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ABSTRACT

The growing numbers of space debris pose a sig-
nificant risk to man-made objects operating in
Earth orbits, raising the probability of impacts
that could lead up to the complete failure of the
spacecraft. To better model the characteristics
and behaviour of the fragments generated after
in-orbit collisions, the simulation of these events
plays a central role. In this context, the Colli-
sion Simulation Tool Solver (CSTS) is a semi-
empirical software, capable of providing data on
debris population generated after a collisional
event.
This work aims to improve the material libraries
of the software, including common-used alu-
minium honeycomb sandwich panels, and var-
ious approaches to simulate sandwich in CSTS
fragmentation are explored. In this paper a pre-
liminary model is shown that can obtain accurate
data on the fragments produced from the simu-
lation of four experimental cases. Further inves-
tigation is required to generalise this model for
different collisional situations.

Keywords: Space debris; Honeycomb, Hyperve-
locity impact; Sandwich structures.

1. INTRODUCTION

The intensified use of near-Earth orbits in recent
decades has led to a rapid increase in the space
debris population [1]. In particular, density peaks
can be observed in specific regions such as Low

Earth Orbits (LEO) and, to a lesser extent, Geo-
stationary Orbits (GEO) [2]. This issue has been
well known since the beginning of space explo-
ration era and various debris propagation models
have been studied over the time [3]. This phe-
nomenon poses a significant risk to human activi-
ties in Earth’s orbital regions. Spacecrafts can be
effectively protected from debris smaller than 1
mm through the use of dedicated shielding solu-
tions [4]. For larger tracked debris, when the im-
pact probability is deemed sufficiently high, col-
lision avoidance manoeuvres must be performed
when possible [5]. For scenarios, the ability to
assess and understand fragmentation events and
their consequences is essential [6, 7, 8]. In the
first case, it allows the development of improved
protection solutions by optimising shield geome-
tries and materials in order to minimize the im-
pact damage [9]. It also allows to evaluate how
the critical components of the spacecraft would
be affected depending on the collision conditions
[10]. Moreover, in the second case, the construc-
tion of validated fragmentation models can help
complete debris tracking data and can lead to a
more accurate estimation of in-orbit impact prob-
abilities.
Different strategies can be employed to develop
such models. Analytic equations can provide
fragments distributions in terms of size, shape,
and velocity [11, 12]; however, they present lim-
itations in representing all the parameters af-
fecting orbital break-ups. On the other hand,
hydrocode simulations provide highly detailed
analyses of collision events but can be extremely
computationally expensive [13]. Because of this,
in recent years, the Space Debris Group of the
University of Padova [14] has developed CSTS,
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a semi-empirical software for impact modeling
[15]. The software approximates the bodies in-
volved in the impact using a coarse mesh of
Macroscopic Elements (MEs), which serve as
nodes of the structure, connected by structural
links. Fragmentation, treated as a process with
short time evolution where stresses exceed ma-
terial strength, is simulated using semi-empirical
models. Instead, the propagation of shock waves
along the structure is modelled by tracking the
momentum transferred to the MEs and the dissi-
pated energy along the links, leading to the even-
tual failure of the structure. Compared to tra-
ditional hydrocodes, CSTS provides statistically
accurate results in a considerably shorter CPU
time. However, accurate tuning against exper-
imental data is needed to provide realistic in-
formation about the fragments produced. Cur-
rently, the code has been tuned for commonly
used materials such as aluminium and carbon re-
inforced polymers (CFRP), allowing the simula-
tion of complex in-orbit fragmentation scenarios
and obtaining statistically accurate debris distri-
butions [16, 17]. However, further investigation
is required to model all the materials and MEs
present on board of satellites and rocket bodies.
This work focusses on expanding the material li-
brary of the software, including sandwich ma-
terials with aluminium honeycomb core. Sand-
wich panels represents a common-use solution
in spacecraft due to their capacity to produce
lightweight structures with high strength and
high stiffness. Commonly associated with alu-
minium or CFRP external skins, honeycomb
cores combine a high compression modulus with
a low mass, making it possible to significantly
space the external plates without excessively in-
creasing the areal density. In addition, honey-
comb cores increase the panel momentum of in-
ertia and, as a consequence, the flexural strength
compared to a single-plate structure of the same
mass. [18].
This paper is organised as follows. In Section
2 an overview of the CSTS fragmentation algo-
rithm is presented. Section 3 describes the ap-
proaches developed for modelling the fragmen-
tation of these materials. Finally, Section 4 illus-
trates the results of the simulations and Section 5
discusses them.

Figure 1: Discretization of a spacecraft using the
Macroelements available in CSTS [20].

2. OVERVIEW ON CSTS

The software in development, CSTS, implements
a hybrid approach to simulate hypervelocity im-
pacts (HVI) [15]. The spacecraft structure is ap-
proximated using Macroscopic Elements (MEs),
which are connected through different types of
structural links; the MEs currently implemented
in the code have a simple shape (e.g. plates,
boxes, cylinders, spheres, etc.). An example of
the discretization of the structure using MEs is
shown in Fig. 1. The core idea behind the soft-
ware is that the collisional event can be viewed
as a combination of two phases with distinct
time evolution: the first phase concerns the im-
pact itself, which occurs within a very short time
frame, typically on the order of milliseconds.
The collision and subsequent formation of shock
waves lead to the production of a cloud of frag-
ments. Following this event, shock waves propa-
gate through the structure, affecting its integrity.
This second phase evolves over a longer period
of time and affects the integrity of the structural
links.
In order to incorporate this idea, CSTS operates

through three main algorithms: the Breakup Al-
gorithm, which describes the rapid fragmentation
of the MEs, the Tracking Algorithm, which deals
with the tracking of both fragments and MEs, and
finally the Structural Response Algorithm. The
last part of the code evaluates the eventual failure
of the links, determining the large-scale response
of the MEs network.
Focussing on the Breakup Algorithm, the pro-
cess can be described as follows: when the im-
pactor strikes the ME, a fragmentation volume is
defined based on the energy of the collision and



Figure 2: Voronoi fragmentation pattern applied
to the fragmentation volume [15].

the material density. This volume is populated
with a certain number of seeds, which are used
to generate fragments, using a Voronoi pattern,
as shown in Fig. 2.

The accuracy of this method strongly depends
on the precision of the calibration with the ex-
perimental data and the capacity of tuning the
seed generation in function of the impact param-
eters. For this reason, various strategies for gen-
erating seed distributions have been implemented
in the code. For isotropic materials, such as met-
als and polymers, CSTS can use either a Gaus-
sian distribution, which depends on two param-
eters, or a logarithmic spiral distribution, which
instead depends on four parameters. These pa-
rameters were optimised for aluminium plates,
using a genetic algorithm based on experimen-
tal data [15]. Furthermore, CSTS is capable of
simulating fragmentation in CFRP materials us-
ing a dedicated algorithm [19]. In particular,
this study aims to explore different approaches
to modelling fragmentation also in sandwich ma-
terials, trying to obtain equivalent behaviours in
terms of fragment production.

3. DEVELOPMENT OF ANALYSIS
METHODS

When subjected to HVI impacts, honeycomb
sandwich panels show a complex fragmentation
behaviour. More specifically, the collision can
be divided into three distinct phases: the initial
impact of the projectile with the front plate, the
interaction between the resulting debris cloud

with the honeycomb cells, and the final impact
of the modified cloud with the rear wall of the
structure. As a result of honeycomb structure,
fragments produced by the front plate face mul-
tiple impacts with the cell walls, which absorb
their energy and reduce their size. However,
the hexagonal cells limit the radial expansion of
the debris cloud, as can be seen in Fig. 3. This
phenomenon, known as channelling effect, has
the negative result of concentrating the debris
cloud within a smaller volume, reducing the
impact area on the rear wall. As a consequence,
the concentration of the damage reduces the
shielding effectiveness of the sandwich structure
compared to a Whipple structure, where the
debris cloud is free to expand into the stand-off
space [21]. In summary, an equivalent frag-
mentation model should account for both the
filtering effect on fragments due to the multiple
impacts with honeycomb cells and the increased
fragmentation volume caused by the cloud
concentration.

Furthermore, the impact angle significantly
influences the fragmentation behaviour of the
sandwich structure. The cell walls absorb the
momentum of the debris cloud, reducing the
energy transferred to the rear wall. The higher
the collision angle, the higher the number of
walls impacted, leading to a further reduction in
the cloud energy [22].
With these premises, the first step was to identify
some experimental tests reporting information
about the characteristics of the fragments.
Therefore, four experimental tests performed
by CISAS research centre [23] were selected.
These tests were performed using the CISAS
Hypervelocity Impact Facility, able to accelerate
projectile up to 100 mg at a maximum speed
of 5.5 km/s using a two-stage Light-Gas-Gun
(LGG) [24, 25, 26]. For each test, the impactors
were aluminium spheres of 2.9 mm in diameter,
launched in normal direction against three hon-
eycomb sandwich panels; three samples were
provided with aluminium skins, while the fourth
one employed CFRP skins. The test parameters
are listed in Tab. 1. From these experiments, the
collision parameters to be implemented in the
CSTS simulations were extracted.

Fig. 4 shows the experimental distribution of
LC . It can be observed that the resolution of the
fragment dimension measurement is on the order
of magnitude of 0.2 mm. CSTS is primarily used
in satellite-scale simulations, where this level of
detail is often unnecessary, and a resolution of 1
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Figure 3: Comparison of the cloud expansion in two configuration: high-speed photo of an experimental
test on a Whipple shield (a) and a SPH simulation of a honeycomb sandwich (b). In honeycomb simula-
tion is visible the contraction of the cloud caused by the channeling effect. [21]

Table 1: Experimental tests parameters.

Test ID Skin material Total thickness [mm] Skin thickness [mm] Total mass [g] Projectile velocity [m/s]
Test 1 Al 25.4 1.1 28.846 4630
Test 2 Al 50.8 1.2 81.709 4710
Test 3 Al 25.4 1.1 30.422 3630
Test 4 CFRP 12.7 2.3 N.D 4800

Figure 4: Experimental distribution of LC [23].

mm is typically set. However, this study aims to
achieve the same resolution as the experimental
tests.

Comparing the curves about test 1 and test
3 it can be observed that, even if in test 3 the
target was hit by a projectile 1 km/s slower
than test 1, it produced a significantly higher
quantity of fragments. This can be explained
by viewing Fig. 5, showing the back side of

Figure 5: Comparison between test 1 (left) and
test 3 (right) back side.

the sandwich structure of test 1 (on the left)
and test 3 (on the right) after impact. In fact,
test 1, presents a single circular crater, while
test 3 presents multiple irregular holes. From
this visual inspection and information about the
fragment curves, it can be deduced that the test
3 projectile collided in correspondence with a
honeycomb cell wall. This event led to a greater
production of fragments compared to an impact
happening in the centre of the honeycomb cell.

As a first step, a preliminary analysis was



Figure 6: Comparison between experimental and
simulated fragments characteristic length curves
using the two-plates configuration.

performed evaluating the collision parameters in
test 1 while ignoring the effect of the honeycomb
core but considering only the skins. The struc-
ture was modelled in CSTS as two aluminium
plates spaced by the width of the core. This
approach allowed simulation to be performed
using CSTS validated materials and provided an
approximate estimation of the influence of the
honeycomb on fragment production. The perfor-
mance of each simulation against experimental
data was evaluated by comparing the distribution
of curves representing the cumulative number
of fragments (CN) in function of their largest
dimension (a) and their ”bidimensional” charac-
teristic length (LC). The rationale behind this
choice is that, as reported in [23], during the
experimental procedure, the main dimensions
of each fragment were measured using a 2D
scanning procedure. For this reason, LC is
calculated using Eq. 1.

LC =
a+ b

2
(1)

To ensure consistency when comparing the
experimental curve with the simulation output,
the three main dimensions of each fragment
produced by CSTS were calculated, but only the
two largest were considered in the LC calcula-
tion. Fig. 6 shows the results of a preliminary
simulation of test 1, using the ”two plates”
configuration. The CN-LC curve is higher
than the experimental one and has a different
distribution, showing fewer fragment production
in the range of 1.3 to 3.8 mm.

It is evident the necessity to introduce an
approach to account both the channelling effect
of the honeycomb and the filtering effect in
fragment size as the collision angle varies. Two

(a) (b)

Figure 7: Equivalent simulation approaches de-
veloped: single box (a) and triple box (b).

possible modelling approaches were evaluated,
which are resumed in Fig. 7. The first possibility
represents the sandwich structure as a single
plate element with an equivalent fragmentation
behaviour. The second approach, in contrast,
models the external plates as a two-box config-
uration but introduces a middle-layer material
calibrated to reproduce the effects of the alu-
minium honeycomb.

A choice was made to explore the single-box
approach because this solution would allow
reducing the computational time of the simula-
tion. Therefore, collisions were modelled using
a sphere ME to reproduce the projectile and a
plate ME for the sandwich structure, both made
of aluminium (or with the plate in CFRP in the
case of test 4). The plates were designed using
their real width and length and an equivalent
thickness, calculated using Eq. 2 where mexp is
the measured mass of the sandwich structures,
ρAl is the equivalent material density, and L1

and L2 are, respectively, the width and length of
the plate.

teq =
mexp

ρAl · L1 · L2
(2)

The main issue in developing this approach is
schematised in Fig. 8. An impact on a sand-
wich panel generates two craters, one on each
wall: because of the contribution of the chan-
nelling effect, in the considered collision veloc-
ity ranges the crater on the rear wall is larger than
the one that would be created if the honeycomb
were not present. This difference in crater sizes
caused simulations made with the algorithm al-
ready implemented for aluminium to be biased
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(b)

Figure 8: Scheme of an impact on sandwich
panel (a) and CSTS equivalent strategy (b).

toward larger fragments, as shown in Fig. 9. To
reproduce the sandwich behaviour using a sin-
gle element, a property of CSTS breakup process
was used: since the software reproduces a colli-
sion as a succession of multiple smaller impacts
while both the projectile and the target fragment
without changing their MEs geometry but only
their mass, a control on the crater size during
this process was introduced. In this way, dur-
ing the initial steps, the crater computed by the
software is enlarged through a factor named c1.
After a certain number of steps, controlled by
the parameter cstep, the crater is no longer artifi-
cially widened but is narrowed using c2. The last
controlling parameter of the simulation is called
cnseeds and influences the number of fragments
produced. In addition, seeds were generated us-
ing a Weibull distribution, instead of a Gaussian
one, to better describe small fragments.

4. SIMULATION RESULTS

Starting from a first-try solution, the parameters
of each simulation were optimised using a Ge-
netic Algorithm (GA), running in Phyton and
controlling CSTS in MATLAB. Multi-objective
optimisation was performed to minimise the dif-

Figure 9: Simulation results using CSTS algo-
rithm for aluminium.

Figure 10: Multiobjective optimization on test 2.
The procedure maximized R2

log between experi-
mental and simulated LC curves and minimized
the difference between produced fragments.

ference in the produced fragments ∆ and max-
imise the value of the logarithmic determination
coefficient, R2

log , between the experimental and
the simulated curve LC . More specifically, GA
was performed using 25 generations of 8 individ-
uals, where the initial population was half formed
by first-try solutions and half from randomly
generated individuals. An example of the per-
formance of the optimisation method is shown in
Fig. 10 for test 2. Optimisation could be per-
formed only for the tests on aluminium equiva-
lent plates, since simulations on aluminium are
faster than those on CFRP plates. For time cal-
culation reasons, it was not possible to complete
the optimisation process for Test 4. The results
of the procedure for each test are reported in Tab.
2.

Finally, Fig. 11 shows the resulting a and LC

curves for each test with external aluminium
plates. Through optimisation of the parameters,



Table 2: Optimized simulation parameters reported with the resulting R2
log and ∆.

Test ID c1 c2 cstep cnseeds ∆ R2
log

Test 1 0.5 0.27 30 0.39 2 (0.39% ) 0.986
Test 2 0.45 0.26 30 0.31 49 (8.66%) 0.982
Test 3 0.35 0.3 20 0.01 49 (4.14%) 0.993
Test 4 0.45 0.3 30 1.5 27 (0.35%) 0.903

the simulated curves were obtained with R2
log

values always higher than 0.98 for the LC curves
and 0.97 for the a curves, combined with a small
difference in the fragments produced. Regarding
calculation time, the simulations requested, re-
spectively, 12 minutes for Test 1, 7 minutes for
Test 2 and 13 minutes for Test 3. As mentioned,
for computational time reasons, it was not possi-
ble to complete GA for test 4: the optimisation
of the CFRP algorithm is currently ongoing and
the elaboration is significantly slower than the
aluminium one. Moreover, CFRP-skin collision
from test 4 produced roughly twenty times more
fragments than test 1, despite similar impact con-
ditions. For these reasons, the simulation, with
this level of detail, took 14 hours, obtaining a LC

curve with R2
log equal to 0.90 and a difference in

the fragments produced of 0.35%. The results of
test 4 are presented in Fig. 12.
Furthermore, Fig. 13 reports the curves result-
ing from the simulation that maintain the same
parameters, but with a higher simulation resolu-
tion.
It should be mentioned that, in order to obtain
curves with a good fit for 0.2 mm fragments, the
CSTS resolution had to be set to 0.05 mm; this
value is extremely low and cannot be used for
complex fragment scenarios involving satellite-
sized objects, due to the extremely high compu-
tational resources needed. In order to verify the
performances of the sandwich panel algorithm
for higher resolutions, this value was increased
to 0.3 mm to obtain well-fitting curves up to 1
mm fragment dimensions. Even if the simulation
parameters were not optimised for these resolu-
tions, the resulting curves maintain a good fit to
the experimental data.

5. DISCUSSION

The four simulations showed the possibility to
obtain a good fit with the experimental data in
terms of the fragments produced in a short cal-
culation time. In particular, a similarity can be
seen in the parameters for tests 1 and 2. How-
ever, this study represents only a preliminary step
in the development of a general CSTS model for
sandwich structures. In the paper a strategy was
explored to obtain good fitting results controlling
some parameters of the simulations. This method
needs to be generalised by introducing more ex-
perimental data in a broader velocity range. Pos-
sible approaches would be to distinguish two dif-
ferent impact situations, letting the user decide
whether the impact would occur on the corre-
sponding wall of a honeycomb cell, as in test 2,
or in the centre of it, as in tests 1 and 3, and dif-
ferentiate it from the value of c1 and c2 or intro-
duce a weighted random algorithm for multiple-
collision scenarios. This is necessary because
these situations present two very different cumu-
lative number curves of fragments. Another step
would be to study the repeatability in the value
of cnseeds, making it possible to control the num-
ber of fragments generated after the simulations.
Finally, a consideration needs to be made about
how the fragment distribution varies depending
on the impact angle, since the available data in
the literature refer only to normal collisions. This
effect needs to be studied and introduced into
the developed method as a modifier of the three
introduced parameters. In order to obtain the
necessary data, a test campaign is planned using
CISAS’ LGG. The tests will be carried out using
aluminium and CFRP sandwich structures, vary-
ing impact parameters such as speed, direction,
and projectile diameters to obtain more complete
information.



(a) Test 1

(b) Test 2

(c) Test 3

Figure 11: Comparison between LC and a experimental and simulated curves for Test 1 (a), Test 2 (b)
and Test 3 (c).



Figure 12: Comparison between LC and a experimental and simulated curves for Test 4.

Figure 13: Experimental and simulated LC curves with 1 mm fragments dimension resolution.



6. CONCLUSION

In this paper, a methodology to describe the frag-
mentation of sandwich panels with aluminium
honeycomb in the CSTS software has been pre-
sented. After a preliminary study on the exper-
imental data, four cases from internal tests were
chosen to simulate in CSTS. After valuing differ-
ent possible approaches, it was chosen to model
the sandwich in the software as a single equiva-
lent plate made of the same material of the ex-
ternal plates to minimise simulation CPU time.
Standard CSTS models were not suitable to de-
scribe sandwich fragmentation, making it neces-
sary to develop a different strategy based on three
controlling parameters. Simulations were per-
formed and the results were compared with the
experimental curves of the characteristic length
of the fragments.
The simulations described in this paper represent
a preliminary result in the study: they demon-
strated that CSTS is able to obtain equivalent re-
sults, in terms of produced fragments, using a
single plate element, with a high level of signifi-
cance; however, the small data sample employed
in this work does not allow to generalise the
obtained results to other impact configurations.
More tests are therefore planned to study how
varying those parameters may affect the simula-
tions and how they can be adapted to generalise
this strategy, including also the effect of the col-
lision angle.
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