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Abstract Particle breakage during compaction affects compaction behavior and the quality of the formed 

compact. This work conducted a numerical study based on the discrete element method (DEM) to investigate 

the effect of particle breakage on compaction dynamics and compact properties, including particle size and 

density distributions, and pore properties. A force-based breakage criterion and Apollonian sphere packing 

algorithm were employed to characterize particle breakage behavior. The pore structures of the compacts 

were characterized by the watershed pore segmentation method. Calibrated with experimental data, the 

model was able to simulate the stress-strain relation comparable with experimental observation. During 

compaction, the particles were gradually broken from top to bottom with increasing pressure. Both density 

and pore size of the compacts had relatively uniform distribution at larger stress, while the pore size 

decreased sharply when the particles started to break, indicating that the smaller fragments in the compact 

system have a significant effect on the pore size distribution. 

1 Introduction 

Compaction of powders is widely used in fields such as 

pharmaceutical tableting, soil consolidation, mineral 

processing, and powder metallurgy [1]. At large 

pressure, particles may experience breakage, which 

affects not only compaction behavior but also the 

structural and mechanical properties of formed 

compacts [2]. A better understanding of particle 

breakage during compaction is critical to process design 

and product quality control. 

Previous experimental studies on particle breakage 

in compaction were mainly focused on individual 

particle breakage patterns and the effects of initial 

density and particle size distribution (PSD) on particle 

breakage [3,4]. Their results showed that the 

compaction curve and breakage pattern depended on the 

loading and initial PSD. However, particle breakage 

mechanisms are difficult to identify in experiments due 

to the lack of information at the particle scale.  

On the other hand, the discrete element method 

(DEM) which considers particle breakage through 

fragment replacement method has been proposed to 

study the effects of failure criterion and materials on 

particle breakage and compaction behavior have been 

investigated [5-7]. But studies on the effect of particle 

breakage on compact structures during the compaction 

process are still limited.        

In this study, we conducted a DEM study of particle 

compaction in which particles were subject to breakage 

upon large force. A force-based breakage model was 

implemented in the DEM model, and an image-based 

algorithm was adopted to analyze pore structures in a 

compact. In particular, the compact response and pore 

structure at different stages were analyzed. 

2 Simulation method and conditions 

2.1 DEM model 

The details of the current DEM model can be found in 

our previous study [8]. Only the particle breakage model 

is described here.  

The breakage model in this work consisted of three 

stages: determination of particle breakage, fragment 

replacement, and relaxation. Failure criteria based on 

stress [5,9] and force [6,10] have been proposed to 

determine particle breakage. However, the stress-based 

criteria are unable to simulate the contact related 

phenomena - such as stress concentrations [11]. Thus, a 

force-based breakage criterion was adopted to determine 

if a particle of size d and strength 𝜎limbreaks under a 

compressive force F. The particle experiences plastic 

deformation and is subject to breakage when the induced 

normal stress is larger than its strength, given by [12], 

𝜎 =
𝐹

𝐴F

≥  𝜎lim = 𝜎lim,0 (
𝑑

𝑑0

)
−

3
𝑚

(1) 

where m is a parameter related to particle material 

properties, which is often obtained based on single-

particle breakage experiments. 𝜎lim,0  is the mean 

limiting strength of the particles at the reference size d0, 

the mean limiting strengths of particles follow the 

normal distributions. AF is the contact area of two 

contacting particles. Note that Eq. (1) is derived from 

the Weibull theory [13], and it has been validated by 

other works [6,7].       *Corresponding author: r.yang@unsw.edu.au 
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In this work, we set the minimum size of breakable 

particles based on the work conducted by [6] which 

observed that when the minimum size of breakable 

particles was set to 0.25𝑑0  (soft materials) or 0.55𝑑0 

(hard materials such as silica sand), the mechanical 

response under compaction was less affected. Thus the 

same minimum breakable particle sizes were adopted in 

the work to reduce computational cost.  

In the simulations, when a particle broke, it was 

replaced by smaller fragments (spheres in the work) of 

different sizes. The Apollonian sphere packing 

algorithm was used in the work as: i) it is the only 

structure which can effectively fill up the whole space 

with various sizes of spheres; ii) it has a fractal 

dimension of 2.47, similar to a fully fragmented particle; 

and iii) the positions and sizes of individual particles are 

pre-determined, which can significantly reduce the 

computational cost to replace the original particles with 

new particles.  

In the relaxation stage, the sizes of the new particles 

gradually increased and their positions were adjusted 

based on force balance until the total mass of new 

particles is about 90% of the mass of the original 

particles. The relaxation process, normally took about 

20 time steps in the simulations, significantly 

maintained the mass and compact properties during 

breakage. The 10% mass loss was treated as generation 

of fines which has less impact on the compact response.  

2.2 Simulation conditions 

A simulation began with the random generation of 

spheres inside a cylindrical container. After a stable 

packing was formed, a loading plate moved from the top 

at a speed of 0.05 m/s until the prescribed pressure was 

reached. In compaction, particle breakage was checked 

every 2 ms, and information, such as the pressure on the 

plate, particle size distribution, compact density, and 

inter-particle forces were monitored and recorded for 

post-simulation analysis. 

Table. 1 Parameters used in the simulations 

Parameter Value 

Materials Silica sand 

Compact diameter, D (mm) 23, 15 

Particle number 700, 1050 

Height ratio (H/D) 0.27, 1.3 

Mass based median size, d50 (mm) 1.5 

Particle density, ρ (kg/m3) 2650 

Elastic modulus, E (GPa) 46.8 

Poisson ratio, ν 0.3 

Sliding fiction coefficient, μ 0.3 

Yield pressure, py (GPa) 3.5 

Mean limit strength, σlim,0 (GPa) 3.5 

The silica sand particles were selected in the 

simulations and their parameters were determined based 

on previous experiments [4]. The initial PSDs and 

strengths in the simulations were similar to those in the 

experiments so that the results could be compared. The 

material parameter m and mean limit strength σlim,0 in 

Eq. (1) were calibrated based on the experiment data. 

The tests showed that with m = 10, σlim,0 = 3.5 GPa 

(reference diameter, d0 = 2 mm) the simulation results 

agreed well with the experiments. Table 1 lists the key 

particle properties and the simulation conditions. 

2.3 Pore structure analysis 

The pore structure was characterized by the watershed 

pore segmentation method which is a region-based 

method for pore analysis [14]. The procedure of the 

watershed method was as follows: Firstly, a compact 

structure was converted to the binary volume data to 

separate pores and particles (the grid size is 1/20 of the 

minimum particle diameter). Then the distance between 

the void pixels and the solid pixel were calculated. 

Finally, the watershed algorithm was applied to the 

distance data to obtain the ridge points (defined as the 

local minimum values between two nearly deepest 

values (Catchment basins). The pixels of a segmented 

pore (a pore body) were labeled with the same numbers 

and the pore volume is the sum of pixels in pores body, 

its center position x, y, z corresponding to the center of 

mass of the horizontal, vertical, and planar coordinates 

of pore body. 

The watershed pore segmentation method was tested 

by analyzing the structures of an ordered hexagonal 

close-packed (HCP) structure. For the HCP structure, 

two main pore structures, which have sizes of 0.36d (d 

is particle diameter) and 0.63d, were identified. The two 

types of pore were similar to the theoretically obtained 

analytic values [15] (0.37d and 0.63d respectively), 

indicating the validity of the method. 

3 Results and discussion 

3.1 Sensitivity test and model validation  

Sensitivity tests were conducted to investigate the effect 

of the number of fragments replacing the original 

particles on the compaction curve and final PSD. 8, 20, 

and 57 spheres, corresponding to generation 1, 2, and 3 

of the Apollonian packing (see inset of Fig. 1(a)), were 

adopted in the simulations. As shown in Fig. 1, the 

compaction curves are less affected by the number of 

fragments, while the final PSDs under at 5 MPa pressure 

are clearly different, particularly for particles replaced 

with 8 spheres. On the other hand, the PSDs for 20 and 

57 spheres are similar, consistent with the previous 

findings [6]. To balance model accuracy and 

computational cost, 20 fragments are adopted in the 

simulations. 

Fig. 2(a) shows the variations of pressure with 

porosity for silica sands when particle breakage is or is 

not considered. The compaction curves with and without 

particle breakage initially follow the similar trends but 

diverge at 10 MPa. The compact response with particle 

breakage is much softer than when no particle breakage 

is considered. The decrease in porosity with pressure is 

much faster due to the generation of small fragments that 

fill up pores. The figure also shows the simulation 

results have a good agreement with the experiment data 

[4]. 

Fig. 2(b) shows the comparisons of the simulated 

and experimentally measured PSDs compressed under 
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different pressures. With larger pressures, more particles 

are broken, leading to finer size distributions. The trends 

in the simulations show a good agreement with the 

experiment [4], indicating the current model is able to 

predict the breakage behavior of particles during 

compactions. 
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Fig. 1. Effect of the number of fragments on (a) compaction 

curve; and (b) final PSD at 5 MPa. The inset shows the 

different generations of the Apollonian packing. 
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Fig. 2 Comparison of (a) compaction curves and (b) PSD for 

silica sand. The dots and lines represent the experiment and 

simulation data, respectively. 

3.2 Evolutions of compacts 

After the model is calibrated and validated with the 

experimental data, it is used to simulate particle 

compaction under different pressures, as shown in Fig. 

3. 

At the initial state (compact A) before compaction, 

the particles are evenly distributed in the compact. 

When the compaction starts (compact B), the particles 

near the compact plane start to break, and the smaller 

particles are generated and interacted with the other 

particles in the compact. With compaction proceeds 

(compact C), the breakage gradually spreads to the 

bottom of the compact. Finally, at large pressure 

(compact D), most of the large particles in the compact 

are broken.  

The densities for compacts A-D are 0.572, 0.596, 

0.667, 0.743, respectively (the mass loss during particle 

breakage was included in the calculations), and the 

mean particle sizes are 1.595 mm, 1.295 mm, 0.83 mm, 

and 0.56 mm respectively. It shows that the mean 

particle size decreases with pressure and the density 

increases with pressure except for the final compact. 

 

      
                       (a)                                            (b) 

            
                      (c)                                            (d) 

Fig. 3 Compacts with different compact stress. (a) initial 

compact (compact A), (b) 20 MPa (compact B), (c) 30MPa 

(compact C), (d) 70MPa (compact D).  
 

 Fig. 4 shows the evolution of particle size 

distribution during the compaction. The particle sizes in 

the compact gradually decrease and the percentage of 

smaller particles increases with the pressure. This figure 

is also consistent with the results in Fig. 3.  

 Fig. 5 shows the density distribution of the 

compacts at different heights (not include the fine 

particles). The compact density increases with the height 

for the initial compact and compact B. Compact B has a 

larger variation between the top and bottom of the 

compact because the particles near the compaction plane 

are broken. With increasing pressure (compact C), the 

compact has a relatively evenly density distribution 

while the density at bottom of the compact is still 

smaller due to the large particles at the bottom of the 
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compact (see Fig. 3(c)). At larger compact stress, the 

compact has an evenly density distribution with 

compact height because all the weak particles are broken 

in the compact.  
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Fig. 4 Particle size distributions of compacts A – D 
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Fig. 5 Density variations with compact height for compacts A 

- D. 

 Fig. 6 shows the pore size distribution with the 

compact height using watershed pore segmentation. The 

pore distribution shows some similarities with the 

density distribution. For example, compacts C and D 

have uniform distribution for both compact density and 

pore size. For compact B, the pore size and compact 

density have larger variations between the top and 

bottom of the compact. Also, the pore size decreases 

with the compact height while the density increases with 

the compact height. Besides, the pore size sharply 

decreases when the particles start to break, indicating 

that the smaller particles in the compacts have 

significant effect on the pore size distribution. 

4 Conclusions 

A DEM model coupled with a particle breakage model 

was developed to simulate particle fragmentation under 

compaction. The model was calibrated based on the 

experimental results in terms of compaction curve and 

PSD. Subsequently, this model was applied to compacts 

with different pressures. During the compaction, the 

particles are gradually broken from the top (near the 

compaction plane) to the bottom of the compacts with 

increasing pressure. In addition, the compacts had 

relatively uniform distributions for both density and 

pore size at larger stress. The pore size decreases with 

compact height and the density increased with compact 

height, while the pore size sharply decreases when the 

particles start to break, indicating that the smaller 

particles have a great effect on pore size distribution. 
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Fig. 6 Pore distribution with the compact height, the inset is 

the pore segmentation for compact A, the black color 

represents the particles. 
 
The authors want to thank the support from the ARC 

Research Hub on Computational Particle Technology 

(IH140100035) and Jiangsu Industrial Technology Research 

Institute (JITRI).  Supports from the National Key R&D 

Program of China (2017YFB0305603) and China Scholarship 

Council (No. 201806080112) are also acknowledged. 

References 

  [1] H. Kalman, Kona 18, 108 (2000). 

  [2] A.D. Salman, M. Ghadiri, M. Hounslow, Particle 

breakage. (Elsevier, Amsterdam, 2007). 

  [3] Y. Nakata, M. Hyodo, A.F.L. Hyde, Y. Kato,H. 

Murata, Soils Found. 41, 69 (2001). 

  [4] G. McDowell, Soils Found. 42, 139 (2002). 

  [5] W. Zhou, D. Wang, G. Ma, X. Cao, C. Hu,W. Wu, 

Powder Technol. 360, 312 (2020). 

  [6] M. Ciantia, M. Arroyo, F. Calvetti, A. Gens, 

Géotechnique 65, 91 (2015). 

  [7] O. Ben-Nun, I. Einav, Philos. Trans. R. Soc. A 368, 

231 (2010). 

  [8] R. Yang, R. Zou, A. Yu, Phys. Rev. E 62, 3900 

(2000). 

  [9] W. Zheng, D.D. Tannant, J. Pet. Sci. Eng. 177, 

1010 (2019). 

[10] X. Li, J. Li, X. Ma, J. Teng,S. Zhang, Advances in 

Civil Engineering 2018, 1 (2018). 

[11] J.A. Åström, H.J. Herrmann, Eur. Phys. J. B 5, 551 

(1998). 

[12] A. Cheshomi, E.A. Sheshde, J. Pet. Sci. Eng. 111, 

121 (2013). 

[13] W. Weibull, S. Sweden, J. Appl. Mech. 18, 293 

(1951). 

[14] B. Preim, C.P. Botha, Visual computing for 

medicine: theory, algorithms, and applications. 

(Newnes, London, 2013). 

[15] A. Patmonoaji, K. Tsuji, T. Suekane, Powder 

Technol. 362, 635 (2020). 

 

4

EPJ Web of Conferences 249, 07004 (2021) https://doi.org/10.1051/epjconf/202124907004
Powders and Grains 2021


