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Abstract  There are computation time constraints caused by the number and size of parti-
cles in the powder packing simulation using DEM. In this paper, newly suggested packing
model transforms a general packing sequence –particle generation, stack, and compression-
into particle generation and packing by growing particles. To verify the new packing model, it
was compared using three contact models widely used in DEM, in terms of radial distribution 
function, porosity, and coordination number. As a result, contact between particles showed a 
similar trend, and the pore distribution was also similar. Using the new packing model can re-
duce simulation time by 400 % compared to the normal packing model without any other 
coarse graining methods. This model has only been applied to particle packing simulations in
this paper, but it can be expanded to other simulations with complex domain based on DEM. 

 
1. Introduction   

Powder is widely used and traditionally applied to various fields such as in agriculture, chemi-
cal industries, and civil engineering. Recently, it has been applied to pharmaceutical, cosmetics, 
3D-printing, particulate composites, and battery industries where performance efficiency varies 
depending on particle packing. In the pharmaceutical field, studies on random particle packing 
for modeling pharmaceutical manufacturing processes using X-rays and scanning electron 
microscopy have been conducted [1], and in the field of 3D printing, research is being con-
ducted for additive manufacturing of materials [2]. Thus, many studies have been conducted to 
improve the reliability of packing results in these fields. In these studies, the results of random 
packing of dodecahedron particles of various sizes with theoretical results [3] or numerical re-
sults were compared with the effect of particle shapes on the wettability of electrodes using the 
lattice Boltzmann method (LBM) to improve the efficiency of the battery [4]. Powder packing 
research is being actively conducted to increase efficiency by developing methods to improve 
compression in the limited space of the cathode and anode materials of a battery. 

There has also been progress in fundamental research to expand the application range of 
powder technology. Studies have reported on the porosity of powder mixed with spherical par-
ticles of various sizes [5], classified the contact patterns of free fall particles using coordination 
number (CN) to determine the degree of packing between particles [6], and investigated the 
effect of particle size on packing by analyzing results using packing density [7]. Furthermore, 
studies attempted to arbitrarily conduct packing of non-spherical powders by modifying the 
algorithm used to combine elliptical particles with spherical particles [8], compare granulator 
experiment and simulation results to determine the effect of water on the forces acting between 
particles [9], and described the effect of a fluid on the fluid/powder mixture using as a new force 
rather than the existing capillary force [10]. 

The most widely used particle-based simulation method in this powder packing study is the 
discrete element method (DEM), which was first proposed by Cundall and Strack in 1979 [11]. 
Since then, research to determine various parameters through experiments has been actively  
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conducted to increase the accuracy of DEM [12]. He et al. [13] 
used DEM to analyze the effects of compressive strength and 
failure pattern by applying contact force, capillary force, and 
solid bridge model to particle generation, stack, and powder 
packing; Tangri et al. [14] conducted a study comparing the 
experimental results with random packing simulation results 
after connecting several particles together to form a cylindrical 
rod. Deng et al. [15] used a contact force model in which attrac-
tive forces between particles, such as van der Waals forces 
that act on fine particles, were included to find powder packing 
densities that could vary depending on particle size, aspect 
ratio of the particle, and surface energy acting on the particle 
surface. Partelil et al. [16] demonstrated through experiments 
and DEM analysis that accurate analyses can be performed 
only when adhesion and non-bonded van der Waals forces are 
considered in the packing of 4-52 µm powders. In addition, Lee 
et al. [17] used a mass scaling method to solve the very-small 
timestep problem of small particles used in additive manufac-
turing. 

In general, the most challenging problem with DEM is the 
long computation time. The Rayleigh timestep, which calcu-
lates the propagation rate of stress waves in solids, is used to 
obtain an optimum time step in the DEM [18]. However, the 
Rayleigh time step is proportional to the size of the particle and 
inversely proportional to the elastic modulus. Therefore, the 
analysis time increases exponentially when the particle size 
decreases or the elastic modulus increases. Therefore, in a 
study conducted by Viacek and Molenda [19], a large Rayleigh 
time step was applied using an exceptionally large particle size 
of 7.3 mm and an unrealistic elastic modulus of 560 MPa to 
satisfy the time constraints [19]. Thus, if the particle size for 
analysis is in the submicron range, the time step is dramatically 
reduced and the time to analyze the behavior of the powder is 
excessively increased. Accordingly, Haervig et al. [20] pro-
posed a model in which the properties of particles are modified 
to reduce the time constraints of the simulation owing to the 
size of the time step. However, because only a slight difference 
in results between the model using the modified expression 
and the existing model was found, the problem is yet to be 
completely solved.  

Various efforts have been invested to solve problems caused 
by the reduction of computation time in the DEM. Recently, 
studies on the optimization of updated timesteps in the nearest 
neighbor method have been conducted [21], and the coarse 
graining method, which combines several particles into one 
particle in the calculation, has been proposed [22, 23]. 

However, although the coarse graining method reduces 
computation time, it does not solve the time loss that occurs 
during the early stage of the simulation when particles are 
generated. In the general DEM analysis, as shown in the free 
fall model in Fig. 1(a), the analysis progresses as follows: parti-
cle generation; stacking by gravity; and packing. Parteli et al. 
[16] conducted a study that compares the simulations and 
packing experiments for very-small glass particles. To conduct 
powder packing in the simulation process, particles were first 

generated in a wider space and then powder packing was per-
formed using gravity. Yang et al. [24] conducted simulations in 
order as shown in Fig. 1(a) to confirm the packing structure of 
uniform powder, which was conducted when van der Waals 
strength was dominant. In most cases, while the particle gen-
eration/gravity stacking process is an unnecessary process for 
the analysis, their computation time is very long. Dong et al. 
[25] generated and stacked powder over about 2 s to form a 
cake when the precipitation and filtration processes proceed at 
a uniform flow rate or pressure [25]. However, the actual simu-
lation process required for the study occurs afterward, and the 
computation time for obtaining results is less than 2 s. There-
fore, current methods waste simulation time in unnecessary 
steps. To solve this problem, CampeIIo and Cassares [26] 
proposed a method to minimize computation time by stacking 
layers using a layer-by-layer method, and Jerier et al. [27] at-
tempted to minimize computation time by generating particles 
in the tetrahedral mesh in the finite element method.  

Therefore, a new method that can shorten the simulation 
time while maintaining the physical properties and size of the 
particles is proposed using in-house code based on C++ in this 
paper. The method is targeted at powder packing simulations 
that are frequently studied in fields such as batteries and civil 
engineering. The traditional packing simulation method is 
called a free fall packing model, and packing is performed 

 
(a) Free fall method 

 

 
(b) Growing particle method 

 
Fig. 1. Schematic of free fall model and growing particle model. 
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through “particle generation,” “stack and stabilization by gravity,” 
and “compression.” The growing particle model method shown 
in Fig. 1(b) was employed to attempt minimizing the analysis 
time. The growing particle model method generates fine parti-
cles in a limited space, and then increases the size of the parti-
cles to fill the space. The results of this packing simulation 
method were compared with those of the existing packing simu-
lation method. Further, the proposed method was applied to 
various contact models used in the DEM, and the applicability of 
the proposed method for each contact model was examined. 

 
2. Contact force model for DEM  

In this paper, a linear spring model and a Hertz-Mindlin 
model—the most widely used nonlinear spring models—are 
used to understand the effect of the contact force model that 
calculates contacts between particles on the simulation; a 
Hertz-Mindlin model employing the JKR theory that includes 
the Johnson-Kendall-Roberts model (JKR model) and the ef-
fect of the surface force in the analysis is also used. 

 
2.1 Linear spring model 

The linear spring model [11] calculates the contact force be-
tween particles using the spring stiffness and damping coeffi-
cients of the particles. The force has two components: a nor-
mal force, which is a force acting perpendicular to the particle 
motion, and the tangential force, which is a force acting along 
the particle motion. These forces can be calculated as 

 
Δn n n n contactF k vδ ν= − +  (1) 

( )min ,t s t s contact s nF k v Fδ ν μ= + Δ  (2) 
 

where nF  is the normal force acting perpendicular to the par-
ticle, and nk , nν , nδ , Δ contactv , and sμ  are spring stiffness 
coefficient in the normal direction, damping coefficient, over-
lapping distance between particles (i.e., overlap), relative ve-
locity between particles in the normal direction, and coefficient 
of friction, respectively. Further, nk  can be calculated by using 
Hertzian strain energy as  

 
1
5* 21

* *2
1

* *2

16 15
15 16

n

m vk r E
r E

⎛ ⎞
⎜ ⎟=
⎜ ⎟
⎝ ⎠

 (3) 

 
where *r , *E , and *m  are equivalent radius, equivalent 
Young's modulus, and equivalent mass, respectively. 

The damping coefficient of the particle nν , can be calculated 
as  
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where pe  is the repulsive coefficient of the particle. 

 
2.2 Hertz-mindlin spring  

The Hertz-Mindlin model is one of the most widely used 
models in the DEM [28]. The normal force can be calculated as  

 
3

* * *24 52
3 6n n n contactF E r S m vδ β= − Δ  (5) 

 
where 2 2β ln / lnp pe e π= +  and * *

nS 2 nE r δ= . The tan-
gential force is defined as 
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where the tangential stiffness factor tS  is defined as tS  
* *

nG r δ= 8 , *G  is the equivalent shear modulus, and tδ  is 
the overlap in the tangential direction. Furthermore, similar to 
the linear spring model, the tF  value is compared to the Cou-
lomb friction value and the smaller value is used. 

 
2.3 Hertz-mindlin spring model following john-

son-kendall-roberts 

The JKR theory is a contact theory that calculates adhesive 
force using the loss balance between the stored elastic energy 
and surface energy to include the effect of the attraction force 
(i.e., adhesion force in the Hertz contact theory) in the analysis 
[29]. The Hertz-Mindlin model following the JKR theory can be 
expressed as  

 
3

* * * * 32
n

4 5F 2 16
3 6n n contactE r S m v E aδ β γ π= − − Δ +  (7) 

 
where γ is the surface energy of the particle and a  is the 
contact radius of the particle. In the above equation, the first 
and second terms are same as that in the general Hertz–
Mindlin model, and the last term is the JKR term that repre-
sents the effect of the attraction force. When the JKR term is 
added, the surface area becomes larger than the surface area 
predicted by Hertz's theory, and even when the load is re-
moved, the contact area exists and this will indicate the effect 
of attraction. 

 
3. Simulation setup 

The structure of particles is usually analyzed by filling a large 
number of particles in a container and compressing them in the 
powder packing simulation using DEM; this same analysis 
method is used in this study. Three contact force models (lin-
ear spring, Hertz-Mindlin spring, and Hertz-Mindlin spring fol-
lowing JKR theory), and three packing methods (free fall model, 
growing particle model with full gravity: GP1, and growing par-
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ticle model with partial gravity: GP2) are used. Therefore, a 
total of nine models (3×3) are used in this study. 

The particle physical properties were those of glass beads. 
For all values such as density, Poisson’s ratio, and coefficient 
of restitution, the physical properties of glass beads were used, 
and for Young’s modulus, 1/10 of the value of glass beads was 
used to reduce the basic calculation time. (In the case of 
Young’s modulus, it does not significantly affect the packing 
structure.) 

The container used in this study is a cuboid measuring 
0.375 mm×0.375 mm×1.675 mm (L×W×H). The particle size 
was set to 25 μm so that the ratio of the length and width of the 
container can be set at 15:1, and the height of the container 
was set high enough to avoid initial overlap problems during 
random generation and fall of particles. The particle distribution 
was monodispersed to simplify the simulation. Rolling friction 
was ignored in all current results. Other properties of the con-
tainer and the particle are summarized in Table 1.  

As shown in Fig. 2, in the free-fall model using the Hertz-
Mindlin contact model, a total of 5000 particles are randomly 
generated in the container once the simulation starts (Fig. 2(a)). 
In this simulation, the initial porosity was set excessively high to 

0.826, and the initial velocity was set to 0 to prevent the parti-
cles from overlapping each other. Particles fall and are stacked 
under the influence of gravity (Fig. 2(b)). In this process, the 
particles collide with other particles and walls and lose energy, 
and the particle velocity is eventually stabilized (Fig. 2(c)). At 
the end of the stabilization process, the plate on the top of the 
container descends at a constant speed (2 mm/s) to compress 
the powder (Fig. 2(d)). After the stabilization process, the pow-
der was only compressed up to about 6 % of the height of the 
accumulated powder. The plate that compresses the particles 
remains stationary after the compression process (Fig. 2(e)). 
This packing process can be divided into the order of particle 
generation-stack and stabilization–compression, and in this 
paper, it is called a free fall model. 

Although the physical time in the simulation using the DEM 
is different for each contact model and packing model, packing 
in the given condition is completed in about 0.13 s. Therefore, 
all simulation results were measured after 0.15 s. The time step 
in the simulation was determined by the critical Rayleigh time 
step presented by Kremmer et al. [18] as  

 

critΔt
Φ
minr

G
π ρ=  (8) 

 
where minr  is the radius of the smallest particle, ρ is the parti-
cle density, G is the shear modulus of the particle, 
Φ . .ν= +0 163 0 8766 , and ν  is the Poisson’s ratio. In this 
study, the time step was set to 1.0×10-8 s, which is about 30 % 
of the critical time step, to reduce the computational error that 
can occur during the simulation.  

In the existing method, where the compression process oc-
curs after the free fall, most simulation time is spent on mean-
ingless processes including free fall and compression proc-
esses. Therefore, in this paper, the growing particle model, 
which eliminates the free fall and compression processes of 
the particle and gradually grows the particle in a defined space, 
is proposed.  

 
3.1 Free fall packing model (FF) 

The free-fall model is one of the most widely used models in 
existing research on packing [16, 24, 25]. As described above, 
after particles are generated in the limited space of a container, 
the freely falling particles are stacked by gravity. Then, a plate 
is used to add load on the particles at a constant speed to 
compress them to the desired depth. The shape at each stack-
ing step of the free-fall model is already shown in Fig. 2, and 
the differences in configuration caused by the three different 
contact force models (Linear model: Linear; Hertz-Mindlin 
model: Hertz; Hertz-Mindlin following JKR theory: JKR) are 
shown in Fig. 3. Figs. 3(a)-(c) show the particles after the free 
fall process but before the compression process. As shown in 
Fig. 3, the linear spring model and the Hertz–Mindlin model 
have similar shapes because they only consider the volumetric 
force. However, because the JKR model considers the surface 

Table 1. Material properties. 
 

Particle parameter Value 
Particle size, pr  25 μm 

Particle density, ρ  2500 kg/m3 

Total number of particles 5000 
Young’s modulus, E 6.3×109 Pa 

Poisson’s ratio, ν  0.24 

Coefficient of restitution, pε  0.95 
Friction coefficient (particle to particle), pμ  0.1 

Friction coefficient (particle to wall), wμ  0.0 

Surface energy (only for JKR model), γ  0.0199 N/m2 
Wall parameter Value 

Upper plate velocity -2 mm/s 

Compaction ratio 0.943 

 

 (a) 0.0 s (b) 0.01 s (c) 0.02 s  (d) 0.05 s  (e) 0.15 s 
 
Fig. 2. Snapshots for free fall particle packing. 
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force, this model shows a 17.2 % higher filling height because 
of the attraction between particles. However, as shown in Figs. 
3(d)-(f), the differences in configuration are almost negligible 
after the load is applied, and the comparison with the shape 
before the load is applied is meaningless. Therefore, it will be 
compared with the shape after the load is applied. 

 
3.2 Packing model for growing particle with 

full gravity (GP1) 

To reduce the overall computation time, very small particles 
were generated in the initial step and the space was gradually 
filled by increasing the particle size in a very short time. Small 
particles were generated in the first step to avoid initial overlaps 
that can cause abnormally large contact forces. In other words, 
instead of dropping and compressing the generated particles 
into the limited space, small particles were initially generated 
and expanded to fill the limited space. Therefore, the height of 
the upper plate was set equal to the final height that will be 
reached by the plate in the free fall packing model. 

The initial size of the particle can be expressed in terms of 
the ratio of the actual radius of the particle to be analyzed, and 
it was set to 0 ,  r p targetr rξ= , where rξ  is the ratio of the size of 
the particles generated at the beginning of the simulation, and 
it was set to 0.01. In other words, the size of the generated 
particles is 1/100 of the desired size. After that, the size of the 
particle is increased using the exponential function shown be-
low. 

 

, ,

, ,

1 ,

,
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p p target r p p target

p p target p p target

r r e if r r

r r if r r

ξ τξ
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 (9) 

 
where pr  is the radius at the current time step of the given 
particle, ,p targetr  is the radius of the particle when the particle 

size is the largest (i.e., the desired radius of the particle), t  is 
the current time, and τ  is the slope of the exponential function 
(i.e., the rate at which the size of the particles grow). In this 
study, τ  is set to 0.1; by adjusting this value, the rate of the 
particle size can be controlled. The graph used in this study is 
shown in Fig. 4. 

As the simulation progresses, the size of the particles will 
quickly grow to fill the container. Unlike the FF model where 
particles fall from the top, the packing model for growing parti-
cles with full gravity fills up the container with particles from the 
bottom. Fig. 5 shows simulation results using the Hertz contact 
model at different time steps. In Fig. 5(a) where the particles 
were first generated at t = 0.0 s, the particle size is ,. p targetr0 01 , 
and in Fig. 5(b) where the size of the particles is increased and 
the particles begins to fall at t = 0.005 s, the particle size is 

,. p targetr0 49 . In Fig. 5(c), t = 0.0082 s, the particle size reaches 
,. p targetr0 60 , and particles are all piled up due to gravity. In Fig. 

5(d), t = 0.015 s, the particle size was increased to ,. p targetr0 88 , 
and the height of the overall powder bed was increased. In Fig. 
5(e), it was found that the particle size was the same as the 
initial set size and it completely filled up the limited packing 
area. In other words, for the simulation that took about 0.13 s in 
the FF model, the same simulation completed in about 0.025 s 
in the growing particle model. In this model, gravity continu-
ously affects the particles during particle generation and growth 
processes. This model is defined as GP1. 

 
3.3 Packing model for growing particle with 

partial gravity (GP2) 

In the GP1 model, particles are accelerated toward the bot-
tom of the container due to gravity. Therefore, the bottom part 

 (a)  (b)  (c) 
 

 (d)  (e)  (f) 
 
Fig. 3. Packing configuration according to contact models. Before loading: 
(a) linear-FF model; (b) hertz-FF model, (c) JKR-FF model and after load-
ing: (d) linear-FF model; (e) hertz-FF model; (f) JKR-FF model. 

 

 
 
Fig. 4. Particle size according to time. 

 

 (a) 0.0 s (b) 0.005 s (c) 0.0082 s (d) 0.015 s (e) 0.05 s 
 
Fig. 5. Snapshots from packing model for growing particle with full gravity 
(GP1). 
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of the container is filled by gravity first, and then particles grow 
to fill the container. However, if the powder bed is inflated in 
this way, the growth of the powder bed will be affected by the 
friction between the particles and the wall, and thus, the inter-
nal particle structure may be changed. Therefore, to prevent 
this effect, a packing model for growing particles with a partial 
gradient, where gravity does not act when particles grow but 
acts after the size of the particles become the final set size, is 
used in the simulation.  

Fig. 6 shows the simulation results when the Hertz contact 
model was used. In Fig. 6(a), the particle size was set to 

,. p targetr0 01 , which is the same ratio as that of the GP1 model. 
Likewise, in Figs. 6(b)-(d), the particles have particle size ratios 
of ,. p targetr0 49 , ,. p targetr0 60 , and ,. p targetr0 88 , respectively. Unlike 
GP1 model, gravity does not act on the particles during grow-
ing particles. Therefore, the particles do not sink but float with 
zero gravity. Then, the particles grow to fill the packing region, 
and this is defined as GP2. The GP2 model is shown in Fig. 6, 
and it does not show much difference from the GP1 model. 
Therefore, the three models are compared through the analy-
sis of the internal structure. 

 
4. Results 

The CN, porosity, and RDF are generally used to compare 
the internal structure of particle contact and packing models. 
Therefore, this paper also examined the averaged CN, aver-
age porosity, and RDF to examine the packing structure in the 
container and confirmed the spatial distributions of the local CN 
and porosity in the container. 

 
4.1 Averaged coordination number (CN) and 

porosity 

The CN is the number of particles within a certain radius 
around a reference particle and this number indicates the 
structure of powder packing. The radius can be defined as the 
ratio of the diameter of the reference particle, and when the 
radius is 1.01 pd , this represents the number of particles in 
contact with the reference particle. If all particles are the same 
size and particle deformation can be ignored, the theoretical 
maximum CN is 12 with a radius of 1.0 pd . However, since 
particle deformation should be ignored when the radius is 
1.0 pd , many studies use a radius of 1.005 pd , 1.01 pd , or 
1.0 pd  [30, 31]. Therefore, in this paper, the powder packing 
structure was confirmed by using a radius of 1.01 pd  used 

frequently. The results are shown in Fig. 7.  
Fig. 7 shows that the CN is almost constant regardless of the 

contact model or packing model and the value is about 6.3. 
This is similar to the FF model where particles stack up and the 
GP1 and GP2 models where particles are filled in a confined 
space, which indicates that there is no significant difference in 
the internal structure due to contact between particles when 
packing is performed. 

Porosity is the ratio of the empty volume within a space. In 
other words, this is the volume ratio of the container to the 
pores excluding the volume of the particles of the powder in the 
container, and this can be calculated as  

 
V

T

V
V

φ =  (10) 

 
where VV  is the volume of the pore and TV  is the entire vol-
ume. Furthermore, in this paper, the porosity was calculated by 
excluding the overlapped volume and considering the con-
tacted and overlapped particles for the accurate calculation of 
the pores. However, because the entire volume of the con-
tainer is constant in all cases, the sum of the calculated over-
laps for all particles is very small, the same powder compres-
sion rate is used in all cases, and the macroscopic porosity 
shows almost the identical values.  

 (a) 0.0 s (b) 0.005 s (c) 0.0082 s (d) 0.015 s (e) 0.05 s 
 
Fig. 6. Snapshots from packing model for growing particle with partial grav-
ity (GP2). 

 

 
(a) 

 

 
(b) 

 
Fig. 7. Dependence of (a) average coordination number; (b) total porosity 
for different contact model and packing model. 
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4.2 Radial distribution function (RDF) 

The RDF is one of the important parameters to understand 
the internal structure as it analyzes the packing structure that 
shows how many particles are concentrated around the refer-
ence particle as a function of distance [32]. An RDF value, the 
number density of particles that exist between two virtual 
spherical spaces with a radius r  and r dr+ , is defined as  

 

( ) ( )
24

dN r
g r

r drπ ρ
=  (11) 

 
where ( )dN r  indicates the physical number of particles that 

exist between two virtual spherical spaces having radii r  and 
r dr+ . ρ  is the number density of the particles and can be 
calculated as /N Vρ = , where N  is the number of particles 
in the virtual sphere with radius r , and V  is the volume of 
the virtual sphere. In Eq. (11), 24 r drπ  is the volume between 
the virtual spherical space with a radius r dr+  and the virtual 
spherical space with a radius r. Therefore, Eq. (11) becomes 

 

( )g r r dr r r

r dr r r

N N V
V V N

+

+

−= ×
−

 (12) 

 
In general, if the particles are the same and completely 

spherical, the RDF peak values appear at 1.0, 1.73, and 2.0 
radial distances, which represent multiples of the particle di-
ameter. If the particles are adjacent to each other, this value 
becomes 1.0, and if three particles form a triangular structure, 
the value becomes 1.73 [32]. Finally, if three particles are in a 
straight line, the value becomes 2.0. 

As shown in Fig. 8, the peak values in this study are ob-
served at nearly the same three radial distances regardless of 
the contact model. Furthermore, in each contact model, all 
packing models show almost the same intensity. This indicates 
that all three packing models (FF, GP1, and GP2) show almost 
identical packing structures between particles regardless of the 
contact model. In other words, in terms of the RDF, there is 
almost no difference between the packing models.  

Fig. 8(a) shows the RDF graph when the linear-spring con-
tact model is used and the packing model is applied differently. 
The radial distances in all packing models show peak values at 
1.0, 1.73, and 2.0. Although the intensity of the free fall packing 
model is slightly higher than that of other packing models, the 
difference is negligible. Figs. 8(b) and (c) show the results 
when three different packing models are applied to the Hertz-
Mindlin contact model and Hertz-Mindlin following JKR contact 
model. As shown in Fig. 8(a), the two graphs have peak values 
at the same radial distances and have almost the same inten-
sity. Finally, Fig. 8 shows that in one contact model, particles 
have the same packing structure regardless of the packing 
model. 

 
4.3 Spatial distribution of porosity 

Although average porosity can determine the degree of 
overall packing, it is difficult to understand the spatial distribu-
tion of pores. Therefore, the compressed container is divided 
into several regions and the porosity of each region is exam-
ined. In this paper, the length and width are divided into 10 
sections each, and the height is divided into 14 sections to form 
cuboid regions; then the porosity of each region is calculated. 
Fig. 9 shows the porosity distributions when all contact and 
packing models were used. Because it is a nearly symmetrical 
distribution, only the x-y section around the center point in the 
z-axis direction is shown. Although the pore distribution can be 
slightly different depending on the contact model or the packing 
model, in general, the porosity is large at the edge of the wall, 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 8. Dependence of RDF between different contact model and packing 
model: (a) linear-spring contact model with various packing model; (b) 
hertz-Mindlin contact model with various packing model; (c) hertz-Mindlin 
with JKR model with various packing model. 

 



 Journal of Mechanical Science and Technology 36 (7) 2022  DOI 10.1007/s12206-022-0632-6 
 
 

 
3568  

the particles are well packed, and the porosity is low around 
the center. In all cases the smallest porosity is about 0.25 and 
the largest porosity is about 0.5. Errors were checked for each 
contact model to determine differences in porosity depending 
on the packing model. The average porosity of the structure 
using the linear spring contact model and the free fall packing 
model is 0.377. Based on this value, the average porosity error 
between the linear-GP1 and linear-GP2 models is 0.57 % and 
0.94 %, respectively. The error of the packing simulation in 
three ways using the Hertz-Mindlin contact model was also 
based on the FF model. The Hertz-FF model had a porosity of 
0.380, Hertz-GP1 and Hertz-GP2 were shown an error of 
0.61 % and 0.93 %, respectively. Finally, in the case of the 
Hertz-Mindlin following JKR contact model, the JKR-GP1 
model showed an error of 0.38% and the JKR-GP2 model 
showed an error of 0.7 % based on the JKR-FF model. The 
porosity of the JKR-FF model was 0.376. Overall, the porosity 
of the simulation result using the growing particle model has an 
error within 1 % from the porosity of the simulation result using 
the free fall model.  

In addition, the JKR model (Figs. 9(g)-(i)), which considers 
the attractive force between particles due to the influence of 
surface energy, and a model that does not consider the attrac-

tive force (Figs. 9(a)-(f)) show no significant differences in the 
pore distribution. This is because the powder compression ratio 
is so large that the effect of the attraction force between parti-
cles is almost negligible. 

 
4.4 Spatial distribution of contact number 

Like porosity, the spatial distribution of the CN, which can 
represent the internal structure of the packing, was also con-
firmed Fig. 10 is a projection of the center point in the Z-axis 
direction on the x-y plane, similar to Fig. 9. Like porosity, parti-
cles with high CNs are distributed around the center of the 
packing structure, and particles at the edges generally have 
low CNs. Similar to the comparison results for porosity, the 
average and error of the CN values were confirmed. The aver-
age CN of the linear-FF model is 6.28, and based on this value, 
the error of linear-GP1 is 0.32 % and the error of linear-GP2 is 
0.40 %. The average CN for the Hertz-FF model is 6.23, and 
based on these values, the errors for Hertz-GP1 and Hertz-
GP2 are 1.33 % and 1.39 %, respectively. Finally, the CN of 
the JKR-FF model is 6.26, the error of JKR-GP1 is 0.47 %, and 
the error of JKR-GP2 is 0.18 %. Although the error in the 
Hertz–Mindlin contact model is slightly larger than that in other 

 (a) Linear-FF model (b) Linear-GP1 model (c) Linear-GP2 model
 

 (d) Hertz-FF model (e) Hertz-GP1 model (f) Hertz-GP2 model
 

 (g) JKR--FF model (h) JKR-GP1 model (i) JKR-GP2 model
 

 
Fig. 9. Distribution of porosity for different contact model and packing 
model. 

 

 (a) Linear-FF model  (b) Linear-GP1 model (c) Linear-GP2 model
 

 (d) Hertz-FF model (e) Hertz-GP1 model (f) Hertz-GP2 model
 

 (g) JKR--FF model  (h) JKR-GP1 model  (i) JKR-GP2 model
 

 
Fig. 10. Dependence of contact number between different contact model 
and packing model.  
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simulations, it shows a value of 1 %, and therefore, it can be 
said that the two growing particle packing methods are valid. 

 
4.5 Simulation total time 

Fig. 11 shows the calculation times for three contact models 
and three packing models used in this paper. Even in the sim-
ple packing simulation, the simulation time can vary greatly 
depending on the number and properties of the particles. Fur-
thermore, the simulation calculation time can vary depending 
on the type of contact model used in the simulation. Fig. 11 
shows that the computation time of the linear spring contact 
model is shorter than that of the Hertz-Mindlin model or the 
JKR model. It was also found that the computation time of the 
JKR model, which calculates the surface attraction, is longer 
than that of the Hertz-Mindlin model. According to the packing 
model results, for the free-fall model analysis using a single 
CPU (i7-6700 K), the computation time of the JKR contact 
model was the longest (about 3000 min), while the computation 
time of the linear spring contact model was the shortest (about 
1400 min). However, in the model where particles are filled and 
grown in a limited space such as the GP1 and GP2 packing 
models, the calculation time was reduced to 1/4 of the free fall 
packing model on average. In other words, the computation 
time of the FF model is almost four times longer than that of the 
GP1 model or GP2 model. 

 
5. Conclusion 

This study was conducted to minimize the analysis time of 
the simulation of DEM-based powder packing. Therefore, the 
FF, GP1, and GP2 models were compared. Furthermore, to 
examine the effect of the contact model, the linear, Hertz-
Mindlin, and JKR models, were used. The average porosity, 
average CN, RDF, spatial porosity, and spatial CN were ana-
lyzed to find the difference in the packing structures according 
to the packing model. Since all packing models showed almost 
identical porosity, CN, RDF, and spatial distribution, the differ-
ences according to the packing models are negligible. This 
indicates that the growing particle model can replace the exist-
ing free fall model. Furthermore, among the two growing parti-

cle models, the GP1 model was closer to the free fall model 
than the other model due to the slight difference in the spatial 
CN distribution; however, the difference is almost negligible. In 
this paper, monodispersed particles are used, but if polydis-
persed particles are used, there is no problem in the case of 
GP2, but in the case of GP1, small particles may escape be-
tween large particles and the structure may change. 

Therefore, in this study, it was proposed to use the growing 
particle model instead of the free fall model because it can 
greatly reduce the computation time. In particular, the growing 
particle model would become more useful as the total number 
of particles increases or the time step for analyzing the behav-
ior of particles decreases by using more rigid materials. In the 
near future, we will also deal with the distribution of contact 
forces and stresses that are not covered in this paper. 

Although the growing particle model was applied only into 
the particle packing simulation, it can be expanded to other 
simulation based on DEM. Especially, in complex domain, it 
can be quite advantageous if certain parts need to be emptied 
and the rest filled. These techniques have not been applied to 
commercial software such as EDEM and Rocky. But, we be-
lieve that this technology will greatly help reduce the simulation 
time in the future if applied. 
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Nomenclature------------------------------------------------------------------ 

Fn  : Normal force acting perpendicular to the particle  
Ft  : Tangential force acting to the particle 
kn  : Spring stiffness coefficient in the normal direction 
ks  : Spring stiffness coefficient in the tangential direction 
δn  : Overlap between particles in the normal direction 
δt  : Overlap between particles in the tangential direction 
νn  : Damping coefficient in the normal direction 
νt  : Damping coefficient in the tangential direction 
∆vcontact : Relative velocity between  
μ  : Coefficient of friction 
rp  : Radius of particle 
r*  : Equivalent radius 
E  : Young's modulus 
E*  : Equivalent Young's modulus 
G*  : Shear modulus 
G   : Equivalent shear modulus 
ν  : Poisson’s ratio 
m*  : Equivalent mass 

 
 
Fig. 11. Comparison to simulation running time between packing models. 
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ep  : Repulsive coefficient of the particle 
a : Contact radius of the particle 
γ  : Surface energy of the particle 
ρ  : Density of the particle 
εp  : Coefficient of restitution 
μp  : Friction coefficient for particle to particle 
μw  : Friction coefficient for particle to wall 
Φ  : Porosity 
VV  : Volume of the pore 
VT  : Entire volume 
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