. At the same line the velocity 
profiles are derived for the both methods with the two slopes of internal friction, see Figure 
3b. One dimensionless analytic solution3 for a steady state flow down an inclined chute is also 
seen in Figure 3c. The final states for the two computational methods at 0.5 s are seen in 
Figure 1. 
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Figure 3. a: Maximum velocity at line A versus time. b: Velocity profiles at line A. c: Analytic solution3. 

6.2 Fill shoe pouring 

The purpose of this example is to investigate the possibility to iterate the right constitutive 
data for the material model by comparing simulations and experiment. During the mid part of 
the filling process, the powder is poured from the fill shoe constantly. The free surface lines 
from the simulations with different slopes of internal friction together with experimental 
results4 are seen in Figure 4. A visual comparison of the flows is seen in Figure 2. 
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Figure 4. a: Fill shoe shapes SP. b: Fill shoe shapes PFEM. 

7 CONCLUSIONS 

- Both methods give almost the same maximum velocity for the inclined chute problem; 
slightly differences are seen in the velocity profiles. The shape of the PFEM velocity 
profile is more similar to the analytic solution. 

- A slope of the internal friction of k = 1.2 corresponds best with the experiment for 
both methods. The pattern of the SP-method solution is most like the experiment. 
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