
1 

 

SME Annual Meeting, February 24-27, 2013, Denver, Colorado 

 

Multiple Criteria Approach to Model Calibration in 

DEM Simulation of Compaction Processes 

Anders Sand, Luleå University of Technology, Luleå, Sweden 

Jan Rosenkranz, Luleå University of Technology, Luleå, Sweden 

 

 
Abstract 

A 2-dimensional computational model based 
on the discrete element method (DEM) is utilized for 
modeling of stamp-charged coke making. In this 
process, a large volume of coal is compacted to one 
single coal cake before entering the coke oven. Cake 
densification and mechanical strength development 
are key factors for the subsequent production of a 
high-quality coke. 

An approach is introduced for model 
calibration utilizing multiple control parameters 
obtained from a laboratory-scale stamping device. 
Experimental data on stamper rebound amplitude, 
attenuation and peak force are compared with 
simulation output in a pairwise manner by 
constructing a criteria space, which allows 
identification of model settings best satisfying the 
control parameters. 

The calibration procedure carried out by 
multiple criteria comparison aided model parameter 
selection for reproducing stamper behavior in 
response to the properties of the cake subjected to 
compaction. This modeling and calibration procedure 
offers possibilities for numerically studying the 
densification and mechanical strength development of 
coal cakes. However, the approach is also more 
widely applicable to other compaction processes. 
 

Introduction 

Stamp-charging is a compaction process 
which enables coking of coal blends using high-
volatile coals with poor caking properties and other 

blendable components to still produce a high quality 
blast furnace coke. This involves compaction of the 
coal blend in a stamping machine consisting of a 
mold of slightly smaller dimensions than the coke 
oven. The machine is equipped with a series of 
stampers which are periodically lifted up and dropped 
on the coal charge. Coal is added continuously and 
the procedure is repeated until the desired height of 
the coal cake has been reached. Typical industrial 
dimensions of a coal cake can be in the order of 16 m 
in length, 6 m height and 0.5 m in width. The 
objective is to obtain a coal cake of a homogeneous 
cake density of approximately 80% of the coal solid 
density at the same time as reaching a sufficiently 
high mechanical strength of the cake to avoid failure 
during transfer from the stamping mold to the coke 
oven. In this context water is used as a binder and 
liquid bridges and capillary forces will determine the 
strength of the agglomerate. Within the field of 
agglomeration processes, the stamp-charge operation 
can thus be defined as pressure agglomeration with 
binder addition.  

Theoretical and empirical work has been 
conducted earlier for investigating the two sub-
processes of cake densification and build-up of cake 
strength [1-4]. In these studies a micro-stamping test 
unit in combination with a mechanical strength tester 
suited to the dimensions of the stamped agglomerate 
was developed. This test setup allowed the derivation 
of physical structure such as cake density (or 
porosity), but only represent average values for the 
entire cake. Detailed descriptions of local compaction 
state and densification during stamping are practically 
impossible to obtain empirically. For the purpose of 
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gaining better insight into the densification process 
and inner structure of the agglomerate, a 
computational model describing the particle system 
and compaction process is to be recommended.  
 Simulation-based studies of compaction 
processes have been conducted earlier both by 
utilizing continuum and discrete element-type 
methods. Especially studies based on the finite 
element method (FEM) have been well-represented 
[5-8]. While these studies have offered valuable 
insights into powder compaction behavior, in-depth 
understanding on particle-level interactions and 
displacement mechanisms, influence of particle size 
or size distribution, etc., is not possible to obtain by 
this approach. For such information one needs to 
resort to other methods, such as the discrete element 
method (DEM). In the context of compaction 
processes, although some exceptions exist [9-11], 
particle-based approaches have been utilized 
relatively seldom. This is believed to be because of 
the complexity of model and simulation setup, the 
difficulty of identifying appropriate parameters and 
the high computational expense. The calibration of 
mechanistic model parameters by fitting of simulation 
results to empirically obtainable quantities remains a 
challenge for particle-based modeling and simulation 
methods.  

This paper presents a multiple criteria 
approach to mechanistic model parameter calibration 
for discrete element-based simulation of the stamp-
charge operation. The capabilities of the calibration 
procedure are demonstrated by comparison of 
experimental and simulation results. The simulated 
cake density development over a stamping cycle is 
also reported and compared with experimental data.  

 

Method 

Data from stamping tests using a laboratory-
scale micro-stamping device [1-4] was utilized for the 
calibration procedure. The setup of the device and an 
example of output from one stamping cycle is shown 
in Figure 1. The laboratory-scale stamping device 
consisted of a mold of base dimensions 100 mm × 
100 mm, and a height of 150 mm. 1 kg of coal sample 
was added to the mold and the surface was leveled 
before stamping, to obtain an even surface. The 
instrumentation of the stamping device consisted of a 

load cell and a displacement transducer, allowing 
recording of stamper path and impact force. 
 

Figure 1. Micro-stamping device (left) and a typical 
measurement output from one stamping cycle (right). 
 
Further empirical input for simulations can be 
obtained by particle system analysis (particle size and 
size distribution, density) and shear tests (friction 
coefficients, cohesion). By using this set of input 
data, conducting simulations and comparing results 
with information obtained from experiments, one can 
identify the most suitable model parameters to the 
system and process of interest. The experimental 
parameters are summarized in Table 1. 

The stamping process is simulated using a 
commercial discrete element simulation software, 
Particle Flow Code in 2 dimensions (PFC2D 4.00-
123) developed by Itasca Consultants. The model 
setup for describing the stamping process includes the 
following steps:  
1. Stationary walls for representing the confining 

walls of the mold  
2. A stamper represented as a wall moving in the 

vertical direction and its motion described by the 
gravity field 

3. Generation of the coal particle collective as a 
polydisperse size distribution with a particle size 
range obtained from experiments 

4. Selection and calibration of DEM models, 
including adjustment of micro-level mechanistic 
model parameters to experimentally obtained 
macroscopic values 

5. Filling of the mold by random placement of 
particles followed by deposition and gravity-
driven formation of a porous particle layer within 
the stamping mold 

6. Simulation of the compaction process 
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Table 1. Experimental parameters 
 

Parameter 
 

 

Stamper drop height 250 to 550 mm 
Stamper weight 40 kg 
Coal solid density 1430 kg/m3 
Coal bulk density (after filling) 667 kg/m3 
Moisture content 10% 
Friction angle of coal bulk material 35 ̊
Friction angle of the stamped coal 

cake 
50-60 ̊

Coefficient of restitution, CoR 0.27 

 
Standard contact and bonding models are 

used, which require adjustment of mechanistic model 
parameters for particle-particle and particle-wall 
contacts and bonds. This makes the calibration 
procedure for parameter selection a critical step in the 
model setup. The calibration process takes place by 
comparing simulation outcome with experimental 
data and adjusting the model parameters until an 
acceptable qualitative agreement is found, Figure 2.  
 

 

Figure 2. Calibration procedure. 

In this work, stamper rebound amplitude after the first 
impact with the cake, the coefficient of restitution and 
the peak force at first impact were used as control 
parameters. The peak force and stamper rebound 
amplitude can be directly monitored both in 
experiments and in simulations. The coefficient of 
restitution can be calculated as function of the 
stamper rebound amplitudes after the first and second 
impact with the cake, as 
 

 (1) 

where the coefficient of restitution ���� is a function 
of the ratio between the rebound amplitude �� and 
the rebound amplitude of the preceding impact, ����. 
Mechanistic model parameters, obtained from 
experiments and literature, are summarized in Table 2 
[12-14]. 
 
Table 2. Model parameters used in simulation 
 

Linear contact model w. viscous 

damping 
 

 

Particle normal and shear stiffness Subject of 
calibration 

Particle friction coefficient 1.0 
Viscous damping (normal/ shear) 0.2 
Wall normal and shear stiffness 5.2 × 109 N/m 
Wall friction coefficient 1.0 
 

Parallel bond model 
 

 

Bond strength (normal/ shear) 1.0 × 1018 N 
Bond stiffness (normal/ shear) 1.0 × 1018 N/m 
Bond radius 0.1 m 
 

Contact bond model 
 

 

Bond strength (normal/ shear) 1.0 × 1018 N 

 
 

Within simulations a population of 1000 
particles was used, with the same particle size range 
as in the experimental case. Utilization of a fully 
accurate particle size distribution is not achievable 
due to practical limitations in the number of particles 
possible to simulate. Thus, the particle size 
distribution was modified by overestimating the 
number of large and underestimating the number of 
small particles. The simulated particle size 
distribution compares to the experimental population 
as shown in Figure 3.  
 

 
Figure 3. Comparison between experimental and 
simulated particle size distribution.  
 
This simplification was necessitated by the small time 
step needed to simulate the compaction process 
during stamping, due to the high stamper velocity at 
impact (3 m/s) compared to the size of the particles. 
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With these adjustments to the particle system, a time 
step of 10-8 s could be used and the simulation of one 
stamping cycle translated to a wall-clock simulation 
time of 9-10 hours. The above-described approach for 
pragmatic description of the particle system is thus 
clearly needed, since multiple simulations are 
required for the calibration procedure.  
 

Results and Discussion 

The search for the best fitting model 
parameters can be formulated as a multiple objective 
optimization problem. The multiple objectives are the 
minimization of the deviations between the measured 
and simulated results for each of the control 
parameters. The model parameters, in this case 
particle normal and shear stiffness, serve as the 
optimization variables. The aggregated objective 
function to be minimized can be expressed as  

 
 

, (2) 
 

where 	 represents the three control parameters 
coefficient of restitution, rebound amplitude and peak 
force. Each control parameter function includes a 
weight parameter, 
�, and a calculated deviation 
between the experimental and simulation result. 
The deviations between the experimental and 
simulation results for the range of model parameters 
taken into consideration are summarized in Table 3. 
To find the most promising solutions, criteria spaces 
are first constructed for pairwise comparison of each 
of the control parameters, Figure 4. The data points 
found closest to the so-called utopia point (in the 
origin) and that cannot be improved in one criterion 
without deteriorating another criterion will make up 
the compromise set. This set represents the model 
parameters that should be selected for further 
evaluation within the multiple-objective optimization 
scheme. The evaluation will also enable the exclusion 
of suboptimal solutions which cannot be considered 
as part of the compromise set. From Figure 4 it is thus 
possible to identify the model parameters 4, 5, 6 and 8 
MN/m as representatives of potentially optimal 
solutions. 3, 7 and 9 MN/m can at this stage be 
discarded as suboptimal.  

 

 

 

 

Figure 4. Pairwise comparison of control parameters.  

Using the parameter set identified above as 
candidates for producing the optimal solution, the 
swing weighting method for multiple-objective 
decision making can be utilized. The fictional 
alternatives presented in Table 4 can be constructed 
based on selecting the best and worst alternatives 
amongst the set of non-discarded solutions.  
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The worst solution (case a) is automatically 
assigned a weight of 0, while the weighting of 
solutions b1 to b3 will need to be decided based on 
the preferences of the decision maker. In this case it is 
realized that the rebound amplitude can be considered 
the most important parameter, due to the large 
influence it will have on the stamper trajectory. This 
parameter is therefore assigned a value of 1. The peak 
force is also considered important, albeit lesser than 
the amplitude. A weight of 0.7 is therefore selected. 
The coefficient of restitution is considered of least 
importance amongst the control parameters and 
assigned a weight of 0.3. Weighting parameters can 
then be calculated as shown in Table 4. Using these 
weights in the aggregated objective function, Eq. 2, it 
is possible to identify the best solution based on the 
compromises made above. Table 5 summarizes the 
calculation of objective function values and identifies 
6 MN/m as the optimum solution.   
 
Table 3. Deviation between experimental and 
simulation results for the three control parameters, 
resulting from selection of mechanistic model 
parameter settings 

Parameter 

 

N/S stiffness 

Coefficient of 

Restitution 

Deviation 

Rebound 

Amplitude 

Deviation 

Peak Force  
 

Deviation 
Experimental 0.0% 0.0% 0.0% 

    
Simulation    
3×106 N/m 28.7% 46.5% 26.3% 
4×106 N/m 30.8% 38.8% 8.4% 
5×106 N/m 2.7% 9.3% 17.3% 
6×106 N/m 23.9% 1.3% 18.4% 
7×106 N/m 37.9% 16.4% 21.2% 
8×106 N/m 43.0% 1.2% 18.4% 
9×106 N/m 20.2% 30.6% 20.7% 

 
Table 4. Fictional solution alternatives and selection 
of control parameter weighting  
 Coefficient of 

Restitution 

Amplitude Peak Force 

a = worst 43.0% 38.8% 18.4% 
b1  2.7% 38.8% 18.4% 
b2  43.0% 1.2% 18.4% 
b3 43.0% 38.8% 8.4% 
 Weight Weighting 

parameter 
Weight for the aggregated 

objective function 
a = worst 0   
b1  0.3 w1 (CoR) 0.15 
b2  1 w2 (Ampl) 0.50 
b3 0.7 w3 (Force) 0.35 

 

Table 5. Calculated value function based on 
weighting of control parameters  

Model 

parameter 

Coefficient 

of 

Restitution 

Rebound 

amplitude 

Peak 

force 

Objective 

function 

value 

4 MN/m 0.308 0.388 0.084 0.270 
5 MN/m 0.027 0.093 0.173 0.111 
6 MN/m 0.239 0.013 0.184 0.107 
8 MN/m 0.430 0.012 0.184 0.135 

 
The result of the calibration procedure is 

illustrated by comparing the stamping simulation 
utilizing the model parameter identified as yielding 
the optimum solution with the measured data. The 
outcome can be viewed in Figure 5.   

 

Figure 5. Simulation results using calibrated model 
compared with experimentally measured stamper 
trajectory and force.  

Once the model calibration has been carried out, it is 
possible to utilize simulations for investigating a 
plethora of additional properties of the coal cake, 
including porosity data, coordination numbers, stress 
development inside the cake, etc. Porosity will here 
be discussed as one example of such information 
extractable from simulations. Based on data available 
from the empirical studies, the porosity of the coal 
cake before stamping was 47% and the end porosity 
after a full stamping cycle approximated 25%.   

Localized porosity data are not obtainable 
through experiments, but within DEM simulation it is 
possible to record porosity as function of time. The 
outcome of a simulated stamping cycle is shown in 
Figure 6, also showing realistic results for the start 
and end porosity. Each impact by the stamper is 
signified by a characteristic drop in porosity. 
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Figure 6. Cake porosity over one stamping cycle.  

 

Concluding Remarks 

A calibration approach for finding the 
optimal mechanistic model parameters, in this case 
normal and shear stiffness, for a stamp-charge 
compaction process has been presented. The results of 
simulations, while compared with experimental data, 
show that DEM is a feasible tool for studying 
compaction processes such as the stamp charge 
operation. This work is based on standard PFC2D 
interaction models for calculating contact and 
bonding behavior between particles. Although the 
results indicate that these models can be successfully 
utilized for producing appropriate cake behavior, 
future work will be aimed at developing more 
physically meaningful bonding models. Simulation 
time restrictions did not at the moment allow 3D 
simulation of the stamp-charging process, but the 
same calibration methodology is deemed applicable 
also in the 3D case, and in other types of compaction 
processes. 
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