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1 Introduction 

In a typical satellite bus, most impact-sensitive equipment is situated in the enclosure of  the structural 

sandwich panels, of ten – panels with a honeycomb core (honeycomb-core sandwich panels, HCSPs). 
As commonly used elements in satellite structures, these panels form the satellite’s shape and are 
primarily designed to resist launching loads and provide attachment p oints for satellite subsystems [1].  

With low additional weight penalties, their intrinsic ballistic performance can of ten be upgraded to the 
level required for orbital debris protection [2].  
Previous studies investigated the ef fects of  impact conditions (projectile speed and material) and 

HCSP design parameters (e.g., facesheet thickness and material) on their ballistic performance [3-8]. 
Other studies have focused on the development of  numerical models with the aim of  establishing best  
practices for simulations of  hypervelocity impact (HVI) on HCSPs [9], or evaluating the ef fect of certain 

design parameters, such as the honeycomb cell size [10 – 12]. A common feature of  all of  these 
studies is that they considered only one shape for the impactor, i.e., a spherical projectile. 
At the same time, it has been recognized and conf irmed by multiple studies involving other shielding 

systems that non-spherical impactors can be signif icantly more destructive.  In particular, disk-shaped 
impactors were noted as being among the most dangerous projectile shapes  [13 - 15], especially 
those impacts when the disk axis is orthogonal to the projectile velocity vector (“high-pitch” disk 

penetrators) [16]. 
To address a lack of  research into the ef fects of  projectile shape in HVI on HCSPs, authors of  the 
present study developed a detailed and verif ied numerical model of  a HCSP in LS-DYNA and used it 
to investigate the ef fect of high-pitch-angle, disk-like projectile impacts on the protective propert ies  o f  

spacecraf t sandwich structures with honeycomb cores. In addition to a “regular” disk shape, the 
impact scenarios considered here involved disk projectiles with a central hole (annulus-shaped 
impactors). 

2 LS-DYNA model of HCSP 

A combination of  *EOS_GRUNEISEN (*EOS_004) and *MAT_JOHNSON_COOK (*MAT_015) was 

used to represent the behavior of  the projectile (Al2017-T4) and facesheet (Al6061-T6) materials. 

Parameters of  the material cards used for these alloys are provided in Ref . [17]. Behavior of  the 
Al5052 core was represented by *MAT_PLASTIC_KINEMATIC (*MAT_003) with the yield strength 

and tangential modulus set to 193 and 0 MPa, respectively .  

The impact conditions considered in this study involved normal angle collisions between a panel and  a 
projectile, which are known to be the most conservative design scenarios for HCSPs due to the so -
called channeling effect of a honeycomb core, in which honeycomb cells constrain the expansion of  

the cloud of  high-speed projectile f ragments, focusing the impact energy and momentum of  the 
f ragments onto a small area of  the rear facesheet. 
Our hypervelocity impact simulation model of  a honeycomb -core sandwich panel developed in LS-

DYNA simulation sof tware is shown in Figure 1. The panel is represented by 1.3 mm-thick facesheets 
and a 50.8 mm-thick core. The in-plane size of  the modeled piece was 70 x 70 mm. In the impact 
region, discretization of  all parts involved 0.1 mm elements or SPH particles, a size that is consistent 

with the f indings of an earlier study by Legaud et al. [9]. The particular setup illustrated in Fig. 1 (with a 
spherical 2.5 mm projectile) replicates the conditions of  the NASA experiment described in [18] and 
denoted as HITF 9005, which was used in this study to verify the developed numerical model. A 

detailed description of  the dif ferent parts of  the model, and the methods used to represent these parts ,  
is provided below. 



13th European LS-DYNA Conference 2021, Ulm, Germany 

 

 

 
© 2021 Copyright by DYNAmore GmbH 

 

Fig.1: General view of the simulation model  

Projectile. Since a projectile, as a result of  a hypervelocity collision with a sandwich panel, was 
expected to undergo complete disintegration and f ragmentation, and to be subjected to extremely high 

deformations, a meshless method – smoothed particles hydrodynamics (SPH) – was employed to 
represent this part of  the simulation model. Although projectiles with dif ferent geometries were 
modeled in this study, a common particle size of  0.1 mm was used for the discretization of  each 

projectile type. A Eulerian SPH formulation #0, which was found in [9] to provide the highest accuracy 
in HVI simulations, was applied in all cases in this study. It was used with the quadratic spline kernel 
function, which was designed to relieve the compressive instability of  SPH in HVI problems. 

Front facesheet. The modeling of  the f ront facesheet used both f inite elements and SPH particles, as 
shown in Fig. 3. In particular, a 30 x 30 mm central region, where large deformations can be caused 
by the impact of  the projectile, was f ine-meshed using 0.1 mm SPH particles, while the rest of  the f ront 

facesheet was discretized using 1.0 x 1.0 x 0.65 mm solid elements (two elements through-the-
thickness of  the facesheet). This roughly meshed region around the SPH part was used to prevent the 
ref lection of  stress waves f rom the boundaries of  the SPH region. The interaction of  the two parts 

(solid and SPH) was modeled using the *CONTACT_AUTOMATIC_NODES_TO_SURFACE algorithm in 

LS-DYNA. The interaction between the f ront wall and the projectile SPH particles was implemented 

using standard SPH interpolation. 

 

Fig.2: The different sizes of honeycomb cell used in this study 
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Honeycomb core. The honeycomb cores of  the sandwich panels were represented explicitly in the 
simulations, using fully integrated shell elements (formulation #16 in LS-DYNA with Reissner-Mindlin 
kinematics), as illustrated in Fig. 2. This explicit representation was employed in order to facilitate the 

modeling of  the channeling ef fect of  the honeycomb core on the cloud of  hypervelocity fragments.  The 
dimensions of  the honeycomb cells corresponded to the HexWeb CR III grade of  honeycomb f rom 
Hexcel with a nominal foil thickness of  0.0762 mm. The foil thickness was assigned to the parts o f  the 

honeycomb (single- and dual-wall) as an attribute of  the corresponding shell element section. 
Although the original model replicating the conditions of  the NASA HITF 9005 experiment involved a 
honeycomb with cells of  size 1/8 inch, other cell dimensions were also used in subsequent 

simulations, and these are shown in Fig. 2. The contact between the SPH particles and the 
honeycomb core modeled with shell elements was implemented using the 

*CONTACT_AUTOMATIC_NODES_TO_SURFACE algorithm in LS-DYNA. 

Rear facesheet. It is well-known that although the SPH technique is of ten advantageous in modeling 
scenarios involving extreme deformation and f ragmentation, the f inite element method (FEM) in it s 
Lagrangian implementation is well-suited to tracking the interfaces between materials. In order to 

exploit the advantages of  both techniques simultaneously, a hybrid FEM/SPH approach was 

implemented for the facesheets using the LS-DYNA’s *DEFINE_ADAPTIVE_SOLID_TO_SPH 

keyword, which allowed for the local and adaptive transformation of  Lagrangian solid elements 
(formulation #1) to SPH particles when the solid elements became highly distorted and inef f icient. This  
conversion was triggered by the erosion of  solid elements, which happened when the ef fective plastic 

strain in the element reached a level of  30%. The SPH particles replacing the eroded solid elements 
inherited all the nodal and integration point quantities of  the original solids and were initially attached 
to the neighboring solid elements. This approach makes it possible to accurately capture dif ferent 

levels of  damage to the rear wall, f rom small deformations (using solid elements) to very large ones, 
and, if  necessary, to convert distorted solid elements to SPH particles. The interaction between the 
projectile and f ront facesheet f ragments modeled with SPH and the solid elements of  the rear 

facesheet was simulated using an eroding node-to-surface contact via the 
*CONTACT_ERODING_NODES_TO_SURFACE_MPP algorithm in LS-DYNA. 

All of  the hypervelocity impact simulations were conducted using the massively parallel processing 

(MPP) solver in LS-DYNA on a computer with twelve Intel Core i7-8700 CPUs and 32 GB of  RAM. 
With these computational resources, the average runtime was around 40 h for simulations of  40 μs 
af ter impact initiation. 

3 Results and discussion 

3.1 Validation of the numerical model 

Validation of  the developed simulation model was achieved through a comparison of  its predictions 
with the results of  a physical experiment (HITF 9005) conducted by NASA and reported in [18]. In this 
test, a 2.5 mm Al2017-T4 spherical projectile with a speed of  6.91 km/s impacted on a honeycomb 

panel with 1.3 mm-thick Al6061-T6 facesheets, separated by a 50.8 mm-thick 1/8-5052-0.003 
honeycomb core. A comparison between the simulation results and the physical HVI experiment 
conducted by NASA is shown in Figs. 3 and 4, for the damage to the f ront facesheet and the rear 

facesheet, respectively. It can be seen that a sphere of  above-critical diameter traveling at 6.91 km/s 
induced full perforation of  the sandwich panel, creating a near-circular entrance hole in the f ront 
facesheet and an irregularly shaped exit hole in the rear facesheet. The specif ic validation metri cs 

included the following parameters: a) the size (diameter) of  the hole in the f ront facesheet; and b) the 
size (ef fective diameter) of  the hole in the rear facesheet. A comparison of  the numerical values for 
these validation metrics is given in Table 1. As can be seen f rom the table, the predictions of  the 

developed simulation model agree very well with the experimental results.  
 

Part Data source Hole diameter, mm Error, % Reference 

F
ro

n
t 

fa
c
e
s
h
e
e
t 

NASA Experiment HITF 9005 6.9 (7.0 x 6.8) -- [18] 

UWindsor simulation 7.1 +2.9 UWindsor data 

R
e
a
r 

fa
c
e
s
h
e
e
t 

NASA Experiment HITF 9005 4.4* (4.7 x 4.2) -- [18] 

UWindsor simulation 4.1* (4.0 x 4.2) -6.8 UWindsor data 

Table 1:  Predictions of the developed simulation model compared with the experimental results 
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Fig.3: Front wall damage: simulation (grid cells: 1x1 mm) vs. NASA experiment (HITF 9005, [18]) 

 

Fig.4: Rear wall damage: simulation (grid cells: 1x1 mm) vs. NASA experiment (HITF 9005, [18]) 

3.2 Projectile shape effects 

As discussed in the introduction section, disk-like penetrators with high pitch have been found to be 

among the most dangerous projectile shapes for single-purpose dual-wall (Whipple) shields. In this 
study, the verif ied HVI simulation model was used to extend this analysis to the case of  impacts f rom 
high-pitch, disk-like projectiles on the honeycomb-core sandwich panels. In addition to computations 

with spherical projectiles, which were used as a reference, simulations were conducted using shapes 
such as simple disk-like impactors and projectiles in the form of  a disk with a central hole, the latter o f  
which are referred to here as “ring-shaped” impactors. The three projectile shapes considered in this 
study, along with their characteristic parameters, are shown in Fig. 5. 

 

 
 

 
Sphere Disk Ring 

Fig.5: Sphere, disk and ring projectiles with equal volume 

Spherical projectiles were characterized by the diameter (D), disk projectiles by the diameter (D) and 

thickness (t), and ring projectiles by the thickness (t), outer diameter (D) and the ratio of  the inner and 
the outer diameters (K). The latter was kept constant at a value of  0.5 for all ring-shaped projectiles. 
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The investigation considered disk and ring impactors with dif ferent aspect ratios, def ined as the ratio 
of  the outer diameter to the thickness of  the projectile, AR = D/t. The dimensions of  all projectiles are 
listed in Table 2. 

 

Type Aspect ratio D, mm K = d/D t, mm V, mm3 

Sphere –– 1.50 –– –– 1.77 

Sphere –– 1.20 –– –– 0.90 

Disk 1.50 1.20 –– 0.80 0.90 

Disk 3.00 1.51 –– 0.50 0.90 

Disk 4.50 1.73 –– 0.38 0.90 

Ring 1.50 1.32 0.5 0.88 0.90 

Ring 3.00 1.66 0.5 0.55 0.90 

Ring 4.50 1.90 0.5 0.42 0.90 

Ring 3.00 1.53 0.5 0.51 0.70 

Table 2:  Parameters of the projectiles used in this study 

The test matrix involved 12 numerical experiments, including two with spherical projectiles of  sub-

critical (1.2 mm) and above-critical (1.5 mm) diameter. These were used to verify the model and to 
establish the ballistic limit of  the sandwich panel. The specif ic objectives of  the calculations were as 
follows: 

1. To understand the perforating ability o f  disk and ring-shaped projectiles, as compared to 
spherical impactors of  the same mass; 

2. To evaluate the ef fect of  the aspect ratio on the perforating ability of  disk and ring -shaped 

projectiles; 
3. To investigate the ef fects of  the projectile-honeycomb cell alignment and the size of  the 

honeycomb cell on the ballistic performance of  the honeycomb core sandwich panels, when 

hit with non-spherical projectiles. 
To achieve the f irst and second goals, simulations were conducted with disk and ring projectiles with 
dif ferent aspect ratios of  between 1.5 and 4.5. These projectiles had the same volume (and mass) as 

the sub-critical spherical projectile with D = 1.2 mm that was shown not to perforate the HCSP with the 
1/8 inch-cell honeycomb core. For the third goal, HVI simulations were conducted for panels with 
dif ferent honeycomb cores (see Fig. 2) and dif ferent alignments between the projectiles and the 

honeycomb cells. This included projectiles that were roughly centered at the cell center and those 
aligned with a wall of  the honeycomb before impact, as illustrated in Fig. 6. The corresponding virtual 
test matrix is provided in Table 3, and in addition to the projectile and honeycomb parameters, 

includes information about the alignment between the projectile and the honeycomb cell, and the 
outcome of  each test. The latter is def ined via a binary pass/fail output, where “fail” corresponds to ful l  
perforation of  the panel’s rear facesheet. The termination time for all simulations was set to 40 μs.  

 
 

Fig.6: Alignment between the projectile and the honeycomb cell: cell-centered (left) and wall-

centered (right) projectile 

Simulation # Projectile 
Volume, 

mm3 
Aspect 

ratio 
HC cell size, 

inch 
Projectile-cell 

alignment 
Outcome 

1 Sphere 1.77 –– 1/8 center Fail 

2 Sphere 0.90 –– 1/8 center Pass 

3 Disk 0.90 1.50 1/8 center Pass 

4 Disk 0.90 3.00 1/8 center Pass 

5 Disk 0.90 4.50 1/8 center Pass 

6 Ring 0.90 1.50 1/8 center Fail 
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7 Ring 0.90 3.00 1/8 center Fail 

8 Ring 0.90 4.50 1/8 center Fail 

9 Ring 0.90 3.00 5/32 wall Pass 

10 Ring 0.90 3.00 3/16 center Pass 

11 Ring 0.90 3.00 1/4 wall Pass 

12 Ring 0.70 3.00 1/8 center Pass 

Table 3:  Test matrix and outcomes of the numerical experiments 

Figure 7 shows the setup and the results for simulations 3–8 (as shown in Table 3). As can be seen 
f rom the f igure, all simulations with disk impactors gave the same results as the simulation conducted 
with the 1.2 mm spherical projectile of  equal volume (and mass): no perforation of  the rear facesheet 

was detected. Changing the aspect ratio of  the disk projectiles within the range 1.5–4.5 did not have a 
noticeable ef fect on their penetrating ability. The opposite was true for the ring -shaped impactors: all 
three HVI simulations conducted with the ring projectiles under identical impact conditions resulted in 

perforation of  the honeycomb-core panel, as illustrated in Fig. 7. These results reveal for the f irst time 
that ring-shaped impactors may be of  higher concern than simple disk projectiles. This may be a 
consequence of  the higher elongation of  ring projectiles (for the same volume, D ring > Ddisk), and of  the 

complex interaction between the shock waves and the internal f ree boundaries of  the ring, which 
combine to give a lower degree of  f ragmentation of  the ring impactor upon collision with the f ront 
facesheet compared to its disk-shaped counterpart. The ef fect of  the aspect ratio, which was varied 

f rom 1.5 to 4.5 was moderate. The size of  the exit hole in the rear facesheet (the ef fective diameter of  
an irregular-shaped hole measured on a 0.1 x 0.1 mm grid) was: 

• 0.7 mm for a projectile with AR = 1.5; 

• 0.4 mm for a projectile with AR = 3.0; and  

• 0.7 mm for a projectile with AR = 4.5. 
This nonlinear variation in the size of  the hole suggests the presence of  several competitive 
mechanisms that af fect the penetrating ability of  ring projectiles when the aspect ratio is changed.  

 

DISK RING 

 

 

Aspect ratio = 1.5 Aspect ratio = 1.5 
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Aspect ratio = 3.0 Aspect ratio = 3.0 

 

 

Aspect ratio = 4.5 Aspect ratio = 4.5 

Fig.7: Effects of projectile shape and aspect ratio on damage to the rear facesheet (all projectiles 

have the same volume of 0.9 mm3)  

The ef fects of  the size of  the honeycomb cell and the projectile/cell alignment on the ballistic limit of  

the HCSP was evaluated using a series of  simulations with ring projectiles (AR = 3.0). In addition to 
1/8 inch cells, these involved honeycomb cores with other cell dimensions of  5/32, 3/16 and 1/4 inch 
(simulations 7 and 9–11 in Table 3). The results of  these analyses are shown in Fig. 8. As can be 

seen f rom this f igure, both the cell size and the alignment can inf luence the outcome of  the analysis. 
The ef fect of  cell size can be seen f rom a comparison of  the simulations that involved 1/8 and 3/16 
honeycomb cores, with all other conditions being equal. As a result of  an impact at 7 km/s, the panel 

with 1/8 inch cells was perforated, while the panel with 3/16 inch cells did not show perforation of  the 
rear facesheet and was able to contain all of  the f ragments of  the projectile and the f ront facesheet. 
This ef fect can be simply explained based on the additional space provided by larger honeycomb cells  

for expansion of  the cloud of  f ragments, which means that the distribution of  their momentum takes 
place over a larger area of  the rear facesheet (less channeling), thus reducing the damage to it. 
Similar reasoning can be used to explain the inf luence of  the alignment between projectile and 

honeycomb (“cell center” vs. “wall”) on the damage to the rear facesheet, as shown in Fig. 8. In case 
of  a wall-centered impact, projectile f ragments are channeled through two honeycomb cells, rather 
than only one in the case of  cell centering. Notably, alignment with the wall not only reduces the 

severity of  damage, but also changes its mode (giving two small, spaced bulges in the rear f acesheet  
rather than one deeper bulge). This indicates that design calculations should consider the alignment of  
a projectile with the cell center as a more conservative scenario.  

 

 

 

Cell size: 1/8 inch 

Projectile alignment: center 

Cell size: 5/32 inch 

Projectile alignment: wall 
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Cell size: 3/16 inch 

Projectile alignment: center 

Cell size: 1/4 inch 

Projectile alignment: wall 

Fig.8: Effect of the size of the honeycomb cell on damage to the rear facesheet (all projectiles have 

the same aspect ratio of 3.0 and a volume of 0.9 mm3) 

4 Summary 

This study investigated the ef fects of  projectile shape in hypervelocity impact on honeycomb-core 

sandwich structures. A model for the impact of  a hypervelocity projectile on a sandwich panel with a 
50.8 mm-thick aluminum honeycomb and 1.3 mm-thick aluminum facesheets was developed and 
verif ied against available experimental data. The model then was used to simulate collisions with disk 

and ring-shaped impactors traveling at 7 km/s. The following conclusions can be drawn f rom the 
results of  these analyses:  

• When hit by disk-shaped projectiles with an aspect ratio of  between 1.5 and 4.5, no change in 

the ballistic limit of  the panel was noted compared with impacts f rom spherical projectiles.  

• Simulated collisions with ring-shaped projectiles demonstrated a signif icant reduction in the 
ballistic limit of  the panel compared with impacts f rom disk-shaped and spherical projectiles, 
which is an important f inding of  this study. It was estimated that the volume of  a ring -shaped 

impactor needed to perforate the sandwich panel was 1.65 times smaller than that of  a  
spherical projectile. Currently available predictive models for sandwich panels  do not account 
for projectile shape ef fects, and thus may result in non-conservative predictions of  the ballist ic  

limit. 

• The aspect ratio of  a ring projectile was varied f rom 1.5 to 4.5 and was shown to af fect the 
size of  the exit hole in the panel’s rear facesheet: larger holes were predicted for smaller (1.5) 

and larger (4.5) aspect ratios, while a smaller perforation size was predicted for a medium 
aspect ratio (3.0), suggesting the presence of  several competitive mechanisms that af fect the 
penetrating ability of  ring projectiles when their aspect ratio is changed.  

• The cell size was found to signif icantly af fect the ballistic limit of  honeycomb panels subjected  
to an HVI at normal incidence. The increase in the ballistic limit (the outcome of  the simulation 
changed f rom “perforation” to “no perforation”) was achieved by the simple replacement of  

1/8-inch cell honeycomb with a honeycomb with a cell size of  3/16 inch, all other conditions 
being equal. It should be noted that current BLEs do not account for the cell size ef fect in 
hypervelocity impacts with normal incidence, which identif ies direction for their further 

improvement. 

• The projectile/honeycomb cell alignment was found  to af fect the damage to the rear facesheet  
in the case of  HVI at normal incidence. Based on the results of  this study, we recommend 
aligning a projectile with the center of  a honeycomb cell in simulations conducted for design 

purposes, in order to ensure that the most conservative scenario is explored. 
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