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A B S T R A C T

In-orbit fragmentation events can generate debris clouds of thousands of objects, that may strongly affect the 
debris environment and the management of orbital assets. Ground observations are employed to catalogue 
detectable objects; however, the observation and identification of the generated debris may require months or 
even years. Simplified models, such as the NASA Standard Breakup Model, can assess the effects of in-space 
breakup and promptly provide fragments properties distributions; nevertheless, literature data suggests that 
they might present some limitations when modern satellite designs or complex impact geometries are involved. 
In this context, a novel Italian Breakup Model is under development, to provide a more reliable description of the 
fragmentation events; in particular, a piecewise analytic size distribution equation has been conceived and tuned 
with both observation data and ground experiments. The model description and its calibration and validation 
process are reported in this paper; the obtained results show that it accurately captures the trends in experi
mental and observational data with greater accuracy compared to other existing formulations.

1. Introduction

Space debris represent a growing threat for near-Earth orbits [1,2], 
as collision velocities make even sub-centimetre objects dangerous for 
spacecraft subsystems survivability [3] and larger debris may lead to the 
functional loss and fragmentation of entire vehicles [4]. In addition, the 
growing trend of orbital launches [5] and the deployment of large 
constellations [6] are increasing the traffic [7] and the number of resi
dent objects [8], further affecting the Low-Earth Orbits (LEO) and 
leading to the worrisome configurations forecast by Kessler [9]. In fact, 
in the last years the number of in-orbit fragmentations has been not 
negligible [10] in spite of the mitigation strategies implemented by all 
the involved stakeholders [11–13]. Information on these events is 
mostly acquired from ground observations [14,15]. Current systems 
present a minimum resolution limit of about 5 cm for LEO, with larger 
values for higher orbits; in addition, cataloguing new objects may 
require different observation with a process that can last weeks or 
months. In spite of these limits, observations remain the most reliable 
sources of information on in-space fragmentation [16,17], that can be 
only in part integrated with data from ground experiments (e.g.: 
[18–22]).

In this context, it is of paramount importance to understand and 
model in-space fragmentation events. The understanding of the physical 
behaviours behind fragments generation and the development of models 

replicating orbital breakups will help scientists to better simulate the 
evolution of the debris environment [23,24], engineers to improve 
debris risk assessment processes [25], and spacecraft operators to assess 
the dangers arising from debris clouds and untracked fragments to active 
satellites [26,27]. Numerical [28,29] and semi-empirical [30–32] 
models allow replicating fragmentation events considering the influence 
of impact scenarios but often require consistent computational resources 
and a good knowledge of the involved bodies; on the contrary, empirical 
models can provide the description of fragments distributions employ
ing simple analytic formulations. Among the latter, the NASA Standard 
Breakup Model [33] represent the most employed and most known one: 
it consists of a set of equations describing fragment characteristic length, 
area-to-mass, and velocity distributions, that were derived from past 
empirical data collected until the 1990′s. Specifically, the cumulative 
distribution of characteristic length is presented as a linear trend (in 
logarithmic space) and depends only on one parameter: the impactor 
momentum for low-energy sub-catastrophic events, or the overall mass 
of the involved bodies for high-energy, catastrophic ones [33]. With a 
threshold set at 40 J/g, the EMR (Energy to Mass Ratio, i.e. the impactor 
kinetic energy divided by system mass) parameter defines the transition 
between sub-catastrophic and catastrophic collisions [33]; it shall be 
mentioned that in the state of the art the threshold has been better 
defined as a range between 35 J/g and 45 J/g and should be employed in 
the hypervelocity regime [30]. Thanks to the simplicity of its 
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formulation, the NASA SBM is employed in the majority of fragmenta
tion tools and debris environment evolution models; however, recent 
studies suggest that this model may have a few limitations, in particular 
when modern satellite designs are involved [34]. In addition, it is also 
known that the SBM is not capable to discern between central and 
glancing impacts [28,35,36]. Specifically, it has been observed that the 
inclusion of a corrective coefficient may be necessary to account for the 
fraction of the satellite involved in the event [37] or to scale the mass of 
the involved objects to obtain a number of fragments consistent with 
fragments observations [38].

To address these points, in the last decade the Space Debris Group of 
the University of Padova has investigated the parameters affecting 
collisional fragmentations to develop a novel analytic breakup model 
[39]. The efforts have recently focused on size distributions, thanks to 
the higher number of experimental and observation data available for 
this parameter: first, a characteristic lengths cumulative distribution 
model was proposed, based on numerical simulations [40], and an 
updated and simplified version was then compared with the real data 
[41]. In this work, the final characteristic length model is presented, 
with a summary of the tuning process and the validation against an 
additional breakup case. The remainder of this paper is organized as 
follows. Section 2 describes the proposed model and reports the effect of 
its parameters, while Section 3 presents the experimental and observa
tion data employed for the model tuning and cross-validation. Section 4
describes the tuning process and discusses the main results. Last, Section 
5 presents the comparison with additional cases with a partial infor
mation on the events.

2. Model description

As mentioned in the introduction, the current size cumulative model 
from the NASA SBM [33] presents a linear trend (in the logarithmic 
space); the formulation associates the debris characteristic length Lc (i.e. 
the average of the object’s three orthogonal dimensions) to the cumu
lative number of fragments N with the following relation: 

N = 0.1 M0.75L− 1.71
c (1) 

where M represents the impact momentum for collisions with EMR 
lower than a threshold of 40 J/g (“sub-catastrophic”) and the sum of the 
involved bodies masses for scenarios with EMR higher of than this value 
(“catastrophic”). The transition from sub-catastrophic and catastrophic 
events is therefore non-continuous and it is defined by a fixed threshold, 
that does not consider the influence of the impact scenario or the 
characteristics of the involved masses.

The model proposed in this paper tries to overcome this limitation by 

including a dependence on the collision geometry and involved objects 
sizes. It is defined by a three-sections piecewise formulation, that can be 
seen in Fig. 1, representative of three different phenomena that can be 
observed in the fragmentation of a large objects [40]. In more details, 
the first section of the curve, labelled as (1), represents the large parts of 
the involved bodies that survive partially intact to the breakup. The 
second part, (2), consists of the components detached due to the failure 
of structural links, such as reaction wheels, or compact or high-density 
subsystems. Last, the third section, (3), includes the small debris finely 
fragmented from the elements directly involved in the collision. This 
trend seems to partly reflect what has been observed through experi
ments (the flattening of the central section in [42]) and observations (e. 
g. the different slope of the first section in [43]) and what has been 
simulated with dedicated software [40].

The model in Fig. 1 can be described by defining only six variables: 
the coordinates of point A (Lc,A and NA) and the slope of the first section 
m1, the coordinates of point B (Lc,B and NB), and the slope of the third 
section m3. These six variables are all functions of the following collision 
scenario parameters [40,41], considering a “target” and an “impactor” 
objects.

The involved objects size (Lc,T and Lc,imp), the target mass (MT), and 
the ratio between the impactor and target cross sections α (which can be 
calculated as a square of the ratio between their characteristic lengths, 
see Eq. (2)). 

α =
(
Lc,T

/
Lc,imp

)2 (2) 

These parameters are selected because the fragmentation phenom
ena seem to be affected by the size of the bodies involved in the frag
mentation. In particular, it can be observed that the magnitude of the 
fragmentation increases with the size of the impactor: the collision of 
two spacecraft with the same size would generate a different fragmen
tation with respect to a small projectile impacting on a large satellite. 

• The parameter k1 representing the transition between glancing 
impact (k1 < 1) and central impact (k1 = 1). The first model pre
sented in [40] addressed discerned central and glancing impacts 
thanks to a complex formulation to discern between central impacts 
and "glancing", based on a definition of an "impact angle"; however, 
observations of events that occurred in orbit cannot give back this 
type of information, which for a more usable model should be rep
resented by a simpler and more universal scale parameter.

• The collision EMR and the coefficients c1 and c2, employed to draw a 
continuous transitions between sub-catastrophic and catastrophic 
impacts. As mentioned, the current arbitrary threshold of 40 J/g acts 
as a rigid split between sub-catastrophic and catastrophic events. In 

Fig. 1. Three-sections piecewise model for characteristic length cumulative distributions.
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fact, it has been observed that the EMR is a good metric for local, 
non-catastrophic events (values well below 40 J/g) as well as highly 
catastrophic ones (values well above 100 J/g) [41], but the current 
threshold is under discussion [4]. Literature data further modelled 
the effect of EMR on fragments distributions; from the proposed 
equations it is clear that if the EMR threshold is greatly exceeded the 
number of fragments is driven up (as visible in the trend of the B 
parameter in [30]). In this work, two new thresholds are presented, 
allowing the definition of three main regimes: non-catastrophic 
collisions, transition regime, and catastrophic events. Fig. 2 shows 
the graphical representation of the three regions and the two 
thresholds, as well as the trend of the coefficients c1 and c2; as re
ported in Eqs. (3)-(4), c1 is equal to 1 for EMRs below TH1 and grows 
linearly in the logarithmic space after this threshold, while c2 is 1 for 
EMRs above TH2 and decreases to 0 for values below it. 

c1 = max
(

1, log10
EMR

0.1⋅TH1

)

(3) 

c2 = min
(

1, max
(

0, log10
EMR

0.1⋅TH2

))

(4) 

In the proposed model, no dependence on the impact velocity (i.e. if 
the collision is in the hypervelocity range) is assumed, as due to the 
limited amount of tuning data it has been preferred to limit the number 
of parameters. However, further data may help evaluating the effect of 
the transition from ballistic to hypervelocity ranges on the fragments 
distributions.

In the following subsections, the formulation of the equations 
defining the six variables and the employment of these parameters is 
provided and the sensitivity of the model to them is presented.

2.1. Model equations

The definition of the three sections of the piecewise curve repre
sented in Fig. 1 can be performed with the following equations. The first 
branch is defined by three variables: the coordinates of point A (Lc,A and 
NA) and the slope of the first section m1. Their formulation is reported in 
Eqs. (5)–(7): 

Lc,A = cLCA⋅LC,T ⋅c1 (5) 

NA = max
(

1,
(

cNA

log10(MT⋅1000)
⋅k1⋅c1⋅(1 − α)

)c2
)

(6) 

m1 = − 1.71⋅c1 (7) 

This first branch shows a correction of the slope m1 with respect to 
the NASA SBM. In fact, it has been observed that for very energetic 
events (EMR > 100 J/g, coefficient c1 > 1) a better fragmentation of the 
satellite occurs, reducing the number of objects with characteristic 
lengths close to those of the satellite. In addition, with this increase of 
energy (coefficient c1 > 1) and the consequent improvement of the 
fragmentation process, the coordinates of point A also tend to lower and 
move towards larger Lc values, indicating that this branch of the curve 
tends to shrink and fewer intact parts manage to survive.

Other parameters also influence the value of the ordinate NA. First, in 
case of non-central impacts (k1 < 1) or with reduced energies (c2 < 1), 
the number of fragments generated in this branch of the curve decreases. 
Second, the transition from collisions with a small impactor to impacts 
between bodies of comparable size (e.g. the COSMOS-IRIDIUM event 
[16]) is evaluated through the use of the coefficient α (ratio between 
areas): for α = 1 (objects of similar size) the bodies involved can be fully 
fragmented and the first branch of the curve degenerates with NA = 1.

With respect to the second branch of the curve, this part is defined by 
the coordinates of point A and point B (Lc,B and NB), as reported in Eqs. 
(8)-(9). While point A represents the transition between large parts of 
the satellite that survived the collision and the components detached for 
structural failure, point B marks the transition from the latter to the 
cloud of finely fragmented debris. It shall be noted that microsatellites 
present proportionally larger components and subsystems with respect 
to large satellites; for this reason, in the formulation of LC,B two different 
values of cLCB are proposed as a function of the mass of the satellite. In 
fact, it can be expected that this branch will be strongly affected by the 
spacecraft internal structure and compactness; the implementation of 
these two parameters can help predicting the fragmentation behaviour 
without including more information on the structure and the internal 
components. 

Lc,B =

{
cLCB− LARGE⋅Lc,T MT > 1 kg
cLCB− SMALL⋅Lc,T MT ≤ 1 kg (8) 

NB = NA +
(
EMRc EMR⋅k1⋅c1

)c2 (9) 

For the ordinate NB, the main parameter influencing this equation is 
the collision EMR. Again, the parameters k1, c1 and c2 affect the 
formulation in case of "glancing" impacts or high or low energies: central 
impacts with high energies generate a larger number of fragments with 
respect to glancing or low-EMR ones.

Last, the third section is defined by point B and by the slope m3 of this 
branch. In a similar fashion to the first section, the slope was modelled 
starting from the initial value proposed by the NASA SBM and applying a 
correction in function of the target mass and the event EMR. The 
corrective factors can be seen in Eqs. (10)-(11). 

Fig. 2. c1 and c2 coefficients trend.
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μ1 = max
(

1, log10

(
MT

10

))

(10) 

μ2 = log10(10⋅EMR)
/

μ1 (11) 

The slope of the third section can be defined as reported in Eq. (12). 
With this formulation the slope is reduced for low-energy impacts, for 
which the fine fragmentation of the target areas involved in the collision 
might be limited. 

m3 =

⎧
⎨

⎩

0 μ2 < 0
− 1.71⋅μ2 0 ≤ μ2 < 1
− 1.71 μ2 ≥ 1

(12) 

For sake of completeness, the values of the tuning coefficients can be 
seen in Table 1; however, the tuning process that led to these results is 
detailed in Section 4.

2.2. Model sensitivity to input parameters

In this subsection the sensitivity of the model over the main input 
parameters is assessed by evaluating one by one the influence of EMR, 
target mass, cross sections ratio, and impact geometry (coefficient k1). A 
graphical representation of this analysis can be seen in Fig. 3; in all plots 
for the reference curve (green solid line) the parameters are EMR= 1E6 
J/kg, MT=100 kg, α=0.5, and k1=1. In addition, all plots present the 
normalized characteristic length (Lc/Lc,T) on the x-axis, and the cumu
lative number of fragments on the y-axis.

From the top left plot, it is evident that increasing the EMR leads to 
an increase in the number of fragments. Additionally, above the 
threshold TH1 (that influences the coefficient c1) the x-value of point A 
translates to higher characteristic lengths with a lower further increase 
in the number of generated fragments; this results in a steeper trend for 
the first branch of the distribution. In fact, this model assumes that an 
energetic event is more effective in finely fragment the spacecraft: the 
increase in the number of large pieces will slow down after the TH1 
threshold, even while the total number of fragments is constantly 
growing. Last, it can be observed that for low values of the EMR, rep
resenting low-energy collisions, even the slope of third branch of the 
curve (small fragments) decreases.

The effect of the target mass (bottom left) appears to be less signif
icant for large objects (i.e. with mass > 1 kg), as all the curves almost 
overlap. This suggests that there is little correlation between the target 
mass and the mechanisms causing the fragmentation. It should be noted, 
nonetheless, that this trend is normalized on the x-axis (Lc/Lc,T) in the 
figure. Taking into account a relationship between the target mass and 
size, it is evident that the curves translate to larger values of Lc as MT 
increases. Smaller objects (with mass ≤ 1 kg) show a different behaviour 
for the second and third branches: following Eq. (8), the x-axis coordi
nate of point B is translated to a larger value, as small satellites present a 
different internal layout with proportionally larger components that the 
fragmentation event may detach.

The cross section α (top right) has a strong influence on the first 
branch of the curve. It has been found that collisions between objects of 
similar dimensions (α close to 1) are more effective at fragmenting the 
entire target, producing only small debris, whereas small impactors 

(small values of α) produce a less efficient fragmentation, with large 
parts of the spacecraft detaching. The first branch of the suggested 
model collapses to the x-axis for α= 1.

Last, decreasing the coefficient k1 (bottom right) scales down the 
curve: a central impact (k1= 1) generates the largest number of frag
ments (reference case, solid red line) while for glancing ones the 
generated objects drastically decrease.

In summary, it can be observed that the proposed model represents 
the effect of the different collision parameters, depicting a reasonable 
variation of the characteristic length cumulative distributions.

3. Tuning data

To obtain the tuning coefficients reported in Table 1, a set of both 
experimental and observation data was employed. Table 2 lists the 12 
dataset employed in this work, with the literature reference, the classi
fication (experiment or observation), the EMR, and the distinction be
tween central and glancing impact. In particular, due to the limited 
available information, only three observations are included in the table: 
the COSMOS 2251 – IRIDIUM 33 collision [16], with a dataset for each 
spacecraft, and the COSMOS 1408 anti-satellite test [43]. Experimental 
data are related to the work of different research groups: two tests from 
Hanada [35], employing cubic targets with edge size of 20 cm and in
ternal composite plates to simulate boards and subsystems, three tests 
from Lan [42], using 40 cm3 cubic mock-ups with internal aluminium 
boxes and plates, two tests on picosatellites with various materials and 
internal components [22,44], one on a 2 U CubeSat model [21], and the 
56 kg DEBRISAT representative satellite model [20]. Among all cases, 
EMRs values vary from 19 J/g to >100,000 J/g.

4. Model tuning

The model tuning and pre-validation process was developed 
considering the small available dataset. For this reason, a dedicated 
procedure was employed to use smaller subsets of data and cross- 
validate them with the remaining experiments and observations; this 
also allowed the determination of an uncertainty range to apply to the 
model tuning coefficients. In this section, a detailed description of the 
procedure and of the collected results is reported.

First, a metric was defined to evaluate the quality of the model with 
respect to experimental and observational distributions. The model 
error was calculated as the sum of the norm of the deviations from the 
expected distribution, defined in terms of log10N, and sampled on 50 
equidistant values of log10LC. In the case of more than one distribution, 
the error was normalized on the number of dataset. A maximal threshold 
of 2 was also defined; errors larger than this value indicate that the 
model does not accurately represent the real-case data.

Second, the whole dataset was divided into 7 cases, visible in Table 3; 
for each case, two groups of data were created, one as “tuning dataset”, 
the other as "cross-validation dataset”. With the exception of the first 
case, that included all data in both groups, for each case at least one 
family of experiments or observations was moved from the tuning to the 
cross-validation group.

Third, for each of the model tuning coefficients, starting from an 
initial value, defined in the original model reported in [41], a tuning 
range was defined (see Table 4, columns 2 and 3). Inside each range, the 
probability of the possible values was defined by a continuous uniform 
distribution.

Fourth, for each case, a Montecarlo of 10,000 simulations was per
formed, with the tuning coefficient randomly sourced from the tuning 
range; the combination of coefficients minimizing the error was taken as 
the best one for that case. In Table 4, columns 4 to 10, the values of the 
seven combinations can be found, as well as the tuning error.

Fifth, for each case, the chosen set of coefficients was employed for 
the cross-validation with the selected dataset; again, the model error was 
calculated (see Table 4, last row) and for each case it is also reported in 

Table 1 
Tuning coefficients.

Coefficient Value

TH1 [J/g] 140.75 ± 43.80
TH2 [J/g] 43.79 ± 1.41
cLCA 0.1276 ± 0.0030
cNA 255.96 ± 1.91
cLCB− LARGE 0.0085 ± 0.0018
cLCB− SMALL 0.0405 ± 0.0015
cEMR 0.6230 ± 0.0201
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Fig. 4. The cases with an cross-validation error larger than 2 were then 
discharged, leaving only cases 1 to 4 for further evaluation.

Last, the coefficients values and uncertainties were obtained by 
calculating the mean and the standard deviation of the values from the 
selected cases. The final values are reported in the last column of 
Table 4.

Among the resulting values, it can be observed that the majority of 
the tuning coefficients present an uncertainty below 5 % of the average 
value; this suggests that the model can reliably represent the different 
collision scenarios employed in the tuning process and that the main 
relations among the parameters are well identified. The two exceptions 
to this behaviour are represented by TH1 and by cLCB− LARGE, that present 
larger deviations; in the first case it shall be noted that among the 
available dataset the EMRs were all well below or above this value, 
limiting the capacity of the tuning process to identify a well defined 
threshold. It is expected that with additional data around this value a 
reduction of the coefficient uncertainty could be obtained. With respect 
to cLCB− LARGE, it shall be considered that a large number of the experi
ments employed equivalent plates or boxes instead of the real spacecraft 
subsystems; this could affect the size of the detached parts and therefore 
the value of this coefficient. Again, it is expected that new experiments 
on more representative models might lead to the reduction of this 
uncertainty.

Fig. 5 shows the application of the model with the final value of the 
tuning coefficients to the 12 dataset. The two glancing impacts, 
PICOSAT-02 (collision on the center of one edge of the cubic shape) and 
IRIDIUM 33 (a non-central collision involving the spacecraft 
appendage), were modelled by imposing a coefficient value for k1 of 1/3 
and 1/4, respectively.In all cases it can be observed that the proposed 

Fig. 3. Sensitivity analysis on the input parameters.

Table 2 
Data employed for model calibration.

N. Target REF Experiment / 
observation

EMR, J/ 
g

Central/ 
glancing

01 HANADA–HVI [35] Experiment 52 Central
02 HANADA–LVI [35] Experiment 61 Central
03 LAN–01 [42] Experiment 71 Central
04 LAN–02 [42] Experiment 55 Central
05 LAN–03 [42] Experiment 48 Central
06 PICOSAT–01 [22] Experiment 78 Central
07 PICOSAT–02 [44] Experiment 78 Glancing
08 COSMOS 1408 [43] Observation 907 Central
09 CNES [21] Experiment 19 Central
10 DEBRISAT [20] Experiment 235 Central
11 COSMOS 2251 [16] Observation 41,564 Central
12 IRIDIUM 33 [16] Observation 108,906 Glancing

Table 3 
Tuning and cross-validation cases.

Case 
number

Case name Tuning 
datasets

Cross-validation 
datasets

1 All 1–12 1–12
2 No HANADA 3–12 1–2
3 No LAN 1–2, 6–12 3–5
4 No PICOSAT 1–5, 8–12 6–7
5 No COSMOS 1408 1–7, 9–12 8
6 No CNES and 

DEBRISAT
1–8, 11–12 9–10

7 No COSMOS- 
IRIDIUM

1–10 11–12
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model (brown dash-dot line) is more capable in fitting the real data 
(black solid line) with respect to the NASA SBM (blue dashed line).

With respect to the experiments, the DEBRISAT distribution and the 
Lan test data clearly exhibit the three-sections trend. The model’s ac
curacy appears to be lower when it comes to the data from Hanada, but 
the NASA SBM exhibits a similar pattern for these experiments. Last, the 
differing transition threshold between Sections 2 and 3 is consistent with 
the experimental distributions for smaller targets (Picosatellite tests and 
CNES experiment), indicating that the assumption about the charac
teristic size of the components of a small satellite may be accepted.

Regarding observations, the model shows that it can reconstruct the 
higher slope of the first portion of the fragments distributions for the 
COSMOS 1408 anti-satellite test; it also generally follows the observa
tion distribution trend. The model is more representative of the NASA 
SBM in both scenarios for the COSMOS-IRIDIUM event when the scale 
factor for glancing is assumed for the IRIDIUM 33 case. It can be noted 
that the event EMR for these two distributions is several orders of 
magnitude greater than in the earlier dataset. This causes the model’s 
initial section to collapse, as it is expected that no large parts of the two 
satellites survived the event intact.

5. Model comparison with additional events

A further evaluation of the model performance was performed with 
two additional dataset (see Table 5) for which the information on the 
events were only partial.

The first dataset refers to the anti-satellite test of January 11, 2007, 
on the FENGYUN 1C defunct meteorological spacecraft [45]. The sat
ellite had a 1.5 × 1.5 × 1.5 m3 cubic shape with two 4-meters long solar 
panels and a mass of 954 kg [46]; the impact velocity was reconstructed 

at 9.36 km/s [45]. However, literature data is not consistent on the ki
netic impactor size and mass; considering other ASAT tests, in this paper 
a value of 100 kg for the vehicle mass is inferred and, additionally, a 
sensibility analysis is performed on this parameter. The event led to the 
generation of thousands of fragments directly observable from ground 
telescopes, with an estimation of >100,000 uncatalogued debris larger 
than 1 cm [47]. Literature data on fragments characteristic length dis
tributions is limited to 2500 objects larger than 5 cm [48].

Fig. 6 compares the observation data with the NASA SBM (blue) and 
the proposed model (brown) both for the reference value of 100 kg for 
the impactor mass (thick lines) and for a range from 1 kg to 1000 kg 
(thin lines). It can be seen that the mass variation does not substantially 
influence the NASA SBM trend, with only a small increase in the line 
intercept, that depends only on the total mass (i.e. the sum of the sat
ellite and the impactor mass); for all cases, and in particular for the 
objects larger than 1 m, the NASA SBM underestimates the majority of 
the observation distribution trend. The proposed model, for the refer
ence impactor mass, can better follow this initial part, due to a higher 
slope of its first section with respect to the NASA SBM. In the second 
section, it overestimates the medium-range debris, in particular around 
the size of 30 cm; however, the observed fragments number quickly 
increases below this value, reducing the gap between model and the 
observations. Below 10 cm the observation resolution is reached and 
only a few fragments were catalogued, not allowing any evaluation on 
the third section of the model.

The influence of the impactor mass (and consequently of the collision 
EMR) on the model trend is clearly recognizable. The number of 
generated fragments increase with the mass: as reference, in this colli
sion configuration, for the proposed model a 1 kg projectile would create 
10 objects larger than 1 m, while a 1000 kg impactor would generate, in 
the same class, >400 objects. This result underlines how the proposed 
model has been designed to consider the effect of the different impact 
parameters.

The second dataset is related to the SOCIT4 “Oscar” fragmentation 
experiment from 1992 [49], that involved a real satellite bus equipped 
with the majority of its subsystems. The test data was fundamental for 
the development of the NASA SBM for the low and intermediate size 
fragments [33]. The 35 kg satellite was hit by a 4.7 cm spherical 
aluminium projectile (mass of 150 g) at a velocity of 6.1 km/s, gener
ating a large number of fragments from the different materials. Data on 
SOCIT cumulative distributions available in literature is mostly limited 
to the mass [50]; however, it was possible to employ the size-mass 
distributions presented by Krisko to extrapolate fragments character
istic lengths for the objects larger than 1 cm [49].

The comparison of SOCIT data with the NASA SBM and the proposed 
model can be seen in Fig. 7. It can be observed that the NASA SBM 
generally overestimate the number of fragments; on the contrary, the 
proposed model identifies both the intercept with the x-axis and the 
presence of a change in the trend slope. While it slightly underestimates 
the central part of the distribution (around 10 cm), the deviation is 
limited to few tens of fragments. Again, the available data range could 
not be used to evaluate the trend of the third section of the model.

Table 4 
Tuning coefficients.

Coefficient Initial value [41] Tuning range Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Final value

TH1 [J/g] 100 50–150 148.86 116.39 148.86 148.86 135.16 140.07 148.86 140.75 ± 16.24
TH2 [J/g] 40 20–60 44.49 41.68 44.49 44.49 41.76 29.70 44.49 43.79 ± 1.41
cLCA 0.1 0.08–0.13 0.1291 0.1231 0.1291 0.1291 0.1237 0.1264 0.1291 0.1276 ± 0.0030
cNA 355 200–400 256.92 253.10 256.92 256.92 300.63 294.15 256.92 255.96 ± 1.91
cLCB− LARGE 0.01 0.003–0.03 0.0093 0.0058 0.0093 0.0093 0.0093 0.0066 0.0093 0.0085 ± 0.0018
cLCB− SMALL 0.05 0.02–0.09 0.0413 0.0382 0.0413 0.0413 0.0471 0.0400 0.0413 0.0405 ± 0.0015
cEMR 0.58 0.4–0.7 0.6129 0.6532 0.6129 0.6129 0.5949 0.6310 0.6129 0.6230 ± 0.0201
Tuning error 1.6907 1.7180 1.8960 1.8001 1.6121 1.5713 1.4944 ​
Cross-validation error 1.6907 1.6997 1.0749 0.5475 2.8125 3.2437 2.6721 ​

Fig. 4. Cross-validation errors for coefficients tuning.
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6. Conclusions

This paper presented a three-sections piecewise model for space 
debris characteristic length cumulative distributions from in-orbit col
lisions. With respect to the NASA SBM, it employs a larger number of 
input parameters to better define the influence of the collision geometry 
on the generation of fragments. The influence of such parameters on the 
model results is also evaluated through a sensitivity analysis, showing 
the effect of the EMR, the target mass, the involved objects cross section, 
and the impact geometry (in terms of the parameter k1, representing the 
transition from glancing to central impacts).

Fig. 5. Comparison of the model (brown dashed-dotted line) with experimental and observation data (black solid line) and with the NASA SBM (blue dashed line).

Table 5 
Data employed for model comparison with additional events.

N. Target REF Experiment / 
observation

EMR, J/g Central/ 
glancing

V1 FENGYUN 
1C

[45–48] Observation Unknown Central

V2 SOCIT4 [49] Experiment 80.89 Central
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The model was calibrated employing both observations of in-space 
break-up events and ground experiments on spacecraft mock-ups; re
sults confirm the existence of a transition from sub-catastrophic to 
catastrophic impacts, finding a EMR threshold close to the well-known 
value of 40 J/g, but suggests the existence of an intermediate regime 
up to 140 J/g.

The current formulation is capable of reconstructing the employed 
distribution with only small deviations; it is expected that the employ
ment of new data might be employed for updating the model tuning 
coefficients and further improving its reliability. The application to two 
additional dataset confirmed that the proposed model is more capable 
than the NASA SBM in replicating the fragments characteristic length 
cumulative distributions.

Future activities foresee the development of companion models both 
for the area to mass and the velocity distributions, to obtain a fully 
functional Italian Breakup Model, capable to provide a more reliable 
description of ins-space fragmentation events. This activity will require 

the acquisition of more dataset on both parameters, that will be 
collected both from observations of new in-space collisions and ground 
experiments.
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