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The population of orbital debris in Low Earth Orbit (LEO) continues to increase steadily. This situation
is driven by a combination of human space activities and collisions between objects in orbit, which are
becoming increasingly unavoidable and pose a significant threat to space missions.

This work addresses debris-spacecraft collision phenomena by first investigating the hypervelocity impact
of a projectile on a single plate. A coupled smoothed particle hydrodynamics (SPH) and finite element
method (FEM) numerical framework, implemented in the commercial code LS-DYNA®, is developed to
simulate this process and correlated with publicly available hypervelocity impact experimental data. The
methodology is subsequently optimised and extended to a more complex configuration, namely a Whip-
ple shield, which is more representative of realistic spacecraft shielding concepts against debris impacts.
Validation is performed using an experimental dataset provided by Airbus Defence and Space.

Unlike conventional SPH/FEM coupling approaches that are primarily used to improve local damage mod-
elling near the impact zone, the proposed framework is deliberately formulated to enable consistent
propagation of shock waves and stress fields into the surrounding finite element domain. This enables the
method to be employed not only for accurate fragmentation modelling, but as a physics-driven approach
for analysing energy transport and shock propagation within spacecraft structures following hypervelocity
impacts.

The developed methodology enhances insight into spacecraft structural behaviour under hypervelocity
debris impacts and supports its application in the design and optimisation of future spacecraft shielding
solutions.

Keywords:

Space debris

Hyper velocity impact
Whipple shield
Spacecraft integrity
Secondary debris cloud

© 2026 The Author(s). Published by Elsevier Ltd on behalf of International Association for the
Advancement of Space Safety. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Throughout their operational lifetime, spacecraft can be sub-
jected to collisions with meteoroids and human-made debris, par-
ticularly in Low Earth Orbit (LEO) [1]. According to ESA’s MASTER-8
space debris environment model [2], average relative impact ve-
locities in Low Earth Orbit are of the order of 10 km/s, while
higher velocities may occur depending on orbital inclination and
encounter geometry. Such impacts represent a significant threat

Abbreviations: ADS, Airbus Defence and Space; BLE, Ballistic Limit Equation;
EMR, Energy-to-target-Mass Ratio; EoS, Equation of State; ESA, European Space
Agency; FEM, Finite Element Model; HVI, Hyper Velocity Impact; LEO, Low Earth Or-
bit; NASA, National Aeronautics and Space Administration; SPH, Smoothed-Particle
Hydrodynamics.
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to space missions, as debris and meteoroids carry sufficient ki-
netic energy to penetrate structural elements and damage space-
craft subsystems or payloads, potentially leading to mission failure.

Hypervelocity impact (HVI) phenomena are governed by pa-
rameters including projectile and target material properties, im-
pact velocity, impact angle, and the mass, shape, and composi-
tion of the debris. Collisions are generally considered catastrophic
when the energy-to-target-mass ratio (EMR) exceeds 40 J/g [3]. In
such cases, the shock wave generated by the impact may propagate
through the spacecraft structure with sufficient intensity to induce
widespread fragmentation.

Assessing the effects of HVI is therefore essential to determine
whether a spacecraft can withstand an impact and maintain mis-
sion operability.
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1.1. Background and existing approaches

Interest in hypervelocity impact phenomena intensified during
the development of the International Space Station and the Space
Shuttle [4-6]. Early studies focused primarily on penetration as-
sessment, aiming to determine whether debris would perforate
structural panels. Extensive experimental campaigns led to the de-
velopment of ballistic limit equations (BLEs) [7-9], which provide
simplified relationships for estimating critical plate thicknesses re-
quired to prevent penetration. These equations have been incorpo-
rated into engineering tools such as PIRAT [10] and ESABASE2 [11],
enabling rapid probabilistic assessments of penetration risk.

Complementary experimental investigations, such as those con-
ducted by Piekutowski [12-14], provided detailed insight into im-
pact physics through radiographic imaging of tests performed with
two-stage light gas guns. These experiments documented projectile
and bumper fragmentation, debris cloud formation, and secondary
fragment evolution.

Empirical models have been derived from laboratory impact ex-
periments and from observations of in-orbit fragmentation events.
A prominent example is the NASA Standard Breakup Model, im-
plemented in the EVOLVE 4.0 framework [15], which provides sta-
tistical descriptions of fragment generation in catastrophic colli-
sions. The NASA Standard Breakup Model, originally implemented
in the EVOLVE 4.0 framework [15], represents a major advance-
ment in the statistical description of fragmentation processes re-
sulting from on-orbit collisions and explosions. The model provides
physically-based algorithms for predicting fragment size, mass,
area-to-mass ratio distributions, and velocity dispersion follow-
ing catastrophic breakups. Such modelling efforts have significantly
improved long-term debris environment prediction capabilities and
are widely used in population evolution tools for risk assessment
and mitigation studies.

Semi-empirical models do not explicitly solve the full set of
governing equations for hypervelocity impacts. Instead, they apply
conservation principles of mass, momentum, and energy to recon-
cile a broad range of experimental results and ensure consistency
[16,17]. Such approaches provide simplified and computationally
efficient tools, requiring only limited input data. They are partic-
ularly advantageous when details of the colliding bodies or the
event kinematics are scarce, and multiple scenarios must be inves-
tigated through repeated simulations. While computationally effi-
cient, such methods provide limited insight into local stress fields
or shock-wave propagation within the structure.

1.2. Numerical modelling of hypervelocity impacts

Numerical modelling approaches described in the literature
generally fall into two categories: discrete element methods [18]
and continuum-based techniques, such as the finite element
method (FEM), Eulerian formulations [19,20], and smooth particle
hydrodynamics (SPH) [21-23].

SPH is a mesh-free, Lagrangian method for the modelling of
fluid flows and solid bodies and has already been used for the
modelling of hypervelocity impacts of space debris [21]. Thomson
[21] employed the SPH module in AUTODYN® to investigate pro-
jectile impact on multiple aluminium plates. In the simulations,
this projectile is impacting several plates placed in parallel with
the aim of finding the number of plates needed in order not to
have a crater in the last plate [21]. The work of Sibeaud et al.
[22] provides a collection of hyper velocity impact tests on a single
plate. The tests were performed using a 2-stage light gas gun and
consist of a single aluminium plate, fully clamped at the outer cir-
cumference, which is impacted by an aluminium sphere. The im-
pact occurs at an angle perpendicular to the plate and at a veloc-
ity of 5.941 Km/s. Legaud et al. subsequently used these experi-
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ments to verify their numerical methodology [23]. In related work,
Pai et al. [24] simulated hypervelocity impacts of 4-mm-diameter
spherical projectiles on monolithic and coated plates using the AU-
TODYN® module of ANSYS®, considering impact speeds of 3.5 and
5.5 km/s.

While purely Lagrangian FEM approaches can simulate impact
events, they may suffer from severe mesh distortion and non-
physical fragmentation patterns under extreme deformation. To
overcome these limitations, coupled SPH-FEM approaches have be-
come widely adopted in computational impact mechanics.

1.3. Coupled SPH-FEM approaches and interface considerations

Coupled SPH-FEM methods combine the strengths of both for-
mulations: SPH particles are used to describe highly localized re-
gions near the impact zone, where large deformation and fragmen-
tation dominate, while FEM is used to represent the surrounding
structure and capture the global structural response with reduced
computational cost.

This hybrid strategy enables accurate modelling of severe mate-
rial distortion without excessive element erosion, which may oth-
erwise lead to numerical instability or artificial fragment shapes
in purely Lagrangian FEM simulations. Furthermore, SPH-FEM cou-
pling allows the use of consistent constitutive models across both
particle and element domains, preserving material behaviour con-
tinuity.

The compatibility between SPH and FEM formulations has been
discussed extensively in the literature. He et al. [25] showed that
the principal differences between the two approaches lie primar-
ily in the evaluation of strains, strain rates, and internal forces,
facilitating their integration within unified computational frame-
works. More recent studies, such as Heberling et al. [19] and Ceri
et al. [26], have applied interface-based SPH-FEM coupling in hy-
drocode simulations of hypervelocity impact experiments, demon-
strating the suitability of such approaches for capturing impact-
induced deformation and stress-wave propagation.

Despite these advantages, coupled SPH-FEM methods are not
without limitations. The interface between particle and element
domains represents a critical region where displacement continu-
ity, stress transfer, and numerical stability must be carefully en-
forced. Poor interface treatment may lead to artificial stress con-
centrations, numerical noise, or spurious wave reflections. Ad-
dressing these issues is essential, particularly when the objective
extends beyond local fragmentation analysis to include reliable
stress-wave transmission into the surrounding structure.

1.4. Objective and contribution of the present work

This paper presents a numerical methodology, based on a cou-
pled SPH/FEM approach, to understand what happens to a space-
craft orbiting in LEO when it is hit by a hypervelocity space debris.
Numerically, the impact event is modelled as a spherical projec-
tile striking a double-plate configuration, commonly referred to as
a Whipple shield [23], representative of typical spacecraft panel ar-
rangements.

The adopted strategy relies on an interface-based SPH-FEM
coupling, in which the impact region is discretised using SPH par-
ticles to capture severe deformation and fragmentation, while the
surrounding structure is modelled using finite elements to enable
extraction of global structural response and stress-wave propaga-
tion

The proposed modelling technique is dedicated to understand-
ing the transfer of energy from the impacted area to the rest of the
Whipple shield (and therefore to the spacecraft).

The proposed modelling technique is first demonstrated with
a replication of the work of Sibeaud et al. [22] and Legaud et al.
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[23] on hypervelocity impacts of a sphere on a single plate and
is validated against these literature experiments and simulations.
The numerical methodology is then implemented to investigate a
Whipple shield configuration and is validated thanks to a new set
of data, courtesy of Airbus Defence and Space (ADS).

The proposed methodology analyses the impact considering
both the dynamics and the thermo-mechanical loads. The parts in-
volved in the impact are modelled taking into account their mate-
rial and the thermal properties. The impact is modelled as a local
event with the aim of reproducing the large deformation that oc-
curs during an impact.

The ultimate objective is to establish a robust and repeatable
modelling framework capable of predicting not only local dam-
age but also the stress and energy transmitted to adjacent struc-
tural components, thereby supporting the design of debris-resilient
spacecraft architectures.

It is emphasised that the present study does not aim at deriv-
ing generalised ballistic limit trends or statistically representative
scaling laws across a broad hypervelocity impact parameter space.
Instead, a deliberately controlled impact configuration is selected
in order to isolate and investigate the behaviour of the coupled
SPH-FEM interface and the associated mechanisms of debris cloud
formation, energy transfer, and stress-wave propagation.

2. Problem description

A hypervelocity space-debris impact on a spacecraft first in-
volves the external structural panel, which in shielding terminol-
ogy is referred to as the bumper. Upon impact, the impacting de-
bris perforates and fragments the bumper, generating a secondary
debris cloud. This debris cloud propagates downstream and may
strike internal spacecraft components, potentially causing further
damage.

The spacecraft configuration considered in the present study is
illustrated in Fig. 1. The outer spacecraft panel is treated as the
bumper. Behind it, the internal equipment cover panel (e.g. enclos-
ing avionics units such as batteries, Power Conditioning and Distri-
bution Unit or other bus subsystems) is modelled as the rear wall.
To evaluate the residual hazard after interaction with the rear wall,
a third structural element is considered, acting as a witness plate.
In the analysed configuration, this corresponds to the central struc-
tural tube. This component is of particular importance, as it typi-
cally accommodates the propellant tank. Perforation of the central
tube may therefore allow secondary fragments to impact the pres-
surised tank, potentially leading to catastrophic failure.

To reproduce this impact scenario in a controlled laboratory
environment, an equivalent Whipple-shield configuration is em-
ployed. This setup consists of parallel plates clamped at their
perimeter, impacted by a spherical projectile launched using a
two-stage light-gas gun [27]. The laboratory configuration repli-
cates the functional roles of the spacecraft elements described
above, enabling controlled investigation of debris-cloud formation,
rear-wall interaction, and fragment transmission toward the wit-
ness plate.

3. Hybrid SPH-FEM methodology and coupling strategy

To capture the hypervelocity interaction between debris and a
Whipple shield, a hybrid numerical approach combining the fi-
nite element method (FEM) and Smoothed Particle Hydrodynamics
(SPH) is employed.

Smoothed Particle Hydrodynamics is a mesh-free, particle-
based Lagrangian method particularly suited for modelling prob-
lems involving large deformations and fragmentation [28]. In the
SPH formulation, the continuum is discretised into a set of parti-
cles that carry the state variables of the system (e.g. mass, velocity,
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stress, internal energy). A kernel approximation is used to evalu-
ate spatial derivatives, allowing field variables and their gradients
to be computed from weighted interactions between neighbouring
particles through a smoothing function.

Each particle interacts with nearby particles within a defined
influence domain. By weighting these interactions, continuous field
quantities can be reconstructed at the particle location from the
values of the surrounding particles. This characteristic makes SPH
especially suitable for simulating hypervelocity impacts, where ex-
treme deformation and material failure occur.

In the present methodology, SPH is used to model both the
impacting projectile and the directly affected region of the tar-
get. The surrounding structural domain is discretised using FEM.
This hybrid SPH/FEM coupling enables accurate representation of
local fragmentation and material erosion while allowing the stress
waves and energy transmitted beyond the impact zone to be con-
sistently propagated through the adjacent structure.

The numerical model has been developed using the commercial
code LS-DYNA®.

The coupling between the SPH and FEM regions is implemented
through an interface contact algorithm, which enforces kinematic
compatibility along the shared boundary:

(1)

A dedicated hybrid interface zone is defined in this region, in
which SPH particles are constrained to move consistently with ad-
jacent finite elements. This ensures continuity of displacement and
velocity fields across the interface and enables reliable transmis-
sion of stresses and momentum from the SPH domain into the FEM
structure.

Within the hybrid interface zone, SPH particles “i” interact with
both neighbouring particles and finite elements within their sup-
port domain, defined by the smoothing length “h”. This configu-
ration smooths the transition between the two formulations and
reduces common interface-related issues reported in the literature,
such as artificial stress concentrations, numerical noise, or spurious
wave reflections.

Cinterface = S2rEM N S2spH

4. Numerical modelling of hypervelocity impact on a single
plate

The numerical methodology has been developed first consider-
ing the impact of a projectile on a single plate (the bumper). To
establish the methodology, the authors have reproduced the ex-
perimental test data performed by Sibeaud et al. [22] using a two-
stage light gas gun in operation at the Centre d’Etudes de Gra-
mat (CEG) and already numerically simulated by Legaud et al. [23].
These tests provide well-documented experimental measurements
and constitute a suitable validation benchmark for the SPH-FEM
coupling strategy. The objective of this replication is to establish
physical consistency of the coupling strategy under controlled and
well-documented conditions.

4.1. Experimental configuration reproduced

One representative test case from the Sibeaud campaign was
selected. In this configuration, a spherical projectile with 10
[mm] diameter impacts a single plate (bumper) with dimensions
150x150x2 [mm)], both in AI6061-T6, at a velocity of 5.941 km/s
under normal incidence. The experimental setup is schematically
reproduced in Fig. 3, and the principal physical parameters are
summarised in Table 1.

4.2. Experimental validation metrics

In the experimental campaign, the following debris cloud char-
acteristics were measured at t = 16 ps after impact:
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Bumper
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Projectile
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rear wall witness plate
[mm] [mm]

Fig. 1. Whipple Shield Configuration (Courtesy of ESA).

Table 1
Sibeaud’s test set-up physical characteristics.
Physical parameters Value
Projectile Diameter 10 mm
Projectile Velocity 5.941 km/s
Impact angle 0° (normal impact)

Dimensions of the impacted plate  150x150x2 mm

 Debris cloud length, Lpc

Debris cloud front velocity, Vpc front

e Maximum debris cloud diameter, Dpc max
o Crater diameter in the target plate, D¢y

These geometric descriptors are illustrated in Fig. 4 and are re-
ported in Table 2.
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Table 2

Sibeaud HVI experimental test results at 16 ps.
Parameter Symbol Value
Debris cloud length LDC 81.1 mm
Debris cloud front velocity VDC,front 4.8 km/s
Debris cloud maximum diameter =~ DDC,max 65.6 mm
Crater diameter in bumper Dcr 18.9 mm

These quantities constitute the primary validation metrics for
the SPH domain before extending the methodology to the Whipple
shield configuration.

The purpose of this validation exercise is not to reproduce
an extensive ballistic database, but to verify the physical consis-
tency of the SPH domain and its coupling behaviour under well-
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characterised and traceable experimental conditions. By compar-
ing debris cloud geometric descriptors (length, maximum diameter,
front velocity, and crater diameter) with experimental measure-
ments, the modelling framework is assessed in terms of its abil-
ity to reproduce fragmentation dynamics and momentum trans-
fer mechanisms prior to analysing stress-wave propagation within
the FEM domain. The validation performed is therefore mechanistic
in nature, rather than statistical validation of ballistic limit perfor-
mance.

4.3. Numerical model and discretisation strategy

To reduce computational cost while preserving physical fidelity,
only one quarter of the experimental configuration was modelled,
following the approach of Legaud et al. [23]. Symmetry boundary
conditions were applied along the two orthogonal planes (Fig. 5).

The modelled plate dimensions were 75 x 75 x 2 mm. The cen-
tral 25 x 25 mm impact region was discretised using SPH particles
to capture severe deformation and fragmentation. The surrounding
region was modelled using Lagrangian solid finite elements.

The SPH discretisation consisted of:

e Bumper: 200 x 200 x 26 particles (640,000 total)
» Projectile: 80 x 40 x 40 particles (67,024 total)

The transition SPH/Lagrange is guaranteed by a tied contact be-
tween particles and finite elements. The connection between com-
ponents is implemented by defining the contact slave set as the ex-
ternal SPH nodes bordering the finite elements model of the plate’s
external zone, and the master set as the segment set of finite ele-
ments faces within the plate model’s external zone that share bor-
ders with the internal SPH plate domain. This configuration creates
a tied linkage, restricting the elements and nodes translational de-
grees of freedom. In LS-DYNA®, tied contact conditions are read-
ily available, constraining slave nodes to move in unison with the
master surface. Initialization involves projecting each slave node
orthogonally onto the nearest master segment. If the defined tol-
erance is satisfied, the nodes are adjusted to the master surface
without introducing artificial stresses, thus compensating for mi-
nor geometric discrepancies.

During the simulation, each slave node maintains a fixed rel-
ative position with respect to its corresponding master segment.
To correctly represent this phenomenon, it is important to model
the behavior of the material during and after the impact, specify-
ing the adopted fracture criteria [24-29] and the Equation of State
[30].

4.4. Constitutive modelling and failure criteria

Legaud et al. employed the Steinberg material model in their
simulations [30-32]. In contrast, this study adopts the Johnson-
Cook model, to represent strain hardening, strain-rate sensitivity,
and thermal softening under large deformation and high strain-
rate conditions [32-34].

In this formulation, strain hardening, strain-rate dependence,
and thermal softening are captured within a unified expression.
Strain hardening refers to the increase in strength and hardness of
ductile metals as they undergo plastic deformation. This process
is associated with the creation and movement of dislocations—
irregularities in the crystal lattice. As dislocations accumulate and
hinder one another’s motion, the material becomes progressively
more resistant to deformation. The resulting strain-hardened state
is characterised by a higher yield stress, but reduced ductility.

Strain-rate effects become important in high-speed events, as
rapid deformation alters the stiffness of the material. This influ-
ence is particularly pronounced when the projectile velocity ex-
ceeds the material’s speed of sound. Thermal softening, in turn,
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Table 3

Material properties of Al 6061-T6 aluminum alloy.
Material Property Symbol  Value
Density P 2.703 g/cm3
Elastic Modulus E 69 GPa
Shear Modulus G 27.6 GPa
Poisson’s Ratio N 0.33
Melting Temperature Tm 792 K
Reference Temperature Ty 273 K
Specific heat Cp 875 J/kgK

Table 4
Johnson-Cook material model parameters for Al 6061-T6
aluminum alloy.

Johnson-Cook parameters Symbol  Value

Yield Stress A 324.1 MPa
Strain Hardening parameter B 113.8 MPa
Strain Hardening exponent N 0.42

Strain Rate parameter Cic 0.002
Thermal Softening exponent M 1.34
Pressure Cut-off op —1200 MPa
Spall type SPALL 2.0

links the material properties to temperature. The Johnson-Cook
model [30] combines these contributions in the following equa-
tion:

oy = (A +B&") (1+ clne*) (1 —T*m) (2)
with:
T* = T - Troom (3)

Tmel t— Troom

where oy denotes the yield stress, P the effective plastic strain,
and A, B, n, c and m are material constants, T is the current tem-
perature, Troomis the reference room temperature and T, is the
melting temperature of the material. The first term,A, represents
the initial yield stress. The second term B&P", accounts for strain
hardening, describing the increase in strength with plastic defor-
mation. The third term introduces the effects of thermal softening
and damage accumulation.

The original experiments employed Al 2017 as the projectile
material and Al 6061-T6 for the impacted plate. For the simula-
tions, however, both elements were represented with Al 6061-T6
data, since suitable constitutive parameters for Al 2017 were not
available and the two alloys exhibit comparable properties.

Material splitting, cracking, and tensile failure are represented
in the simulation through the spalling model implemented in LS-
DYNA®. The material physically spalls when the maximum pres-
sure is higher than or equal to the cut-off pressure:

(4)

When spallation takes place, tensile stresses in the affected mate-
rial are reset to zero, though compressive stresses can still be car-
ried. The deviatoric components of stress are removed, ensuring
that hydrostatic tension cannot arise. In this way, any calculated
tensile pressures vanish, and the spalled material is treated as de-
bris.

The values implemented in the simulations are reported in
Tables 3 and Table 4.

Omax = —O0p

4.5. Equation of state

A hypervelocity impact is characterized by very high pressures
and temperatures. To describe the state of the material under its
physical conditions, the Mie-Gruneisen equation of state (EoS) has
been chosen [35,36]. The EoS is the mathematical description of
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Table 5

Mie-Gruneisen EoS parameters.
Mie-Gruneisen parameters Value
C 5328 m/s
S1 14
S2 0
S3 0
Gruneisen parameter Y, 1.97
a factor 0.48
Initial internal energy (10> J) 0
Initial relative volume 0

the material behaviour for a given set of initial conditions. The
Griineisen equation of state defines the pressure of a compressible
material (P) by establishing a linear relation between shock veloc-
ity and particle velocity, expressed as:

pCou1 (1= ) 1]
IR O Ny

(n+1)?
Where:

C is the Y-intercept of the vs-vp curve and represents bulk
sound speed; (vs is the velocity of the shock wave; vp is the ve-
locity of the particle)

S1, S2 and S3 are the coefficients of the vs-vp curve’s slope;

o refers to Gruneisen coefficient; a is the first order correction

(5)

+ (Yo+au)e

to Yo:
p is the material density;
w==L2_-1.

o
The parameters describing the hypervelocity impact in the anal-

ysis are tabulated in Table 5.

It should be noted that the Mie-Griineisen equation of state is
known to present limitations at very high impact velocities (typi-
cally above ~5 km/s for aluminium-aluminium impacts), particu-
larly when strong phase changes, melting, or vaporisation effects
become dominant. In such regimes, more advanced multiphase or
tabulated equations of state may provide improved thermodynamic
accuracy.

In the present study, the Mie-Griineisen formulation was se-
lected because the primary objective is not to resolve detailed
phase transitions or vaporisation phenomena, but to ensure a sta-
ble and physically consistent representation of shock generation
and stress-wave transmission into the surrounding structure. The
focus of this work lies on energy transport and structural response
within the coupled SPH-FEM framework, rather than on the exact
thermodynamic state of the fragmented material.

The impact velocities investigated in this paper range from
2.9 km/s to 71 km/s. Within this range, the Mie-Griineisen for-
mulation remains widely adopted in engineering-oriented hyper-
velocity simulations and provides an adequate description of the
pressure-volume response for the purpose of stress-wave propa-
gation analysis. The limitations of the EoS at higher velocities are
therefore acknowledged, but they do not compromise the main ob-
jectives of the present study.

4.6. SPH control and numerical stability

The control settings applied to the SPH particles play a cen-
tral role in determining the stability, accuracy, and efficiency of
the simulation by defining the particle interactions. In all the pre-
sented simulations, a *CONTROL_SPH card was used to manage
SPH particle properties, including the activation of a particle de-
activation box. This box effectively deactivates SPH particles that
have gone outside the box and are no longer interacting with the
structure, optimizing computational efficiency while capturing key
impact features such as the evolving debris cloud and ejecta veil.
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The SPH control algorithm dynamically adjusts the number of
neighbors per particle during the computation, significantly ex-
ceeding the default value of 150. LS-DYNA'’s automatic adjustment
of this value allowed the simulation to proceed to the final stages.
If the number of neighbors per particle increases too much, the
automatic process of neighbor determination leads to a program
crash, so that it is necessary to update the initial default value.

Regarding the SPH formulation, Legaud et al. [23] concluded
that the default SPH formulation is optimal for hyper-velocity im-
pacts. The *CONTROL_SPH settings further define the interparticle
interaction. The default “particle approximation” is used. Accord-
ing to this setting, particles of two different parts interact with the
same mechanics as particles of the same part interact internally,
ensuring accurate collision detection and debris cloud dynamics.
Artificial viscosity played a key role in addressing discontinuities
and preventing tensile instability. The choice of the Monaghan for-
mulation over the standard solid-element artificial viscosity formu-
lation proved to be more widely applicable due to the complex na-
ture of the impact zones, as the solid-structure approximation fell
short. Finally, incremental stabilization was implemented as total
stabilization is only recommended for hyperelastic materials.

In addition, *SECTION_SPH card settings were used to control
the SPH smoothing function and the smoothing length constant “h”
(ref. Fig. 2). The use of an initial value of 1.2, bounded between 0.2
and 1.5 during the simulation, allowed for effective control of the
particle dynamics. The cubic spline function was implemented as
the kernel function of choice.

The plate area surrounding the impact zone requires the use of
finite elements to limit computational effort. For proper finite ele-
ment functionality, modeling cards different from those associated
with SPH must be implemented. In this context, *SECTION_SOLID is
used to satisfy the finite element attributes. Despite the thin com-
position of the bumper plate, shell elements were not considered
due to the potential complications arising from their interaction
with SPH. The main aspect that requires attention in the section
card is the choice of the element formulation.

The constant stress solid element was chosen because of its
accuracy, efficiency, and adaptability to large deformations. How-
ever, its use requires hourglass stabilization, which is implemented
through the *CONTROL_HOURGLASS tab. The use of the Flanagan-
Belytschko viscous form type [37] within this stabilization method
proves to be suitable for very high-speed scenarios. This specific
viscosity type is recommended in the LS-DYNA manual and has
been defined in the literature [38] as optimal for hyper-velocity
simulations. A major advantage is its negligible effect on the sys-
tem energy, which increases its suitability for such simulations.

The termination time of the simulation is controlled by the
mandatory *CONTROL_TERMINATION card in LS-DYNA, which al-
lows tunability based on the simulation objectives. For the single
wall scenario, a simulation duration of 20 ps is sufficient to capture
the entire event, given the initial high projectile velocity defined by
the *INITIAL_VELOCITY_GENERATION card. No further termination
criteria were specified.

5. Validation of the numerical modelling technique against the
simulations results from Legaud

Validation of the numerical approach was achieved through
comparison between simulation outcomes and the experimental
results reported by Sibeaud at t = 16 ps after impact. The per-
centage of the error of the authors’ simulations towards Sibeaud’s
experiments is reported in Table 6, showing a very good match be-
tween simulations and experiments.

For completeness, the qualitative view of the secondary debris
cloud obtained in the simulation is presented in Fig. 6, where a lat-
eral view (perpendicular to the impact velocity direction) is shown.
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Fig. 4. Sibeaud experiment parameters.
tb=2 [mm] expanding outer layer, commonly referred to as the ejecta veil, cor-

responds to the high-angle component of the debris cloud gener-
ated by shock-driven fragmentation of the projectile and bumper
material. At 2 ps, the debris cloud becomes established. By 4,6 and
8 ps a pronounced mass concentration is visible at the core and
The figure illustrates the early formation of the debris cloud within leading edge of the cloud, primarily composed of projectile mate-
the first microseconds after impact. Already at 1 ps, an outer ra- rial (yellow), surrounded by a more dispersed layer of fragmented
dially expanding envelope of fine fragments can be observed. This plate material (green). The continued expansion of the ejecta veil

Fig. 3. Representation of Sibeaud’s experiment setup.
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Fig. 5. details of the mesh used in the simulation of the experiments of Sibeaud et al.
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Table 6
Sibeaud tests results vs. Authors numerical results.

%error between
Sibeaud experimental
results and authors

HVI parameters Symbol simulation results
debris cloud length Lpc 0.1%
debris velocity at the cloud front  Vpcgrone 0.7%
cloud maximum diameter Dpc max 5.8%
crater diameter in the plate Der 0.5%
Time = 1us Time = 6us
A NN
Time = 2us Time = 8us
. "‘
<
1 T
Time = 4us Time = 16us

B 2N

Fig. 6. HVI on single plate. Evolution of debris cloud in the first 16ps.

at 16 ps illustrates the progressive spatial redistribution of mass in
the impact direction.

6. Numerical model of a Whipple shield configuration

The numerical modelling technique has been further developed
by the authors with the aim of numerically representing the hyper-
velocity impact test scenario of a space debris impact on a space-
craft, initially described in Fig. 1 and known as the Whipple shield
configuration.

To properly represent this scenario, the authors have chosen to
model the bumper plate and the rear wall as full plates (no quarter
models) to simplify the boundary conditions. The witness plate is
not simulated, as it is present in the experiments mainly for practi-
cal reasons, to collect any debris generated and to avoid damaging
the test facility and instrumentation.

To support the model setup and the subsequent validation of
the modelling technique, the input data and results of a test cam-
paign carried out by ADS at the Ernst Mach Institute have been
used. These data are provided by courtesy of ADS.

The experiments set-up is reported in Fig. 7 and consists of two
plates of Al2024-T3 placed at 60 mm distance and an aluminium
projectile of 5 mm diameter. The experiments are run a different
projectile impact velocities and the authors have reproduced only
the ones at impact velocity 2.9 km/s (test a), 5.9 km/s (test b) and
7.1 km/s (test c).

These three cases were selected because they span distinct
physical regimes of hypervelocity impact behaviour. The 2.9 km/s
case represents a lower-velocity penetration regime with limited
fragmentation, the 5.9 km/s case corresponds to a fully fragment-
ing but energetically moderate regime, and the 7.1 km/s case rep-
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Fig. 7. experimental data set configuration (credits Airbus Defence and Space
GmbH).

resents a higher-energy condition characterised by extensive pro-
jectile breakup and increased rear-wall damage.

By selecting these three impact velocities, the model is assessed
across a transition from partial to complete fragmentation, en-
abling evaluation of the robustness of the SPH-FEM coupling under
progressively increasing shock intensity and energy transfer.

The mesh characteristics of the model have been summarised
in Table 7, taking into account the following aspects:

The projectile, a 5-mm diameter sphere, has been modelled en-
tirely with SPH particles, since it undergoes near-complete
disintegration upon impact with the bumper.

The accuracy of debris cloud prediction has been ensured by
applying a high-density mesh in the bumper impact region.

The bumper has been represented as a 30 x 30 mm plate in-
stead of the full 100 x 100 mm geometry, as the event is
highly localised. This has allowed dense meshing through
the thickness and in-plane directions without excessive
computational cost. From the single-plate simulations, it has
been verified that crater edges remain sufficiently distant
from model boundaries, ensuring no influence on debris
cloud formation.

Because the debris cloud originates from a relatively small
bumper volume interacting with the projectile, through-
thickness discretisation has been prioritised. In the current
model, the SPH zone has been defined with 26 particles
through the thickness, while the FE zone has been meshed
with four elements, resulting in an aspect ratio of two.

Insights from the single-plate HVI simulations have shown that

the secondary debris cloud is significantly larger than the

original projectile and propagates about 15% slower. To cap-
ture this effect, the rear wall has been modelled larger than
the bumper, with the SPH zone centred in the same way as

for the bumper (Fig. 8).

model the HVI on a Whipple shield, the authors propose to

define a hybrid (or transition) zone between SPH particles

and FEM elements to smooth the transition and allow more
accurate stress propagation to the finite elements. The SPH
particles and finite elements are active from the start of the
impact. The hybrid elements are SPH particles that are not

To
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Table 7
Whipple shield model - mesh details.

Journal of Space Safety Engineering 13 (2026) 349-362

Elements Dimensions of SPH zone (mm)  Number of SPH particles in impact direction  Total number of SPH particles in the part
Projectile D=5 40x40x40 33,552
Bumper 30%x30x0.8 250x250x12 691,200
Rear wall  100x100x0.8 350%x350x10 1225,000
Table 8

Comparison test data vs. simulation results.

Test Projectile diameter (mm)  Impact Velocity (km/s)  Bumper hole diameter (mm) Rear wall hole diameter (mm)
test Simulation  %error test simulation  %error
Test-a 5.0 29 6.7 7.5 0.11% 27.0 250 0.07%
Test-b 5.0 5.4 8.1 8.5 0.05% 240 33.0 0.37%
Test-c 5.0 7.1 9.3 9.1 0.02% 58.0 52.0 0.1%

Fig. 8. Projectile (green), bumper (blue), rear wall solid FE zone (red) and SPH zone
(blue): (left) front view; (right) isometric view.

active for coupling until the moment of failure of the finite
element. In this way, the mass and momentum of the failed
elements are retained because they don’t disappear but are
replaced by one or more SPH particles. The hybrid zone of
the bumper is shown in yellow in Fig. 9.

The Johnson-Cook model is adopted. Both bumpers are made of
Al 2024-T3, whereas the projectile is made from Al 2007. For
the last aluminium, Johnson-Cook parameters are not eas-
ily available, therefore in the simulation it is considered that
also the projectile is made of Al 2024-T3. This approximation
in the simulation is based on the consideration that both Al
2024-T3 and Al 2007 are high-strength, heat-treatable alloys
but have differences. Al 2024-T3 is an aluminium-copper-
iron alloy with a yield strength of around 275 MPa and has
its density and properties in general are comparable to Al
2007. Al 2024-T3 has slightly higher yield strength but this
has minimal effects on the results, as the yield strength is
not the driving parameter in the penetration.

The same EoS as in the simulation of the impact on one plate
has been used.

7. Validation of the numerical model of the Whipple shield
configuration against the test data

The simulation results for the three tested velocities have been
reported in Table 8 and compared with the empirical data. It is
emphasised that the selected test cases are representative configu-
rations chosen to evaluate the predictive capability of the coupled
SPH-FEM framework under controlled conditions. The objective is
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not to demonstrate agreement across a statistically broad database
of Whipple shield experiments, but to verify that the modelling ap-
proach consistently reproduces key physical mechanisms governing
debris fragmentation, cloud evolution, and penetration behaviour.
This focused validation strategy ensures traceability between ex-
perimental conditions and numerical setup while maintaining clar-
ity regarding the configuration-specific scope of the conclusions.

In particular, the diameters of the holes, both in the bumper
and in the rear wall, are compared and show a good agreement
between experiment and simulation.

The results for all three velocities of the ADS data set are shown
in Fig. 10, viewed from the rear of the rear wall, to better highlight
the crater dimensions and hole shapes obtained in the simulations.
The bumper holes have been observed to remain nearly circular. A
qualitative inspection of the damage morphology reveals that the
rear wall exhibits irregular openings and cracks, with large frac-
tures that prevent the definition of a single representative perfora-
tion diameter.

The results have further indicated that, for aluminium projec-
tiles impacting aluminium plates, velocities above 4 km/s lead
to complete projectile fragmentation, melting, and crater material
ejection.

For these three velocity cases, the evolution of the velocity of
the secondary debris cloud within the first 16 ps is obtained via
the simulation and represented in Fig. 11, with the view in the di-
rection transversal to the impacted plate.

The debris expelled beyond the bumper has been found to con-
sist mainly of plate material (red) rather than projectile mate-
rial (green). The properties of the central projectile zone (green)
govern the destructive potential of the debris cloud. At all three
studied velocities, most of the projectile material is directed to-
wards the cloud front. Higher velocities generate a larger num-
ber of secondary fragments due to the increased impact energy.
While the ejected particles pose a long-term orbital debris haz-
ard, they also help dissipate energy and reduce the likelihood of
projectile penetration into the spacecraft unit (rear wall in the
experiments).

As it can be seen in Fig. 10, together with the secondary debris
cloud, formed in the direction of the impact, also a primary debris
bubble is formed in the opposite direction of the impact, behind
the bumper. This primary debris cloud consists of a combination
of projectile (green particles) and bumper material (red particles).
It can be noticed that the projectile material is at the centre of the
debris cloud, surrounded by the plate material, both in the impact
direction as well as at the opposite direction.

The results of these simulations have been further exploited by
extracting the values of the velocity of the particles of the sec-
ondary debris cloud and the stress generated on the FEM elements
of the first panel. This information is not available from the test
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Fig. 10. view from the rear of the crater of rear wall (yellow) and the bumper (red) a) at impact velocity 2.9 kmy/s, b) at impact velocity 5.4 km/s, c) at impact velocity

7.1 km/s.

data set provided and cannot be compared with real data. The ve-
locity of the secondary debris cloud allows an understanding of the
energy of the secondary debris cloud hitting the rear panel (repre-
senting the unit inside the spacecraft). The stress levels of the FEM
element of the bumper provide information on the stresses trans-
mitted to the spacecraft. These physical parameters make it pos-
sible to understand how and if the debris impact has affected the
structural integrity of spacecraft elements close to the impact zone
(e.g. mechanical joints, mechanisms, optical payloads, etc....).

The leading edge of the debris cloud is formed by the fastest
particle. The destructive potential depends on the correlation be-
tween fragment velocity and mass distribution: a cloud with sig-
nificant mass at peak velocity is more damaging than one domi-
nated by slower fragments.

Behind the bumper, the velocity profile shows that most of the
cloud mass travels at more than 80% of the impact speed. This dis-
tribution can be quantified by counting particles in the high- and
low-velocity zones. Since each particle retains constant density and
volume, the particle count directly reflects the mass at a given ve-
locity.
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Fig. 12 shows the velocity profile at the three different impact
velocities in a view transverse to the impacted plates. It can be
seen that the particles at the front of the cloud have a higher
velocity than those trailing behind. This quantitative method pro-
vides an insight into the mass distribution that determines the de-
structive power of the debris cloud.

For an impact velocity of 2.9 kmy/s, over 80% of the primary de-
bris cloud is composed of elements with velocities greater than
90% of the impact velocity. This means that most of the mass in
the cloud has retained the high velocity of the impact. The sec-
ondary debris cloud shows a different behaviour: less than 2% of
its mass retains velocities above 90% of the initial impact speed. If
not contained by the rear wall, the cloud continues to propagate
through the cavity at reduced velocity. At 8 ps, the leading edge
travels faster than after its interaction with the rear wall at 16 ps.

The rear wall captures the debris over a wider area, significantly
reducing cloud velocity, demonstrating the high effectiveness of
the Whipple shield in absorbing impacts.

Fig. 12 compares the evolution of the secondary debris cloud for
different initial impact velocities (2.9 km/s, 5.4 km/s and 7.1 km/s),
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Fig. 11. Time evolution of the secondary debris cloud for three initial impact velocities (2.9 km/s, 5.4 km/s and 7.1 km/s). Snapshots are reported at different times after
impact (0-72 ps). Distances are shown in the impact plane and time is expressed in microseconds (ps).
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Fig. 12. Time evolution of the secondary debris cloud for three initial impact velocities (2.9 km/s, 5.4 km/s and 7.1 km/s). The colour scale represents the Z-component of
fragment velocity expressed in km/s. Time is reported in microseconds (ps).
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Fig. 13. Von Mises stress field evolution fringe plots for 3 different impact velocities.

with the color scale representing the Z-component of fragment ve-
locity in km/s. This velocity component, aligned with the impact
direction, is used as an indicator of the damage potential of the
debris cloud.

It can be seen that at 7.1 km/s, the cloud formed after the im-
pact on the rear wall is much larger than the clouds formed for
initial velocities of 2.9 km/s and 5.4 km/s. Most of the mass of the
secondary cloud moves at less than 20% of the initial velocity. This
behaviour changes at higher velocities, because at higher impact
velocities the energy involved in the impact is also higher. This is
an important finding because the energy involved in the impact
determines the damage potential of the secondary cloud.

The Von Mises stress fringe plots of the rear wall are reported
in Fig. 13 for the three velocities analysed at different time steps.
The stresses on the rear wall are plotted (measured in MPa). De-
spite the absence of direct experimental stress measurements, the
numerical results have offered useful insight into the stress field.

Once the rear wall is impacted by the secondary debris cloud,
the stress spreads from the centre of the plate in a circular manner,
until the border of the plate. The interaction between waves can
be observed by studying the stress, leading to peaks and valleys
of stress within the structure. The limits of the fringe plot are set
such that the red zones are near the yield strength of the material.

These results also show that the projectile velocity exceeds the
speed of sound within the bumper material. The shockwave prop-
agating through the material is reflected at the target surfaces and
reverses direction. The overlap of incident and reflected waves can
locally raise stresses beyond material strength, leading to cracking
or spall separation at high velocities.
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8. Conclusions

This paper addressed the problem of hypervelocity space de-
bris impact on spacecraft structures. A coupled SPH/FEM modelling
technique was proposed to numerically represent this highly com-
plex phenomenon, in which both the projectile and the impacted
structure undergo severe fragmentation, large deformations, and
possible material state changes.

Within the proposed framework, the fragmentation process and
the associated physical and kinematic evolution of debris frag-
ments are modelled using SPH, while the energy transfer to the
structure and the resulting stress propagation in the remaining
parts of the panel are captured using FEM. This hybrid approach
allows the detailed modelling of the impact zone while preserving
the capability to analyse the structural response at a larger scale.

A key advantage of the methodology is its practical applicability
at spacecraft level. Only local modifications of an existing space-
craft FEM model are required: the region of interest around the
impact is discretised with SPH, whereas the rest of the model can
remain unchanged. This makes the approach compatible with stan-
dard industrial modelling practices.

The methodology was first established and calibrated using nu-
merical simulations and test data available in the literature for
single-plate impact configurations. It was subsequently extended
to a more complex and representative Whipple shield configura-
tion and further correlated with a new set of hypervelocity impact
tests performed on Whipple shield specimens and kindly provided
by Airbus Defence and Space GmbH.

The proposed modelling methodology implies that an appropri-
ate material model and equation of state are implemented in the
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modelling, including an appropriate fracture criterion. In the simu-
lation, the Johnson-Cook material model and the Mie-Griineisen
equation of state were implemented. While the latter presents
known limitations at extreme hypervelocity regimes involving sig-
nificant phase transitions, it proved adequate for the engineering-
oriented objectives of this study, focused on shock-wave transmis-
sion and structural response.

Particular attention was given to the SPH-FEM transition region
to ensure correct energy transfer between the two domains, as im-
proper coupling may lead to loss of physically relevant information.

After comparing the simulations with the selected test con-
figurations, the proposed numerical methodology was found to
be accurate within the investigated parameter space. The results
should be interpreted as a configuration-specific demonstration of
the modelling framework, rather than as a generalised parametric
study of Whipple shield performance.

Beyond perforation assessment, the simulations were used to
derive the velocity profile of the secondary debris cloud and to
evaluate the stress field at the rear wall. Direct experimental cor-
relation of the computed stress histories was not possible, as
energy-related measurements were not available in the provided
test dataset.

To address this limitation, a dedicated test campaign is planned,
including instrumentation of the test specimen with shock sensors
and digital image correlation systems. This will enable measure-
ment of shock propagation within the structure and reconstruction
of the stress field in the bumper during impact.

In a further step, the methodology will be extended to a
spacecraft-like structural configuration. A dedicated experimental
campaign will be designed to simultaneously characterise the gen-
erated debris cloud (mass, velocity, fragment size distribution) and
the internal shock-wave propagation.

The combined numerical and experimental effort will allow
closing the validation loop and will provide clearer indications on
how the proposed SPH/FEM framework can be applied in support
of spacecraft design and verification activities in operational pro-
grammes.
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