
1 INTRODUCTION 

The well-known flow problems of cohesive particu-
late solids in storage and transportation containers, 
conveyors or process apparatuses include bridging, 
channelling, segregation, flooding, avalanching etc. 
In addition, the insufficient apparatuses and system 
reliability of solid processing plants are also related 
to flow problems. Taking into account this list of se-
lected technical problems and hazards, this moti-
vates us to deal with the fundamentals of cohesive 
powder consolidation and flow behaviour, i.e. to de-
velop a reasonable combination of particle and con-
tinuum mechanics. The goal of the present work is 
to build a numerical bridge between the microscopic 
particle properties based on the atomic force micro-
scope (AFM) measurements, theoretical models of 
elastic-plastic contact behaviour and the macro-
scopic powder flow behaviour of cohesive powders. 

Continuum mechanical models and appropriate 
measuring methods were successfully applied to de-
scribe the flow behaviour of cohesive powders, as 
well as for practical design of process apparatus, e.g. 
silos. However, the essential constitutive functions 
of the powder “continuum” can be better described 
and understood with the help of particle mechanics 
(Tomas 2001). The Discrete Element Method 
(DEM) (Cundall 1992) is an alternative solution, 
which allows us to take into account the contact and, 
what is especially important in our case, adhesion 
forces and introduce them into the equations of mo-
tion of the particles. By this sophisticated method, 
the dynamic behaviour of cohesive powders can be 
studied and understood “microscopically”. 

Combining the theoretical background and mac-
roscopic shear tests of cohesive powders as well as 
the microscopic AFM measurements of the particle 
interaction forces (Butt 1995), see also the parallel 
paper of these proceedings (Kappl 2005), it becomes 
possible to develop an appropriate contact constitu-
tive model to describe the deformation behaviour of 
ultrafine, cohesive frictional particles. In this con-
text, to simulate efficiently the shear dynamics of 
cohesive powders the implementation of an irre-
versible inelastic contact flattening, which is an es-
sential element and physical reason for the load-
dependent increase of the adhesion force, is of vital 
importance. There exists a realistic and flexible mi-
croscopic model for contact laws with elastic, plas-
tic, and adhesion forces, as based on macroscopic 
observations from bulk experiments (Tomas 2001, 
Tomas 2002). The model in a simplified form is ap-
plied to the Jenike shear test as well as a biaxial 
shear box, in order to find out the relationships be-
tween the mechanical parameters of a single particle 
on a microscopic level and flow parameters of the 
powder continuum on the macroscopic level. 

2 ADHESION AND INELASTIC CONTACT 
BEHAVIOUR 

In terms of particle technology, powder processing 
and handling, the consolidation and non-rapid flow 
of dry, ultrafine and cohesive powders (particle di-
ameter d < 10 µm) can be explained by the load-
history dependent adhesion forces at particle con-
tacts. Here we intend to focus on a characteristic soft 
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contact of two isotropic, stiff, linear elastic, smooth, 
spherical particles. Thus, the soft or compliant con-
tact displacement is assumed to be small (hK/d << 1) 
compared to the diameter of the stiff particles. The 
contact area consists of a representative number of 
molecules. Hence, continuum approaches are only 
used here to describe the force-displacement behav-
iour in terms of nanomechanics. The microscopic 
particle shape remains invariant during the dynamic 
stressing and contact deformation at this nanoscale. 
In powder processing, these particles are manufac-
tured from uniform material in the bulk phase. These 
prerequisites are assumed to be suitable for the me-
chanics of dry particle contacts in many cases of in-
dustrial practice. 

Here we introduce the constitutive model of Lud-
ing (Luding 2003) to be used in the numerical simu-
lations since realistic and rather complicated contact 
model presented by Tomas (Tomas 2001), is very 
machine time spending to be implemented in the 
simulation software at present, Figure 1. That is why 
for the simulations we use the simplified contact law 
developed by Luding (Figure 1). 

 
Figure 1. Linearized force displacement contact law 
 

At the begin or end of the contact, i.e. when the 
contact deformation or particle-particle overlap is 
equal to 0, interaction between the particles starts 
from a predefined adhesion level (-f0, here attractive 
forces are negative). The normal force then goes 
along the linear plastic yield limit with stiffness k1, 
that takes care of a “perfect” plastic repulsion, con-
sidering also a linear dashpot that accounts for dissi-
pation during contact. Inelastic deformation at the 
contact level is added by a linear spring, with a lar-
ger stiffness k2 for unloading and reloading, so that 
the stiffness increases. The variable adhesion force 
(or cohesion on a microlevel) between the particles 
comes into the model by a “cohesive stiffness” kc, 
which allows for changing the attractive forces up to 
a maximal attractive force fmin (per absolute value). 

One should notice also the force equilibrium state at 
a non-zero contact deformation of 0

kh . Cast into an 
equation, the normal force is: 
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The tangential force involves dissipation due to 
Coulomb friction, but also some tangential elasticity 
that allows for stick-slip behaviour on the contact 
level, see David et al. (David 2005) in this book. 

3 SIMULATIONS 

One possibility to gain insight about the material be-
haviour of a granular packing is to perform elemen-
tary tests in the laboratory. Here, we choose as alter-
native the simulation with the discrete element 
model (D'Addetta 2002, Kruyt 2001, Luding 2001, 
Oda 2000, Tykhoniuk 2004). 

The discrete (or distinct) element solution scheme 
assumes each of its constituents as the separate en-
tity. Mechanical behaviour of a system, containing 
of, in general, randomly shaped particles can be 
simulated by a generalized particle flow model. The 
particles displace independently from each other and 
interact only at contacts or with interfaces (walls). If 
the particles are assumed to be rigid, and the behav-
iour of the contacts is characterized using a soft con-
tact approach, then the mechanical behaviour of 
such a system is described in terms of the movement 
of each particle and the inter-particle forces acting at 
each contact point. Newton’s laws of motion for the 
translational and rotational degrees of freedom give 
the fundamental relationship between particle mo-
tion and the forces and moments that induce them: 
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with the gravitational acceleration g
�

, mass im  of 
the particle, its position ir

�

, the total force if
�

, acting 
on it due to contacts with other particles or with the 
walls, its moment of inertia iI , its angular velocity 

iω� , and the total torque it
�

. 
The first simulations are performed only with the 

linear adhesion contact law, which was originally 
implemented into the software (PFC2D, Itasca Inc.). 
For convenience, a constant adhesion force of 
1-10 mN (0.1-1% of average contact forces of load-
ing) was used to approximate the load-history de-
pendent pull-off force (Tomas 2001). Then a series 
of simulations is done applying the more general 
dissipative contact model for adhesive particles 
(Figure 1), and the comparison is made. 



The classical translational shear cell, developed 
by Jenike (Jenike 1964), is modelled (Figure 2). 
Considering a suitable CPU-time for the simulations 
one should imagine that we simulate here only a 
small two-dimensional (2D) element from the real 
shear cell. Figure 2 shows the model for 2000 tita-
nium dioxide particles with diameter of 
about (3±0,5) µm. The upper wall (shear lid) is 
stress controlled, i.e. when the reaction force FN 
changes because of the particle reorganization, the 
height of the shear lid is changed as well. The prede-
fined normal stress is σ=FN/A (A is replaced by dZ in 
the 2D case). The horizontal shear rate of the upper 
part of the cell is preset, i.e. the upper ring is strain 
driven. As the direct response, the corresponding 
values of the reaction force are obtained, which acts 
on the lateral walls. Furthermore, the corresponding 
shear stresses τ=FS/A are calculated enabling in this 
way to find the flow parameters of the simulated 
model powder. The shear rate applied here is about 
1-4 mm/min (similar to the one used in the Jenike 
shear cell in laboratory tests). 

 
Figure 2. The shear cell model system for the simulations (lines 
in the particle system show the initial contact forces, with line 
thickness proportional to force) 

 

 
Figure 3. Location of the shear zone and determination of shear 
distortion (top: simulation, bottom: experiment) 

 
Figure 3 presents the whole particle system after 

shearing both for the simulations and the experiment 
(bottom). The shear zone and the angle γ, the so-
called shear distortion are clearly recognised here. 
The angle γ is defined as a function of the shear dis-
placements and the shear zone height hSZ. 

 

 
Figure 4. Left: force-displacement diagram; right: volumetric 
strain for different initial porosity values 

 
Figure 4 shows the force-displacement diagram 

(left) and the volumetric strain (right) at the constant 
normal stress of σN=3 kPa for three different values 
of initial porosity ε=1-ρb/ρs (where ρb is the bulk 
material density, and ρs the solid density), i.e. three 
so-called preshear tests. The upper curves in both 
graphs are obtained at a two-dimensional porosity of 
the particle system of ε2D=0.16. The typical behav-
iour of the overconsolidated powder is observed in 
this case achieving the peak force value along with 
the first-stage compaction at the beginning and tend-
ing to the steady state flow later on. The middle 
curves at ε2D=0.18 show almost ideal steady-state 
flow with the remark that the volumetric strain is 
coming to relatively stable state only at the end of 
the shear process, which is not in agreement with the 
theoretical expectations. The fluctuations of the 
shear force can be explained by means of the tempo-
rary and local shear-thickening and shear-thinning 
processes. The lower curves correspond to ε2D=0.20 
and show the behaviour of an underconsolidated 
powder. 

Figure 5 shows the comparison of yield locus cal-
culated from the Jenike shear cell experiments with 
the simulated yield loci obtained applying the differ-
ent contact laws with somewhat different parameters 
(see Table 1). The experimental data (the upper line) 
show the internal friction angle of the powder con-
tinuum to be equal to ϕi = 26°, and the macroscopic 
cohesion τc = 3,09 kPa. The lower line is the result 
of the simulated shear test, where the microscopic 
interactions between the particles are described us-
ing the so-called linear-spring-dashpot contact 
model (Hook’s law with microscopic dissipation, see 
Table 1, Simulation 1) in normal direction extended 
only by the constant adhesion force between the par-
ticles in contact (see -f0 on the Figure 1). And, fi-
nally, the two lines in the middle (Table 1, Simula-
tion 2 and 3) are obtained by means of applying the 
implemented elastic-plastic microscopic contact 
model with variable adhesion (Figure 1), though the 
upper one (Table 1, Simulation 3) from the two with 
higher “microscopic cohesive stiffness” (kc on the 



Figure 1), giving as the macroscopic result the inter-
nal friction angle of ϕi = 20°, and the cohesion of 
τc = 1,13 kPa. As one can see, direct quantitative 
comparison of the simulated data with experiments 
does not still give the satisfactory agreement. How-
ever, the implemented “cohesive” contact model 
shows a “positive” influence on the macroscopic 
flow behaviour of a consolidated powder bed. Very 
important result is the fact that the macroscopic co-
hesion τc can be related to the maximal microscopic 
attractive force fmin, see Kappl 2005. 

 
Table 1. Contact model properties used in the simulations 

Simulation Contact model Stiffness  k1 k2 kc 
1 Hook 108 N/m 108 N/m 108 N/m 
2 Cohesive 108 N/m 2⋅108 N/m 2⋅108 N/m 
3 Cohesive 108 N/m 2⋅108 N/m 8⋅108 N/m 
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Figure 5. Shear stress - normal stress diagram of yield locus 4 
of model material (TiO2) for experiment and different micro-
scopic force-displacement laws (linear and “cohesive”) 

4 CONCLUSIONS 

In summary, a set of DEM simulations based on dif-
ferent contact constitutive models are presented, and 
several macroscopic material parameters like, e.g., 
the friction angle, were extracted from the simula-
tion data with chosen microscopic input parameters. 
Altogether this is a first step of a micro-modelling 
approach for cohesive frictional powders by means 
of going the long way from a measurement of ultra-
fine single particles, and implementing the complex 
microscopic contact constitutive laws for the con-
tacts between the particles, up to the shear dynamics 
of big particle systems finding out in this way the 
macroscopic flow parameters of bulk materials. 

So far, good qualitative agreement of the simula-
tions with experiments is reached. The implemented 
“cohesive” contact model shows a “positive” influ-
ence on the macroscopic flow behaviour of a con-
solidated powder bed. The model shows to be capa-
ble of simulating the cohesive properties of a 
material with variable adhesion (pull-off) force de-
pending among others on the preconsolidation his-
tory of every inelastic particle contact deformation. 

An important result is the fact that the macroscopic 
cohesion can be related to the maximum micro-
scopic attractive force. 

Further material parameters have to be identified, 
and also the role of particle rotations is an open is-
sue, as related to micro-polar constitutive models. In 
both simulations and experiments, rotations are ac-
tive in the shear band where the rotational degree of 
freedom is activated. The corresponding parameter 
identification and the micro-macro-transition for 
anisotropic micro-polar continuum models 
(Tejchman 1993) is challenge for the future, like the 
implementation and simulation of experimentally 
determined force-laws in three-dimensional systems. 
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