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ABSTRACT

In the next decades, hypervelocity impacts between space objects are expected to increase in frequency due to
the continuous growth of the orbital debris population and the deployment of large satellite constellations.
Accurate characterization of fragment physical properties is therefore essential for the development and vali-
dation of breakup models and for the modelling of the debris environment, particularly in view of the increasing

CFRP use of composite materials in spacecraft structures. In this work, fragments generated by four hypervelocity
impacts on carbon-fiber-reinforced polymer (CFRP) panels are experimentally analysed with the aim of inves-
tigating size, mass, and area-to-mass (A/m) distributions. In these tests, aluminium spheres (1.9 mm and 2.9 mm
diameter) impacted 4 mm thick CFRP plates at velocities between 3.5 km/s and 5.1 km/s, under conditions
exceeding the ballistic limit.

Fragments were individually catalogued through three-dimensional geometric measurements and mass
determination, enabling the derivation of cumulative characteristic length distributions, mass-size correlations,
and A/m distributions. Results show that fragment populations are strongly influenced by projectile diameter,
with larger projectiles generating larger and more massive fragments, while smaller projectiles predominantly
produce lighter debris. The mass-size scaling exhibits sub-quadratic behaviour, suggesting that fragment mass
tends to increase more slowly than projected area with characteristic length, leading to increasing A/m values for
larger fragments. Overall, the results provide a comprehensive three-dimensional experimental dataset for CFRP
fragmentation and support the refinement of breakup models and debris environment simulations for composite
spacecraft structures.

Nomenclature 1. Introduction

21 o ;?;f:‘s;i::ﬁnear fit slopes The continuous growth of the orbital debris population represents
A Cross-sectional area one of the most critical challenges for the long-term sustainability of
A/m Area-to-Mass ratio space activities. Current environment models estimate the presence of
b Intermediate size tens of thousands of catalogued objects larger than 10 cm, hundreds of
b1, by Piecewise linear fit intercepts thousands of fragments in the centimetre size range, and hundreds of
c Smallest size 11 11s 11: . C . i

L Characteristic length millions of millimetre and sub-millimetre sized debris pieces orbiting the
M Mass Earth [1,2]. While only the largest objects are routinely tracked by
N Total number ground-based surveillance systems, smaller fragments remain largely
RMSE Root Mean Squared Error unobservable despite their ability to cause severe damage due to their

high relative velocities, typically exceeding 7 km/s in low Earth orbit
[3-5]. The rapid increase in launch rates, driven by the deployment of
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large satellite constellations, is expected to further raise the frequency of
hypervelocity collisions in the coming decades [6-8], increasing con-
cerns about self-sustaining fragmentation cascades, first theorized by
Kessler and Cour-Palais [1].

Accurate modelling of collision induced debris clouds is therefore
essential for collision risk assessment, spacecraft design, and the
development of effective debris mitigation strategies. In this context,
international efforts coordinated by the Inter-Agency Space Debris Co-
ordination Committee (IADC) have highlighted the importance of
continuously refining long-term environment models and breakup sim-
ulations [9-13]. The reliability of these tools strongly depends on the
availability and quality of empirical datasets obtained from hyperve-
locity impact experiments, which are used to calibrate and validate
fragmentation models such as the NASA Standard Breakup Model [10].
Despite decades of experimental research, significant limitations persist
in existing databases, particularly with respect to the three-dimensional
characterization of fragments (e.g. thickness), as well as associated
physical properties such as mass and area-to-mass ratio (A/m), which
play a crucial role in determining the orbital lifetime of small debris.

Over the years, several experimental campaigns have contributed to
the understanding of fragmentation physics under hypervelocity impact
conditions. Large-scale experiments such as the SOCIT series and the
DebriSat project provided valuable insight into catastrophic satellite
breakup and fragment populations down to the millimetre scale
[11-13]. Other studies focused on simplified spacecraft components,
including panels and plate-like targets, in order to isolate the effects of
material properties, impact velocity, and geometric parameters on
fragment generation [14,15]. In particular, Nishida and co-workers
performed an extensive series of hypervelocity impact experiments on
both aluminium and composite targets, systematically investigating
fragment size distributions as a function of projectile diameter, impact
velocity, impact angle, and irradiation effects [16-19].

In parallel with the evolution of fragmentation modelling, the
increasing use of advanced materials in spacecraft structures has intro-
duced additional complexity in debris generation mechanisms. Carbon
fiber reinforced polymer (CFRP) composites are now widely employed
in satellite structures, partially replacing traditional aluminium alloys
due to their high specific stiffness and strength. However, the layered
architecture and anisotropic mechanical behaviour of CFRPs signifi-
cantly influence their response to hypervelocity impacts, affecting
damage morphology, crack propagation, and fragment generation
mechanisms [20,21]. Experimental evidence suggests that fragment
populations generated from CFRP targets can differ substantially from
those produced by isotropic metallic materials, both in terms of size
distribution and fragment morphology [16,22]. Despite this, available
experimental data on CFRP fragmentation remain limited, especially
with respect to three-dimensional fragment properties.

In recent years, additive manufacturing has attracted growing in-
terest in the field of spacecraft shielding, as it enables the creation of
complex, lightweight geometries that are difficult to achieve using
conventional techniques. Experimental studies have shown that 3D-
printed multilayer and composite configurations can improve resis-
tance to hypersonic impacts, whilst offering greater flexibility in terms
of design and production. These developments highlight the growing
relevance of additively manufactured shielding solutions for next-
generation spacecraft, particularly in the context of increasing orbital
debris threats and the need for improved impact protection strategies
[23-26].

In a previous study, the Space Debris Group of the University of
Padova contributed to this body of work by conducting a series of hy-
pervelocity impact tests on thin CFRP plates using spherical projectiles
of 1.9 and 2.9 mm diameter at impact velocities between 3.5 km/s and
5.1 km/s [22]. The experimental campaign was carried out at the CISAS
Hypervelocity Impact Facility using a two-stage Light-Gas Gun (LGG),
capable of accelerating projectiles up to 100 mg at a maximum speed of
5.5 km/s [22,27-30]. The experiments were carried out above the
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ballistic limit, and the generated fragments were collected and analysed
through a two-dimensional characterization, providing cumulative dis-
tributions of projected fragment dimensions. That study expanded the
available experimental data toward higher impact velocities and larger
thickness-to-diameter ratios compared to previous investigations.
However, as commonly encountered in fragmentation studies, the
absence of fragment mass and thickness measurements limited the
possibility of deriving key parameters such as three-dimensional char-
acteristic length, fragment volume, and A/m distributions.

The objective of the present work is to extend the analysis presented
in Ref. [22] by performing a comprehensive three-dimensional charac-
terization of all fragments generated during the CFRP impact experi-
ments. Each fragment has been individually re-catalogued, weighed,
and measured along its three principal axes, enabling the reconstruction
of its three-dimensional geometry and the estimation of volume and
area-to-mass ratio. This enhanced dataset allows the derivation of cu-
mulative distributions of characteristic length and mass, as well as
A/m-versus-size relationships and probability density functions of A/m.
By providing detailed three-dimensional fragment information for CFRP
targets, this study contributes new empirical data for the improvement
of breakup models and long-term debris environment simulations,
particularly for composite materials increasingly used in modern
spacecraft.

The remainder of this paper is organized as follows. Section 2 de-
scribes the experimental setup and the methods. Section 3 focuses on
fragments weight and geometric measurement. Section 4 presents the
fragments analysis and the results in detail.

2. Experimental setup and methods

This section describes the origin of the fragments analysed and
provides a concise overview of the experimental conditions under which
they were generated.

The fragments examined in this study originate from four hyperve-
locity impact experiments conducted during a previous experimental
campaign [22] at the CISAS Hypervelocity Impact Facility, using a
two-stage Light-Gas Gun (LGG) system [28-30]. In all tests, aluminium
(Al-1100) spheres were accelerated to hypervelocity and impacted on
10 x 10 cm? CFRP targets.

The test cases reported in Table 1 are characterised by comparable
impact conditions in terms of target configuration and impact velocity,
while differing in the type of projectile used. The resulting fragment
populations cover a wide dimensional spectrum, ranging from fragments
smaller than a millimetre to pieces with characteristic lengths of several
millimetres, with corresponding masses distributed over several orders
of magnitude. This wide dynamic range makes the dataset particularly
suitable for statistical analysis and for studying correlations between
geometric descriptors and physical properties.

After each test, once the fragments had been recovered from the
Impact Facility Test Chamber, they were manually sorted into five size
classes (x > 3mm, 2 mm < x < 3mm, 1 mm < x < 2mm, 0.5 mm < x <
1 mm, and x < 0.5 mm), and the total mass of each class was subse-
quently measured [22]. For the sake of completeness, the results pre-
viously presented in Ref. [22] are reproduced here in Table 2.

While the experimental campaign reported in Ref. [22] offered a
global statistical characterisation of the fragment populations, the pre-
sent study expands that dataset by introducing a finer level of dis-
cretisation, an improved and more robust measurement chain, and a
significantly higher measurement resolution. In particular, the correla-
tion of the previously derived aggregate quantities with individual
three-dimensional fragment measurements enables the mitigation of the
morphological uncertainties associated with two-dimensional sampling
approaches, thereby providing a deterministic framework for the eval-
uation of mass, characteristic length, and area-to-mass distributions.

It is noted that the analysis presented herein is restricted to frag-
ments recovered in their entirety, whereas dust was excluded due to the
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Table 1
Test set up and experimental data.
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Test ID Test number Projectile diameter, mm Projectile velocity, km/s Projectile mass, g Target thickness, mm Target mass, g
T BUM_11 9231 1.9 3.68 0.010 4 103.225
T_BUM_12 9227 1.9 5.10 0.010 4 100.489
T_BUM_13 9222 2.9 3.49 0.034 4 102.867
T_BUM_14 9224 29 4.63 0.034 4 100.767
Table 2
Total mass and number of detected fragments for each class.
Test ID L < 0.5 mm 0.5mm < L <1 mm Imm<L<2mm 2 mm<L < 3 mm L>3mm
Collected mass, g N Collected mass, g N Collected mass, g N Collected mass, g N Collected mass, g N
TBUM_11 0.028 1372 0.035 250 0.041 50 0.008 9 0.057 5
T_BUM_12 0.015 356 0.028 227 0.039 51 0.043 16 0 0
T_BUM_13 0.008 423 0.048 272 0.042 48 0.052 24 0.170 48
T_BUM_14 0.030 717 0.040 321 0.050 69 0.129 97 0.401 57

inherent impossibility of performing individual measurements. Never-
theless, the fragments that could not be individually characterised
within each size class were weighed collectively to verify consistency
between the total measured mass and the values reported in Table 2.

3. Fragment characterization methodology

In the initial stage of the measurement campaign, high-precision
laboratory instrumentation was employed to enable the determination
of fragment mass and geometric dimensions with sub-millimetre reso-
lution. The main technical specifications of the balance and calliper used
in the measurements are summarized in Table 3.

The balance was regularly re-zeroed in order to minimise the influ-
ence of residual environmental effects accumulated during successive
measurements, and all weighing operations were performed under
controlled conditions, free from air currents or drafts. Both the balance
and the calliper were systematically cleaned with acetone to remove
external contaminants, thereby ensuring measurement reliability and
repeatability.

Using the high-precision instrumentation described above, the three
principal dimensions (a, b, c) of each fragment were determined through
direct measurements. Given the irregular morphology of the fragments,
particular attention was devoted to defining a consistent orientation
during the measurement process.

In this context, the RCC (Right Circular Cylinder)/REC (Right Ellip-
tical Cylinder) representation, as used by NASA in the DebriSat project
[311, was adopted solely as a geometrical reference to guide the iden-
tification of the fragment principal directions and is not used for the
determination of the characteristic length.

For each fragment, the maximum dimension (a) was first identified
as the largest measurable extent, as shown in Fig. 1. The fragment was
then re-oriented to determine the intermediate dimension (b), orthog-
onal to a, and finally the minimum dimension (c), orthogonal to both a
and b. This procedure provides a consistent bounding description of
fragment geometry, suitable for irregular shapes.

These geometric parameters are subsequently employed to deter-
mine the characteristic length L:

a+b+c
Li=—F(— @
3
Table 3
Main specifications of measuring instruments.
Characteristic KERN ADB Balance Mitutoyo Calliper
Resolution 10%g 0.01 mm
Capacity 220 g 150 mm
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Fig. 1. CFRP fragment with definition of the principal dimensions (a, b, c).

This metric is adopted as the principal independent variable for the
statistical distributions and scaling relationships examined in the
following sections.

Each geometric dimension was measured multiple times using the
digital calliper, and the corresponding arithmetic mean was taken as the
representative value. Fragment mass was determined on an individual
basis with the precision balance, with repeated weighings performed to
improve repeatability and to reduce random measurement variability.

The overall measurement uncertainty was found to be predomi-
nantly governed by the instrumental resolution. Additional sources of
variability related to manual handling and fragment orientation were
effectively mitigated through repeated measurements and strict adher-
ence to the RCC methodology.

Table 2 summarises the total collected mass and the number of
detected fragments for each size class, as documented in Ref. [22]. The
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corresponding quantities for the subset of fragments individually char-
acterised in the present study are reported in Table 4; for this analysis,
only fragments with characteristic dimensions greater than 0.5 mm were
considered. As discussed in Section 2, this subset also comprises frag-
ments that could not be individually characterised geometrically and
were therefore weighed collectively within each size class to preserve
consistency and enable a direct comparison with the total mass values
reported in Table 2 from the previous experimental campaign. For these
aggregated subsets, the number of fragments was estimated through
visual counting during the sorting process, while only the total mass
could be measured. These fragments were assigned to the size classes
defined during the previous experimental campaign [22], as their
three-dimensional geometry could not be resolved on an individual
basis.

The observed discrepancies can be mainly attributed to the sub-
stantially improved resolution of the balance employed in the present
study, which increased by approximately one order of magnitude, from
1072 g to 107* g. In addition, the availability of individual fragment
measurements enabled a more accurate assignment to size classes
compared with manual sifting, resulting in the reclassification of a
limited number of fragments into smaller classes. Finally, the mass
values reported here are obtained by summing the measurements of
discrete fragments, thereby yielding a more precise characterisation
than the class-averaged mass measurements adopted in the previous
experimental campaign.

The cataloguing and measurement activities required approximately
82 h/person in total, corresponding to an average processing time of
about 5 min/fragment, and were carried out by two operators. It is noted
that the preliminary cataloguing of debris recovered from the firing
chamber was not included in this estimate, as this task had already been
completed during the previous analysis reported in Ref. [22].

4. Results

This section presents and discusses the main results, comparing the
fragment distributions across the four experimental tests and through
their corresponding average trends.

As outlined in Section 2, the statistical characterisation presented in
this section is limited to fragments that were recovered in their entirety
and individually measured in terms of mass and three-dimensional ge-
ometry. Fragments that could only be weighed collectively, owing to
incomplete recovery or measurement constraints, were therefore
excluded from the subsequent data analysis. The effective number of
fragments considered in the analyses for each test and size class is re-
ported in Table 5.

It should be noted that the size classes shown in Tables 2, 4 and 5 are
based on the original classification obtained by sieving [22], whereas
the distributions presented in this section are derived from the charac-
teristic length L. obtained through three-dimensional measurements.
Due to the elongated morphology of the CFRP fragments, these two
representations are not strictly equivalent and discrepancies may arise,
particularly for thin fragments that may have passed through smaller
sieve meshes despite having larger characteristic dimensions.

Acta Astronautica 246 (2026) 19-31

Table 5
Effective number of measured fragments for each class.
Test ID 0.5mm<L<1 I1mm<L<2 2mm<L < 3 L>3
mm mm mm mm
N N N N
T BUM_11 110 48 0 0
T_BUM_12 118 35 13 0
T BUM_13 183 42 21 41
T_BUM_14 159 69 75 48

4.1. Fragments characteristic length cumulative distributions

Fig. 2 illustrates the cumulative fragment number distributions as a
function of the three-dimensional characteristic length L.. A coherent
trend is observed across the four experimental tests, while variations in
fragment yield and distribution slope can be ascribed to differences in
the respective experimental setups. A comparison with established
fragmentation models, including the NASA Standard Breakup Model
(SBM), reveals noticeable discrepancies in both the lower and upper
fragment size classes, underscoring the strong dependence of fragment
generation on projectile diameter, target thickness and impact param-
eters [10]. A significant portion of the debris generated is in the milli-
metre and submillimetre range, a size class that is particularly relevant
for estimating untraceable debris populations. A comparison with the
previously published two-dimensional fragment analysis in Ref. [22]
indicates that the present three-dimensional results reproduce the main
qualitative trends observed therein. In particular, the dependence of the
cumulative fragment population on impact velocity and projectile
diameter is confirmed: consistently with earlier findings, the number of
fragments with characteristic length exceeding approximately 3 mm
increases with both parameters, and this behaviour extends toward
smaller fragment sizes as well. Furthermore, it should be noted that.

- Regarding the fragment size distributions, the earlier study reported
a linear trend in the logarithmic reference frame for characteristic
sizes below 2 mm, followed by a sudden decrease in the cumulative
number and the onset of a second linear regime. In the present work,
a full verification of the initial small-size linear trend is not possible,
as fragments with L, < 0.5 mm were not included in the analysis due
to the resolution limits of the scale. Nevertheless, the presence of a
pronounced intermediate drop in the cumulative distribution is
clearly observed also in the three-dimensional analysis.

- This drop can be interpreted in a manner analogous to that proposed
in the two-dimensional analysis, namely as the transition between
fragments originating from the internal plies, whose dimensions are
constrained by the crater size, and fragments generated by delami-
nation of the external plies. In the present case, expressed in terms of
the three-dimensional characteristic length, the transition occurs at
L. ~ 2.3 mm, while for the bidimensional analysis was L.z ~ 4 mm.
The dependence of the intermediate drop on impact energy is also
preserved: as the impact velocity and projectile diameter increase,
the drop becomes progressively less pronounced and is barely
distinguishable for the most energetic configurations. This behaviour
is consistent with an increasingly fine fragmentation of the delami-
nated region under more severe impact conditions.

Table 4

Total mass and estimated number of fragments for each class, including both individually characterised fragments and collectively weighed subsets.
Test ID 0.5mm <L <1mm 1mm <L <2mm 2 mm<L < 3 mm L > 3 mm

Collected mass, g N Collected mass, g N Collected mass, g N Collected mass, g N

T_BUM_11 0.0493 215 0.1138 48 0 0 0 0
T_BUM_12 0.0510 198 0.0726 35 0.0507 13 0 0
T_BUM_13 0.0514 183 0.0427 42 0.0419 21 0.1753 41
T_BUM_14 0.0811 320 0.0716 69 0.2110 75 0.4490 48
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Fig. 2. Fragments cumulative number distributions in function of three-dimensional characteristic length L.

4.2. Fragments mass distributions

The distribution of fragments mass can be studied in relation to the
three-dimensional characteristic length L Fig. 3 reports the mass dis-
tributions for the four tests. It can be noted that tests conducted with
larger diameter projectiles (tests 13 and 14) generate a higher number of
fragments characterised by greater mass and larger L., in accordance
with the trend already identified in the cumulative distributions of L..
Conversely, tests performed with smaller diameter projectiles (tests 11
and 12) are mainly characterised by fragments with lower mass and
reduced L. It should be noted that the horizontal alignment observed in
several data points is due to the resolution limit of the scale.

As shown in Fig. 3, average distributions are also introduced by

characterisation of the mass distribution of the fragments and its
dependence on the characteristic length L.. Furthermore, a piecewise
linear regression was derived for the overall average curve, obtaining
the following relationships with a breakpoint located at log;o(L;) = —2.3
(L. ~ 0.005 m):

log,o(m) = a; 10g;(Lc) + b1, 10814 (Lc) < — 2.3 2
log,,(m) =a log,y(L¢) + b2, log,o(Lc) > — 2.3 3
Table 6

Parameters of the piecewise linear fit and corresponding R-squared value.
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Fig. 3. Fragments mass distributions in function of L. for all tests with the global average curve and standard deviation (left) and for each individual test with their

specific average curves and standard deviations (right).
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The slope and intercept values of the two regimes are summarized in
Table 6, together with the corresponding coefficient of determination.

The average goodness of the fit is represented by an R-squared of
0.9911.

Table 7 reports the R-squared of the piecewise fit evaluated with
respect to the global average curve, computed over different ranges of
logio(Lo).

The match between the global average curve and the specific average
curves of the individual tests can be visually assessed in Fig. 4, where the
latter are plotted alongside the global curve, represented by a dotted
line. This representation allows for a direct evaluation of the extent to
which the global trend reflects the behaviour of the individual tests.

A quantitative assessment of the goodness of the match between the
global and specific average curves was defined as the root mean square
error (RMSE), bias (intended as the average logarithmic vertical shift
between global and specific average curves), and the coefficient of
determination (R?) R-squared.

The quantitative metrics reported in Table 8 indicate a good overall
correspondence between the global average curves and the test-specific
curves for all configurations considered. In particular, all tests show low
RMSE values and coefficients of determination close to unity, indicating
that the global average curve provides a representative description of
the relationship between fragment mass and characteristic length within
the adopted averaging framework. However, it is possible to identify a
systematic dependence on the diameter of the bullet. Tests conducted
with larger diameter bullets (tests 13 and 14) show the highest level of
agreement, characterised by the lowest RMSE values and an R-squared
greater than 0.97, while slightly higher, but still moderate, RMSE values
and a marginally reduced R-squared are observed in tests with smaller
diameter projectiles (tests 11 and 12). Although this trend may be
influenced by the greater number of fragments generated in tests 13 and
14, which increases their statistical weight in the calculation of the
global average curve, the relatively high R-squared values obtained for
tests 11 and 12 indicate that the overall mean curve remains represen-
tative across all test conditions. The bias values further confirm this
interpretation, revealing a systematic distinction between the two pro-
jectile diameter classes. Tests performed with smaller diameter pro-
jectiles (tests 11 and 12) are characterised by positive bias values, while
those associated with larger diameter projectiles (tests 13 and 14) show
a bias close to zero or slightly negative, indicating a closer alignment
with the overall average curve. This behaviour reflects the influence of
bullet diameter on the fragmentation process, while confirming that the
overall average curve remains representative of the fragmentation
behaviour across the entire set of parameters studied.

For completeness, the R-squared values between the global linear fit
and the specific average curves are also reported in Table 9.

It should be noted that the global average curve presented in this
section is obtained by binning the data with respect to the three-
dimensional characteristic length L.. This choice ensures consistency
with the geometric characterization of the fragments and provides a
stable representation of the relationship between fragment mass and
characteristic length.

An alternative averaging approach, based on binning with respect to
fragment mass, has also been investigated in order to assess the influ-
ence of measurement resolution effects. The corresponding results are
reported in Appendix A, where a direct comparison between the two

Table 7
R-squared of the piecewise fit evaluated over different
ranges of log;o(L.), with respect to the global average

curve.
Regime R?
log1o(L) < -3 0.7753
—3 <log1o(L) < -2 0.9510
logio(Lc) > —2 0.9900
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strategies is provided. The comparison highlights that the adopted L.-
based binning method is affected by the resolution limit of the balance,
particularly in the low-mass regime. Due to the minimum detectable
mass, fragments below the resolution threshold are not included in the
dataset, resulting in a truncation of the fragment population at small
characteristic lengths. As a consequence, the L.-based method may lead
to an under-representation of low-mass fragments and to a partial bias in
the estimation of the mass-size relationship in this regime. While the
mass-based averaging partially mitigates this effect for small fragments,
it introduces increased variability at larger characteristic lengths.
Therefore, the L.-based approach has been retained as the primary
methodology, as it provides a more robust and physically consistent
representation of the overall trends. Nevertheless, the derived m vs L,
relationships should be interpreted with caution in the low-size regime,
where measurement limitations affect the representativeness of the
dataset. Their direct use for fragmentation model calibration may
require careful consideration of these limitations, especially when
extrapolating towards smaller fragment sizes.

4.3. Fragments area-to-mass distributions

The area-to-mass ratio is defined as the ratio between the cross-
sectional area of the fragment and its mass. While mass is measured
directly, area is estimated from the three-dimensional characteristic
length of the fragment by applying the expressions provided in NASA's
SBM model [10]:

A =0.540424 L%, where L. < 0.00167 m 4

A =0.556945 L .2%47%77 where L, > 0.00167 m (5)

It should be noted that the cross-sectional area is estimated using an
empirical formulation derived from the NASA Standard Breakup Model,
which is based on datasets that do not fully represent the fragmentation
behaviour of CFRP materials [10]. Due to the highly irregular
morphology of composite fragments, significantly different
cross-sectional areas may correspond to the same characteristic length.
Experimental evidence available in the literature indicates that, for
CFRP fragments, the A/m values associated with a given L. may span up
to two orders of magnitude [32]. As a result, the A/m values derived in
this study should be interpreted as representative average estimates
rather than exact geometric quantities, and a potentially significant
variability due to fragment shape effects should be expected.

Fig. 5 presents the area-to-mass distributions obtained for each test
together with the corresponding distributions studied in function of
their size classes, i.e. for fragments between 0.5 mm and 1 mm (blue),
between 1 mm and 2 mm (orange), between 2 mm and 3 mm (yellow)
and larger than 3 mm (purple). The smaller classes are associated with
lower log;p(A/m) values, generally close to 0 <+ 0.5 (corresponding to 1
+ 3 m%/kg), while the increase in fragment size leads to progressively
higher values, approaching 1.5 + 2 (30 + 100 m?/kg). This trend is
further highlighted by the systematic shift to the right of each distri-
bution peak as the size class increases, indicating an increase in the area-
to-mass ratios for larger fragments.

Since the cross-sectional area of the fragments is approximately
proportional to LZ, the observed increase in A/m with increasing char-
acteristic length suggests that the area of the fragments grows faster than
the mass as the size increases, implying that larger fragments are pro-
portionally less massive. It should be noted, however, that this trend
may be partially influenced by the resolution limit of the balance,
particularly in the low-mass regime. This trend is further supported by
the global mass-size relationship derived in Section 4.2, where the
piecewise linear fit of the global average curve (Egs. (2) and (3)) in-
dicates that m o L%%7% in the lower regime and m « L% in the higher
regime, implying m o L° where 0 < & < 2. Since the cross-sectional area is
evaluated following NASA's SBM (Egs. (4) and (5)), with a maximum
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Fig. 4. Specific average curves of fragments mass distribution versus L. compared with the global average curve.

Table 8

RMSE, bias and R? for global vs specific m vs L. average curves (common range).
Test ID RMSE Bias R?
T_BUM 11 0.1634 0.0808 0.9257
T_BUM_12 0.1877 0.1168 0.8883
T_BUM_13 0.0873 —0.0168 0.9753
T_BUM 14 0.0651 —0.0020 0.9845

Table 9
R? for global linear fit vs specific m vs L
average curves (common range).

Test ID R?

T_BUM_11 0.9397
T_BUM_12 0.8562
T_BUM_13 0.9739
T_BUM_14 0.9639

dependence of A o 12047077 it follows that A/m o« L! with y > 0,
consistent with the observed increase of log;p(A/m) with increasing
fragment size. Overall, the resulting distributions show that fragment
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size strongly influences the area-to-mass ratio, with smaller fragments
being relatively dominated by mass and larger fragments increasingly
dominated by area.

A similar analysis is also performed by grouping the fragments from
all four tests in order to obtain an overall area-to-mass distribution,
shown in Fig. 6. The resulting distribution shows that most fragments
fall within the range —0.5 < log;9o(A/m) < 1.5, corresponding to area-to-
mass ratios between approximately 0.3 and 30 m?/kg, reflecting the
predominance of fragments with intermediate area-to-mass ratios in the
overall population. In line with the trends observed in Fig. 5, the peak of
the distributions progressively shifts towards higher log10(A/m) values
as the size class increases, confirming also at a global level that larger
fragments are characterised by higher area-to-mass ratios and are
therefore proportionally less massive.

4.4. Fragments area-to-mass vs characteristic length distributions

Fig. 7 shows the area-to-mass distribution as a function of the three-
dimensional characteristic length L.. There is a marked concentration of
fragments in the range —0.5 < log;o(A/m) < 1.5, in line with section 4.3;
these fragments correspond to log;p(L.) values between —3.4 and —1.6
(0.39 mm < L. < 25 mm). Fragments from tests performed with larger
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Fig. 6. Global area-to-mass distributions for all tests (left) and for the corresponding fragment size classes (right).

characteristic lengths, only fragments with relatively higher masses are
included in the dataset, whilst those with lower masses are systemati-
cally excluded, as they are not detected by the scale. Since these
excluded fragments would correspond to higher A/m values, their
absence produces a one-sided truncation of the distribution. This leads
to an apparent shift of the A/m vs L, distribution towards lower values
and an increasing bias as fragment sizes decrease. Consequently, the
average trends derived in the low L. region should be interpreted with
caution, as they may not fully represent the underlying fragment
population.

Similar to the procedure adopted for mass distributions in function of
L., average curves are also introduced for area-to-mass distributions vs

diameter projectiles (tests 13 and 14) extends towards higher L. values,
reflecting the generation of larger fragments under these impact con-
ditions. The graph further confirms the behaviour discussed in Section
4.3: since the cross-sectional area of the fragments is approximately
proportional to LZ, the observed increase in A/m with increasing char-
acteristic length indicates that the area of the fragments increases faster
than the mass as the size increases, implying that larger fragments are
proportionally less massive. It should be noted that the diagonal align-
ment observed in several data points is due to the resolution limit of the
scale. In the low-mass regime, fragments with masses close to the
detection threshold cannot be measured accurately, whilst those with
even lower masses are not detected at all. Consequently, for small
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L., considering both all tests together (global average) and each test
separately (specific averages). The resulting average curves show a clear
upward trend as L. increases, further confirming that the increase in A/m
is intrinsically linked to the size of the fragments and reflects the pre-
dominance of area growth over mass as the size of fragments increases.

The agreement between the overall average curves and those specific
to each test is assessed visually in Fig. 8, where each specific curve is
compared with the overall curve shown as a dotted line. A quantitative
evaluation of their correspondence is carried out using RMSE, bias
(mean logarithmic vertical displacement) and R-squared, reported in
Table 10.

The statistical metrics highlight a good overall match between the
global and specific average curves for all cases. All tests are charac-
terised by moderate to low RMSE values and R-squared well above 0.84,
indicating that the global average curve provides a consistent repre-
sentation of the area-to-mass vs characteristic length trend across the
entire dataset. However, a systematic dependence on projectile diameter
can be identified as tests performed with larger projectile diameter (tests
13 and 14) show the highest level of correspondence, with lowest RMSE
values and R-squared values greater than 0.95, while tests with smaller
projectile diameter (tests 11 and 12) show slightly higher RMSE values
and marginally reduced R-squared values.

The bias values further confirm this interpretation, remaining low in
all tests and indicating only limited systematic deviations from the
overall average curve. Tests with smaller diameter projectiles are asso-
ciated with slightly negative bias values, while those with larger diam-
eter projectiles have bias values close to zero. Overall, these results
suggest that the area-to-mass scaling behaviour in CFRP fragmentation
is well represented by a single global trend in the set of parameters
studied, with the projectile diameter mainly influencing the degree of
dispersion rather than inducing distinct fragmentation regimes.

It is important to highlight that the global average curve presented in
this section is derived by grouping the data according to the three-
dimensional characteristic length L.. An alternative approach, based
on grouping the data by fragment mass, has also been explored to
evaluate the impact of measurement resolution effects. The results ob-
tained with this method are presented in Appendix A, where a direct
comparison between the two approaches is provided.
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5. Conclusions

This work presented the results of an experimental investigation of
the fragmentation generated by perforation tests on Carbon-Fiber-
Reinforced Composite Panels targets 4 mm thick, struck by spherical
aluminium projectiles with a diameter of 1.9 mm and 2.9 mm at ve-
locities between 3.5 and 5.1 km/s. The dimensions and masses of the
fragments were systematically measured and catalogued, allowing cu-
mulative distributions of characteristic length, mass distributions, area-
to-mass distributions and area-to-mass distributions as a function of
characteristic length to be obtained.

The cumulative distributions of characteristic lengths indicate that
most fragments fall within the millimetre and submillimetre range, with
fragment size and population strongly influenced by bullet diameter and
impact velocity. Consistently, the mass distributions show that tests
performed with larger diameter projectiles (tests 13 and 14) produce
larger and more massive fragments, while configurations involving
smaller projectiles (tests 11 and 12) are dominated by lighter and
smaller debris. The area-to-mass distributions showed that smaller
fragments are associated with low A/m ratios, close to 0.3 m?/kg, while
the increase in fragment size leads to progressively higher ratios,
approaching 30 m?/kg, confirming that the area of the fragments grows
faster than the mass as the characteristic length increases. The analysis
of area-to-mass ratio versus L. further support the same trend, with
global and specific average curves showing strong agreement for tests
performed with larger projectile diameter and only minor deviations for
tests with smaller projectile diameter, quantified by RMSE, bias, and R-
squared.

Overall, the results indicate that the properties of the fragments
depend largely on the projectile diameter and the impact conditions,
while the global scaling laws provide an appropriate description of the
fragmentation trends in all the configurations investigated.

These results provide a quantitative framework for predicting frag-
ment characteristics and can support the development of protective
materials, impact mitigation strategies, and debris assessment method-
ologies in aerospace applications.

The methodology adopted in this study can be extended to a broader
range of impact scenarios, including different material systems, target
thicknesses, and impact conditions, providing a consistent framework
for the three-dimensional characterization of fragment populations. In
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Fig. 8. Specific average curves of fragments area-to-mass distribution versus L. compared with the global average curve.

Table 10
RMSE, bias and R? for global vs specific A/m vs L. average curves (common
range).

Test ID RMSE Bias R?

T_BUM_11 0.1610 —0.0599 0.8494
T_BUM_12 0.1918 —0.1190 0.8597
T_BUM_13 0.0940 0.0019 0.9580
T_BUM_14 0.0796 0.0024 0.9842

particular, its application to other composite materials and hybrid
structures may contribute to improving the representativeness of current
fragmentation models.

It should also be noted that the estimation of the area-to-mass ratio is
based on an empirical formulation derived from the NASA Standard
Breakup Model, which may not fully capture the variability of CFRP
fragment shapes [10]. As reported in the literature, fragments with
similar characteristic length may exhibit A/m values differing by up to
two orders of magnitude [32]. Therefore, the A/m trends presented in
this work should be interpreted as representative average behaviours,
and a significant variability due to fragment shape effects should be
expected.
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Future work will focus on expanding the experimental dataset to
different impact configurations and material types, as well as integrating
the obtained results into existing breakup models to enhance their
predictive capabilities. Further developments may also include the
refinement of measurement techniques and the investigation of frag-
ment morphology and shape effects, in order to better capture the
physical mechanisms governing fragmentation under hypervelocity
impact conditions.
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Appendix A

In order to assess the influence of the binning strategy on the derived scaling relationships, additional analyses were performed using a mass-based
averaging approach. In this case, the data were grouped according to fragment mass, and the corresponding average values of L. and A/m were
computed for each bin.

Figure Al and Figure A2 compare the results obtained using mass-based and L.-based binning method for the global average curves.
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Fig. A1. Comparison of the binning methods for global average curve of the mass distribution in function of L. for all tests.
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Fig. A2. Comparison of the binning methods for global average curve of the area-to-mass distribution in function of L. for all tests.

The comparison highlights a systematic difference between the two averaging strategies. In the low characteristic length regime (L, < 5 mm), the
mass-based binning provides a smoother and more consistent trend. This behaviour can be attributed to the resolution limit of the balance, which
introduces a truncation in the measurable mass range. Therefore, binning with respect to L. leads to a discretisation effect and an under representation
of low-mass fragments, while mass-based binning partially mitigates this issue.

Conversely, in the higher characteristic length regime, the L.-based binning method shows a more stable and physically consistent behaviour. In
this region, the dataset is not affected by mass resolution limitations, and the grouping based on L. preserves the geometric consistency of the fragment
population. On the other hand, mass-based binning introduces increased dispersion and less stable trends, particularly due to the reduced number of
fragments at larger sizes.

These observations confirm that the two approaches provide complementary insights into the fragment scaling behaviour. While mass-based
binning method is more suitable for analysing the low-size regime affected by measurement limitations, the L.-based approach adopted in the
main analysis provides a more robust representation of the overall scaling trends and has been therefore retained as the reference methodology in this
work.
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