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Modelling Two-Body Collisions of Porous Objects 
•  Aim: Parameterization of outcome of 2-body collisions 
Ø In particular to get realistic sticking and fragmentation conditions, as 

destructive collisions, fragmentation, and bouncing inhibit growth 

•  The collisional outcome depends on: 
-  Size and shape of target and projectile 
-  Impact velocities                                                                   

(relative velocities due to gas drag and collision history) 

-  Impact parameter / impact angle 
-  Material composition and structure                                            

of target and projectile 

•  Colliding objects: Highly porous dust aggregates  
-  (Porosity measured in: volume of voids / total volume                           

or in filling factor: volume of matter / total volume)  
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Numerical Method: 
Smooth Particle Hydrodynamics (SPH) 
•  Special version that has been extended for solid-body mechanics 

to include elasto-plasto dynamics with material strength: 
A.  Deviatoric stress rate                                             

proportional to strain                                                           
rate (Hooke’s law) 

B.  Plasticity by modifying                                                   
stresses beyon the elastic                                                    
limit (Yielding relations) 

C.  Damage model and brittle                                                 
failure for tensile stresses 

-  Suitable equation of state for complex materials 
•  Due to (mesh-free) particle nature of SPH: Natural reference frame 

for representing deformations and fragmentation. 
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Code Calibration and 
Modelling Porosity 
•  The SPH code is calibrated for agglomerates                                          

built of mono-disperse micron-sized spherical SiO2 dust                    
(By means of lab experiments in Braunschweig; Güttler et al. 2009, Geretshauser et al. 2010) 

•  Porous effects are described by a simple continuum model: 
-  Elastic and plastic properties depend on the filling factor 
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spectively. The bulk modulus is defined by a modification of the Murnaghan equa-
tion of state

K(!) = K0
(

!
!RBD

)"

(4)

where " = 4 and K0 is the bulk modulus of an uncompressed random ballistic de-
position (RBD) dust sample with !RBD = 0.15 [3]. This value was calibrated to be
K0 = K(!RBD) = 4.5kPa [11].
The strength quantities [17, 11] are illustrated in Fig. 1 and represent transition

thresholds from the elastic to the plastic regime. The tensile strength is given by a
power-law

T (!) =−102.8+1.48! Pa . (5)

The compressive strength takes the form

#(!) = pm
(

!max−!min
!max−!

− 1
)$ ln10

, (6)

with !max = 0.58 and !min = 0.12, which denote maximum and minimum filling
factor of the compressive strength relation. The quantity $ ln10 is the power of the
expression with $ = 0.58. The constant pm = 260Pa is its mean pressure.
The shear strength is given by the geometric mean of Eq. 5 and Eq. 6

Y (!) =
√

#(!)|T (!)| . (7)
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Fig. 1 Calibrated strength curves. The compressive strength # (! ), tensile strength T (! ), and shear
strength Y (! ) as a result of the calibration process described in Ref. [11].
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Parameter Study: 
Collision Velocity Threshold for Fragmentation 
•  Aim: Find collision velocity above which the impact results in 

destruction (fragments are smaller than initial target) 
•  Parameters for target and projectile: 

-  Homogeneous dust spheres 
-  Identical filling factors                                                             

(from 0.15 to 0.55) 
-  Head-on impact 
-  Different size ratios between                                                   

projectile and target (from 1:5 to 1:1) 

•  Examples of collisional outcome:  
(a) Sticking 
(b) Bouncing (with mass transfer) 
(c) Fragmentation 
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Threshold velocities for cm-sized dust collisions 11

Figure 10. Images illustrating the result of collisions close to the
threshold velocity drop at φ ∼ 0.37. The filling factor is colour-
coded. (a) For φ = 0.37 and vcoll = 11.5 m/s the projectile sticks
to the target and a smaller chunk breaks of. (b) For φ = 0.40 and
vcoll = 2.0 m/s the aggregates rebound with some mass transfer
and smaller parts chipping off. (c) However, for the same filling
factor at a slightly higher collision velocity (vcoll = 2.5 m/s) the
aggregates fragment.

caused by a complex interplay between the elastic and plas-
tic properties of the aggregates which makes it difficult to
capture this feature quantitatively. This issue is still ob-
ject of ongoing research but results on the bouncing be-
haviour of dust aggregates by Geretshauser et al. (2011) and
Geretshauser et al. (2012) provide an idea on the processes
occurring here. Related to the growth conditions they find
three types of threshold velocity transitions when increasing
the collision velocity: firstly, a gain-loss threshold velocity in-
dicates a transition from positive to negative growth where
at low velocities the aggregates stick and at higher veloc-
ities the aggregates fragment. Secondly, a velocity thresh-
old below which the aggregates rebound and above which
the aggregates stick is called a neutral-gain transition. Fi-
nally, particularly for high filling factors they also identify
a neutral-loss transition below which the aggregates bounce
and above which the aggregates fragment. All of these three
transitions are also seen in laboratory experiments (Güttler
et al. 2010). We now apply these findings to Fig. 9: since
in this paper we focus on a velocity threshold that sep-
arates positive from negative growth, the data points for
φ < 0.37 indicate a gain-loss transition. However, the re-
sults by Geretshauser et al. (2011) and Geretshauser et al.
(2012) indicate that there is also a neutral-gain transition
in this filling factor regime. For φ = 0.35 they find a thresh-
old of ∼ 1 m/s for this transition, which extends to the
region of φ > 0.37 where the data points represent colli-
sions where the growth balance is almost neutral. Thus, for

Figure 11. Graph showing the absolute energy dissipated against
filling factor for a set of simulations carried out with collision
velocities of 10 m/s (solid squares) and 12 m/s (open triangles).
As the filling factor increases, the aggregate’s ability to dissipate
energy also increases due to its increased mass. The simulations
carried out at 10 m/s are growth simulations while those carried
out at 12 m/s are destructive smulations.

φ > 0.37 the graph represents a neutral-loss transition also
at ∼ 1 m/s and the gain region is very narrow or completely
vanishes. The transition is illustrated in Fig. 10: at φ = 0.37
and a high velocity of vcoll = 11.5 m/s the growing aggre-
gate is still intact after collision and most of the projectile
mass sticks to it (a). The findings by Geretshauser et al.
(2011) and Geretshauser et al. (2012) indicate that a gain
regime and a neutral regime can be expected for lower ve-
locities. For φ = 0.40 we find a growth neutral regime below
2.0 m/s, which itself is a collision of slightly positive growth
with rebounding aggregates (b). For a slightly higher colli-
sion velocity of 4.0 m/s the aggregates fragment (c). This
indicates a significantly enlarged loss regime compared to
the situation for φ = 0.37.

The reason for the sudden disappearance of the gain
region is still to be investigated but the influence of the fol-
lowing aspects could be identified. (1) With increasing com-
pressive strength Σ(φ) an increasing fraction of the initial
kinetic energy can be stored in elastic loading of the aggre-
gates. As a consequence, this elastic energy is available for
the separation of the aggregates in a bouncing collision. (2)
With increasing φ also the bulk modulus of the aggregates
increases (Eq. 6) and the aggregates become stiffer. As a
result, the contact area between the aggregates decreases
and less energy is necessary to separate the aggregates in
a bouncing collision. (3) Because of partial sticking of the
aggregates, a clean growth-neutral bouncing is unrealistic.
Instead some mass transfer or even the rip out of larger
chunks can be expected (see Fig. 10, b). (4) Due to the
increase in Σ(φ) and K(φ) density waves of increasing am-
plitude propagate across the aggregate and lead to a local
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Results 1: 
Dependence of Fragmentation Velocity on Size Ratio 
•  The fragmentation threshold 

velocity decreases with increasing 
projectile size (fixed target size)  

•  Reason: 
-  Impact energy decreases with 

decreasing projectile size 

-  The target can absorb small 
projectiles as a whole 

•  For high and intermediate porosity 
(small and medium filling factors) 
the curves have similar shape but 
differ in value   
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(Target size: 10 cm) 

Black: filling factor 0.35 
Red: filling factor 0.25 
Blue: filling factor 0.15 

(Meru et al. in prep.) 



Results 2: 
Dependence of Fragmentation Velocity on Porosity 

•  At high porosity, the fragmentation 
threshold velocity increases with 
filling factor 

-  The compressive strength is low, 
therefore impact energy can easily 
be dissipated by plastic deformation 

-  Tensile and shear strength 
increase, therefore the stability  of 
the objects increases 

•  At filling factor ~ 0.37, a sharp drop 
occurs, and for low porosity the 
threshold is low ( ≤ ~ 1 m/s ) 
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(Target size: 10 cm, projectile size: 6 cm) 

(Meru et al. in prep.) 



Results 2: 
Dependence of Fragmentation Velocity on Porosity 

•  The drop in threshold velocity is 
independent of size ratio between 
projectile and target 

•  Complex interplay between elastic  
and plastic effects: 

-  With increasing compressive 
strength, less impact energy is 
dissipated and more is stored in 
elastic loading 

-  With increasing bulk modulus, the 
aggregates become stiffer 

-  High strengths lead to larger density 
waves (and local variations) 
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Figure 9. Graph showing the threshold velocity against filling factor for simulations carried out with Rt = 10 cm and Rp = 6 cm (left
panel and black squares, right panel), Rp = 4 cm (red triangles, right panel) and Rp = 8 cm (blue circles, right panel). The error bars
show the upper and lower limits around the threshold velocities, obtained from the simulation results. Where only the upper or lower
limit exists, it is shown using a downwards or upwards arrow, respectively. The threshold velocity increases as the filling factor increases
until a filling factor of ≈ 37% where a sharp drop in the threshold velocity occurs for all three sizes considered.

cal aggregates with vanishing impact parameter. The tar-
get and projectile radii are 10 cm and 6 cm, respectively.
As the aggregate porosity increases, the threshold velocity
above which fragmentation will occur also increases. Beyond
a particular filling factor (≈ 37%) the threshold velocity
for fragmentation rapidly drops. As the filling factor varies
the strength quantities, i.e. tensile, compressive and shear
strengths, also vary (equations 7, 8 and 10, respectively; see
also Figure 2). This is because a higher filling factor also
indicates a higher density, which on the microscopic scale
is equivalent to a higher contact number of the monomers.
As a consequence, the monomers are increasingly fixed at
their position which counteracts compression, tension, and
shear and thus the respective strengths increase with fill-
ing factor. The compressive strength is the pressure thresh-
old for the transition from elastic to plastic compression. In
a collision, it determines the ratio of kinetic energy stored
in elastic loading of the aggregate and dissipated by plas-
tic compression. Particularly for highly porous aggregates,
plastic compression is an effective energy dissipation mech-
anism. On the microscopic scale during plastic compression
monomers irreversibly role or slide against each other. In
this process, energy is dissipated and converted into heat.
Similarly, the tensile and shear strength represent thresh-
olds for the transition between elastic and plastic tension
and shear, respectively. During plastic tension or shear, en-
ergy is also dissipated by monomer rolling and sliding but
mainly by breaking contacts between the monomers. Plas-
tic compression obviously compacts the aggregate and thus
the strengths are increased. In contrast, tension and shear
decrease the strengths and destroy the aggregate. There are
two competing factors related to the stability of aggregates
when the filling factor is increased. A higher compressive

strength indicates that a smaller fraction of energy can be
dissipated by plastic compression and has to be dissipated by
tearing the aggregate apart. However, a higher filling factor
also leads to an increased tensile and shear strength, which
makes it harder to tear the aggregate apart. At low filling
factors or, equivalently, high porosity, the tensile and shear
strength are low (see Eqns. 7, 10). As a consequence, such
pre-planetesimals are rather fragile. However, the compres-
sive strength is also rather low (Eq. 8) and hence energy can
easily be dissipated by plastic deformation since the pressure
threshold for plastic compression is exceeded in each colli-
sion.

As the filling factor increases the compressive strength,
shear strength, and tensile strength increase. On the one
hand the plastic deformability of the aggregate and hence
the ability to dissipate energy hereby decrease. On the other
hand, however, the aggregates become less fragile. Overall
the aggregates gain a higher stability and the threshold ve-
locity further increases for higher filling factors. Because of
the stronger structure, more kinetic energy can be stored in
elastic loading of the aggregate (note that the higher fill-
ing factor also means that the aggregate mass is larger so
the total initial energy is also higher). To illustrate this, we
measure the dissipated energies in three simulations carried
out with a collision velocity of 10 m/s (in which growth oc-
curs) as well as 12.5 m/s (in which negative growth occurs).
Figure 11 shows that as the filling factor increases, the dis-
sipated energy also increases. Therefore, with an increased
filling factor, an aggregate’s ability to dissipated energy also
increases due to its increased mass. This is also consistent
with the analytical equation 2.

At a filling factor of φ ∼ 0.37 a sudden drop in the
threshold velocity occurs. This drop is surprising and is
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(Target size: 10 cm) 

Projectile size: 
Red: 4 cm 
Black: 6 cm 
Blue: 8 cm 

(Meru et al. in prep.) 



Results 2: 
Dependence of Fragmentation Velocity on Porosity 

•  Regimes of collisional outcome: 
-  Gain: Growth (sticking, transfer) 
-  Loss: Fragmentation 
-  Neutral: Bouncing              

(partly with mass transfer) 

•  Higher elastic loading and stiffer 
aggregates increase the probability of 
bouncing 

•  Less dissipated impact energy 
decreases the probability of sticking 

•  Larger local variations in strengths due 
to large waves increase the probability 
of fragmentation 
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(Meru et al. in prep.) 



Bouncing and 
Sticking 
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Impact velocity: 0.1 m/s 

Impact velocity: 0.3 m/s 

Impact velocity: 0.5 m/s 

Impact velocity: 1.0 m/s 

Initial filling factor:       0.15                       0.35                         0.55 

•  Homogeneous objects     
with low impact velocity: 

-  High porosity: Always 
sticking due to dissipation 
and deformation 

-  Medium porosity: 
Bouncing with plastic 
deformation 

-  Low porosity: Always 
elastic bouncing (with 
small mass transfer) 

(Geretshauser et al. accepted) 



Bouncing with  
Hard Shells 
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Impact velocity: 0.1 m/s 

Impact velocity: 0.3 m/s 

Impact velocity: 0.5 m/s 

Impact velocity: 1.0 m/s 

Hard shell filling factor:  0.35                       0.45                         0.55 

•  Highly porous objects  
(filling factor 0.15) with      
a compacted shell: 

-  Shells with intermediate 
porosity generally do 
not prevent sticking 

-  Shells with low porosity 
always lead to bouncing 
while the shell rather 
breaks than deforms 

(Geretshauser et al. accepted) 



Summary 

•  For the outcome of collisions between pre-planetesimals, the 
porosity of the objects is important 

•  Around intermediate porosity, a significant and sudden change in 
collision behaviour is observed 

•  The (quantitative) results are very sensitive to the material 
parameters ( ⇒ caution with conclusions based on special values) 
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