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Abstract
Damage to cylindrical shells, such as pipes and structural elements, that results from collision with supersonically moving 
particles is studied. Unlike existing work, we examine the effects of off-center impact, where the impactor hits at an angle to 
the cylinder diameter at the point of contact. A numerical assessment of damage and perforation patterns is calculated. New 
types of damage patterns, including cases of breakup and ricocheting impactors are shown and discussed.
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Introduction

Cylindrical shells and pipes are an important part of many 
structures, from space vehicles through cooling systems of 
industrial plants to liquid transportation systems. Impact 
by high-speed particles present a danger to the stability 
and survival of the structure so that much work has been 
done on damage, and penetration of metallic surfaces by 
high velocity impactors, see for instance [1–7]. These usu-
ally deal with the effects of impact on flat surfaces of dif-
ferent thickness. However curved surfaces present some 
additional effects. These were mainly studied for penetra-
tion and possible perforation and subsequent depressuriza-
tion of liquid bearing pipes [5–7]. These are all directed at 
studying impacts normal to a diameter, which we will call 
centered collisions. An off-center collision is defined here 
as the case when the (undisturbed) trajectory of the projec-
tile does not cross the target center of symmetry (Fig. 1a). 
Actually, most actual impacts will be off-center so that is 
rather surprising not to see more attention given to this 
issue in the literature. Off center collisions are mathemati-
cally equivalent to oblique impacts, covered in various 

studies of sphere collisions with flat plates. Here we study 
the high-speed off-center collision with cylindrical shells, 
which is different as there is an azimuthal dependence on 
the thickness encountered by the sphere. To simplify the 
problem, we analyze the effect of impact on thin-walled 
cylinders. As mentioned above, research found in the open 
literature considers only normal impact in the direction of a 
diameter, but off-center collisions are much more probable 
in real life situations.

We use the numerical ABAQUS 2020 finite element 
code [8] to calculate the damage caused to cylindrical 
targets hit at various orientations relative to the axes of 
the cylinder. To emphasize the specific effects of the finite 
target radius and azimuthal orientation of impact point, 
we reduce the number of parameters involved. First, we 
assume an infinitely long cylinder so that the longitudinal 
location of the collision is not considered. While the lon-
gitudinal location of the impact can obviously influence 
the significance of damage to a finite length pipe, we do 
not consider it in the present study. Also, we take a simple 
shape of impactor, a sphere, again to direct attention to 
the generic damage patterns and assume that the cylinder 
stays motionless in space during the time of interaction. 
Finally we take both bodies to be made of aluminum alloy 
and at equal temperature, taking aluminum 7075 T651 for 
these computations, as there are well established equations 
of state and other parameters for this metal. We note here 
that the selection of the same material for the threat and 
the target is made in order to highlight the effects of the 
geometry of the collision.
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The collisions are at high but not hypervelocity speeds 
(500 m/s and 1000 m/s), typical of shrapnel and projectile 
speeds. This results in the effects of the collision to be lim-
ited to the close vicinity of the sphere trajectory- an effect 
known as “punch-through” [9]. This precludes the larger 
scale denting deformation of the pipe which occurs at steady 
interactions, or low speed collisions [10].

We show here that off-center impacts result in asymmet-
ric damage patterns. For cylindrical thin-walled pipes, this 
reduces, by definition, the depth of penetration, so that the 
point of impact affects the survivability of such bodies, as 
perforation will require higher energy.

The Numerical Model

We use the ABAQUS 2020 commercial finite element code 
[8], run on 2 processors with 8 cores each. The calculations 
shown here were validated by comparison with experimental 
data from the literature [11], as described in our recent paper 
on glancing collisions on a softer aluminum alloy, 6061-
T6 [12]. The selection of a different (stronger) aluminum 
alloy in this work is not deemed to affect the accuracy of the 
numerical procedures utilized in this work.

We apply a transient adiabatic explicit solution. The 
model solved in a cut view is shown in Fig. 1. The geometri-
cal dimensions are shown in Fig. 1 where D is the outer shell 

diameter, d is the sphere diameter and t is the wall thickness. 
The length L we took of the shell section is shown in Fig. 2b.

The mesh we use is shown in Fig. 2. We calculate a typi-
cal case, with sphere diameter d = 12 mm. The thickness 
of the shell is: t = 6 mm and its diameter: D = 120 mm. 
The length is L = 250 mm, which can be shown to be long 
enough to simulate an infinitely long cylinder. A top view 
of the mesh is shown in Fig. 2a with a detail of the top view 
around the sphere in Fig. 2b. A meshed cut view near the 
impact location is shown in Fig. 2c. The mesh is comprised 
of 382,224 elements of type C3D8R (reduced integration 
and hourglass control) and 417,157 nodes. The mesh seed 
size on the shell at the impact location is 0.5 mm.

A mesh convergence test was carried out as detailed in 
Appendix A.

As mentioned in the Introduction, we look at collisions 
of a stationary cylinder impacted by a fast-moving projectile 
where both are made of the same material—Aluminum 7075 
T651. The material model and parameters (Johnson Cook 
plasticity and failure) are detailed in Appendix B. Initially, 
all faces are free and only the sphere has initial velocity. 
During penetration and erosion, we assume Coulomb fric-
tion with a dynamic coefficient of friction 0.3, as obtained 
from the literature. While the actual penetration process is 
completed after about 50 µs, the analysis is performed until 
200 µs after initial impact, to show the impactor trajectory 
after end of the sphere-cylinder contact.

Results

A typical result in which we select several frames of the 
time dependent calculation is shown in Fig. 3. The trajec-
tory shown is for an off-center impact of θ = 60° (∆ = Rsin 
(60) = 52 mm) at a relative speed of 1000 m/s. This figure 
depicts the main effects of off-center collisions, including 
asymmetric damage, and the corresponding deflection of 
the remaining part of the projectile. Isometric views of the 
sphere and shell are shown on the left column of Fig. 3. 
Isometric detail views of the impact location are shown in 
the middle column. Detailed cut views are shown in the right 
column of Fig. 3. While we determined which material ele-
ments of both impactor and target reach failure and are thus 
deleted, we did not keep track of their trajectories as they 
probably end up as spall and possibly undergo some reat-
tachment to the crater, so that the ejecta are not characterized 
in this work.

Fig. 1  Schematic cut description of the off-center impact of a sphere 
on a cylindrical shell. The vertical red arrow indicates the sphere’s 
undisturbed speed V

in
 , with θ the offset angle. V

out
 is the velocity of 

ricochet of the remaining sphere fragment, in cases of non-perfora-
tion, and α is the ricochet angle. ∆ is the off-center distance
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As mentioned earlier, two impact velocities of the sphere 
were considered, namely 500 m/s and 1000 m/s. Six off 
center locations for which θ = 0°, 15°, 30°, 45°, 60° and 75°, 
respectively, were calculated. The 12 cases are numbered 
and summarized in Table 1.

In order to quantify the damage (crater sizes) caused by 
off-center collisions, we define in Fig. 4 the length, width 
and depth of the crater. The damaged cylindrical shell of 
case 11 (from Table 1) is shown in Fig. 4a for illustration. 
A detail of the crater is shown in Fig. 4b, c. The length 
is the maximum distance between crater points along the 

circumferential direction. The width is the maximum dis-
tance between crater points along the longitudinal direction. 
The depth is the maximum distance between crater points 
along the radial direction.

Table 1 shows the size of the craters for the two differ-
ent impact speeds for off- center angles θi = 0°, 15°, 30°, 
45°, 60° and 75° which correspond to offset displacement 
of Rsin

(

�
i

)

 (see also Fig. 1).
The data of Table 1 is plotted in Fig. 5 to enable see-

ing the trends. The points show the calculated values, the 
solid lines represent spline smoothing of the data (note the 

Fig. 2  a Top view of the cylin-
drical shell and the spherical 
projectile (centered impact). b 
A detail of the top view around 
the sphere. c A meshed cut view 
near the impact location
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Fig. 3  The trajectory of a 
D = 12 mm aluminum sphere 
colliding with a 6 mm thick, 
120 mm diameter aluminum 
alloy pipe at an off center col-
lision at displacement of angle 
θ (see Fig. 1) and a speed of 
1000 m/s. The projectile is 
abraded but does not perforate 
the pipe, and the remaining 
fragment is deflected. Times 
shown are measured from first 
contact. Note the ricochet angle 
α at 60 µs between the initial 
and final velocity
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different scales of each part). The dashed line represents 
margins of error. Since the element size is 0.5 mm the error 
margin for the spatial dimensions is assumed to be ± 0.5 
mm. The crater dimensions due to both impact velocities are 
plotted in Fig. 5 Lengths in 5a, width in Fig. 5b and depths 
in Fig. 5c.

For centered collisions the crater length is approxi-
mately equal to the projectile diameter, with full penetra-
tion achieved at between 500 and 1000 m/s. Actually for 
this case, we found that full penetration is achieved at about 
720m/s. Full penetration is achieved at 1000 m/s for angular 
displacements of up to 30°. Figure 5 also indicates that for θ 
> 50°, the dimensions of the craters decrease rapidly. This 
is due to a ricochet effect which interrupts the penetration 

process, deflecting the remaining mass of the sphere, as well 
as causing this mass to rotate due to the asymmetric impact 
(see Fig. 3).

Top views of the craters for impact speed of 500 m/s are 
shown in Fig. 6. The sphere moved from right to left in this 
figure. The figure is a 2D visualization of Fig. 5a, b where 
the widths and lengths are detailed. It can be observed that, 
as expected, with increasing θ, the crater becomes elongated 
shallower and asymmetric.

Table 2 tabulates the failed mass (equivalent to volume) 
of the sphere, cylinder and total for all the 12 cases solved.

To visualize the asymmetric erosion with increasing off-
center angle θ, we show the undeformed failed elements 
of the sphere and shell due to impact locations at θ = 0°, 
15°, 30°, 45°, 60°, and 75° and impact velocity of 1000 m/s. 
With usage of the “undeformed” option, the elements are 
shown in their initial position prior to the impact in Fig. 7. 
For increasing θ, the asymmetric encounter results in less 
erosion of the projectile while the erosion of the target shell 
becomes asymmetric, from cylindrical perforation to elon-
gated crater.

The initial total energy of the shell-sphere system is the 
kinetic energy of the sphere. Let’s examine (for example) the 
energy partition of case 11 in Fig. 8 after normalizing by the 
initial kinetic energy of the sphere.

During a relatively short initial period of ca. 25 ms, a 
significant part of the initial energy (~40%) gets dissipated, 
while energy is transferred from the sphere to the shell. This 
initial period corresponds to the direct sphere-shell inter-
action (penetration and fragmentation), beyond which the 
remaining energies become relatively constant. A detailed 
account of all the various characteristic energies of the sys-
tem can be found in Appendix C.

Table 1  The size of the crater produced by a 12 mm diameter Alu-
minum 7075 T651 sphere colliding with a 120 mm diameter, 6 mm 
thick Aluminum pipe of the same material at impact speeds of 
500 m/s and 1000 m/s at θ = 0°, 15°, 30°, 45°, 60° and 75°

Case V m∕s θo Length (mm) Width (mm) Depth (mm)

1 500 0 12 12 3
2 500 15 16 12 3
3 500 30 16 12 3
4 500 45 20 12 3
5 500 60 24 11 1.6
6 500 75 17 6 0.1
7 1000 0 13 13 6
8 1000 15 14 13 6
9 1000 30 18 13 6
10 1000 45 28 13 5
11 1000 60 27 12 3
12 1000 75 18 9 1.5

Fig. 4  The damaged cylindrical 
shell due to impact of a 12 mm 
diameter sphere at 1000 m/s 
at θ = 60° (case 11 Table 1). a 
The whole damaged cylindri-
cal shell. b The crater. c The 
undeformed failed elements 
of the crater with definition of 
length, width and depth of the 
crater. The color code for the 
von Mises stresses appears in 
Fig. 11 (Appendix A)
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The total internal and kinetic energy of the sphere and 
shell only include ~60% of the initial kinetic energy, of 
which about 20% is stored within the elements of the impact-
ing sphere while the rest, ~40 %, is transferred to the cylin-
drical shell.

Next, consider the azimuthal dependence of the impact 
on the energies. The remaining energy within the sphere, 
shell and the whole assembly of the sphere and shell 
(named “total”) for different off center azimuths (0° ≤ θ 
≤ 75°) is shown in Fig. 9. The energy is normalized by 
initial kinetic energy of the sphere. A comparison between 
impact velocities of 500 m/s and 1000 m/s is detailed. The 
remaining normalized energy within the impacting sphere 
is shown in Fig. 9a. The transferred remaining normalized 
energy to the cylindrical shell is shown in Fig. 9b. The 
total remaining normalized energy which is the sum of 
the remaining normalized energy of the shell and sphere 
is shown in Fig. 9c.

Figure 9a reveals that the part of the energy remaining 
in the sphere increases for θ > 40°. The reason is that for 
these angles, ricocheting occurs and more of the kinetic 
energy of sphere is preserved and not transferred to the 
shell target.

Likewise, for θ > 40°, it is observed in Fig. 9b that 
the remaining energy within the shell target drops more 
rapidly. Ricocheting at these angles decreases the energy 
transfer from the impacting sphere to the target. It can be 
concluded that for maximum energy transfer to the tar-
get, higher impact velocities at locations of θ < 40° are 
desirable.

The total remaining normalized energy which is shown in 
Fig. 9c ranges between 55 and 94% with a slight minimum 
value reached at θ ≅ 40°.

Figure 10 shows the variation of angle of ricochet of the 
sphere’s residual mass with the initial offset angle. Past an 
offset angle of some 30°, the ricochet angles α assumes a 
low value irrespective of the sphere velocity, just equivalent 
to the impactor “caressing” the shell with minimal damage.
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Fig. 5  Crater dimensions due to “off center” impact of a 12  mm 
diameter sphere on 120 diameter cylindrical shell with 6 mm thick-
ness. Two impact velocities of 500  m/s and 1000  m/s at off-center 
angle 0 ≤ θ ≤ 75°. a Lengths. b Widths, and c Depths. The solid lines 
are obtained by connecting calculated points, while the dashed lines 
indicate the range of uncertainty (error)
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Discussion

The damage due to the lateral distance between the sphere 
trajectory and the pipe centerline changes dramatically as 
this distance increases. As a specific example, for an impact 
velocity of 1000m/s, normal and up to 30° offset the shell 
is penetrated (depth of 6 mm, i.e., the full wall thickness). 
The depth of penetration is reduced as the lateral displace-
ment of the projectile trajectory increases, while the crater 

is elongated. This results from both the larger effective 
thickness encountered by the sphere, and the asymmetric 
resistance of the pipe material due to the curvature of the 
pipe at these locations. This asymmetric encounter results in 
the projectile being eroded asymmetrically (Fig. 3). For the 
same impact energy (collision velocity) at small offsets, the 
projectile perforates the pipe while for larger displacements, 
it gets embedded in the pipe wall, and at even larger offsets, 
the remaining fragment is deflected away from the pipe and 
moves sideways. This deflection appears in Fig. 9, which 
shows the variation of angle of deflection of the sphere 
residual mass with the initial offset trajectory, which we see 
as a ricochet effect. We see that in our cases, offsets of some 
30° for both 500 m/s and 1000 m/s minimize the projectile’s 
ricochet effect.

Some further relevant parameters calculated in the pre-
sent study are summarized in Table 3, for both the target and 
the projectile, the various energies involved and the ricochet-
ing angle.

As a final remark, one should keep in mind that this work 
presents preliminary results about off-center impact effects, 
as exemplified by two impact velocities, one sphere diameter 
and a single target annular wall-thickness. The subject and 
the methodology developed here are important enough to 
motivate further studies and include more combinations of 
parameters resulting in a more general picture.

Fig. 6  Damage top view for a 12 mm Aluminum sphere colliding with a 6 mm thick, 120 mm diameter 7075 T651 Aluminum pipe at various 
off-center displacements ( 0 ≤ � ≤ 75

◦ ) at a speed of 500 m/s. The color code for the von Mises stresses appears in Fig. 11 (Appendix A)

Table 2  Failed mass for cases 1–12

Mass failed and deleted

Case Vsphere (m/s) �
o Msphere (g) Mcylinder (g) Mtotal (g)

1 500 0 0.56 0.75 1.3
2 500 15 0.55 0.73 1.3
3 500 30 0.51 0.71 1.3
4 500 45 0.44 0.64 1.1
5 500 60 0.26 0.44 1.1
6 500 75 0.002 0.21 0.21
7 1000 0 1.40 1.8 3.2
8 1000 15 1.4 1.8 3.2
9 1000 30 1.5 1.7 3. 2
10 1000 45 1.3 2.1 3.4
11 1000 60 0.71 1.0 3.4
12 1000 75 0.15 0.28 0.43
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Conclusions

We show here that the actual point of contact of a projectile 
moving perpendicular to a cylindrical pipe has a tremendous 
effect on the outcome of the collision. This point has not 

been stressed enough, if at all, in the existing literature. The 
collisions we study are at high speed, where the effect is 
limited to a small area of order projectile diameter leaving 
the rest of the shell unchanged. To be conservative, we use 
a sphere to represent the projectile.

As the lateral distance between the pipe centerline and 
the impactor trajectory grows, the damage is reduced, and 
spread over a larger area (Fig. 3). As a result, for the same 
combination of projectile and target, including the speed of 
collision, we get a wide range of effects. These include per-
foration and even damage to the far-side inner wall, through 
deep, non-penetrating, gouging of the wall, all the way to 
slight damage and deflection of the sphere. This highlights 
the importance of the exact configuration during impact on 
its consequences.

Fig. 7  Damage due to impact 
velocity of 1000 m/s with 
impact locations at θ = 0°, 15°, 
30°, 45°, 60°, and 75°. a The 
undeformed eroded sphere and 
shell. b The undeformed eroded 
elements of the sphere and shell
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Fig. 8  Energy partition: the normalized sum of internal and kinetic 
energy within the sphere and the cylindrical shell during collision 
of a 12  mm Aluminum sphere with a 6  mm thick, 120  mm diame-
ter Aluminum pipe at various off center displacements (θ = 60°) at a 
speed of 1000 m/s
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Fig. 9  Remaining normalized energy partition for impact velocities of 
500 m/s and 1000 m/s for 0° ≤ θ ≤ 75°. a Energy within the sphere. 
b Energy within the cylindrical shell. c The total remaining energy 
within the sphere and shell

Fig. 10  Ricochet angle of the remaining fragment of the sphere. θ is 
the off-center angle (see Fig. 1) and α is the ricochet angle—(α = 0° 
means that there is no ricochet). The solid lines are obtained by con-
necting calculated points

Fig. 11  The geometry and mesh. The coarser mesh is on the right and 
the finer mesh is on the left. Details are shown on the bottom of the 
figures
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Table 3  The normalized (%) 
final plastic dissipation and 
residual kinetic energy of the 
cylindrical shell and sphere 
for the 12 cases of Table 1. 
The energies are normalized 
by initial kinetic energy of the 
sphere. The ricochet angle is 
also detailed

Cylindrical shell Sphere

Vin (m/s) Off center θo Plastic dis-
sipation (%)

Kinetic 
energy (%)

Plastic dis-
sipation (%)

Kinetic 
energy (%)

Ricochet αO

500 0 24.4 11.7 15.4 3.8 –
500 15 23.3 9.6 15.6 3.5 –
500 30 21.5 8.0 14.9 3.7 129
500 45 18.6 5.3 12.8 10.2 72
500 60 12.5 3.1 7.3 39.9 28
500 75 4.9 1.4 0.8 77.8 10
1000 0 21.3 13.5 9.6 12.7 –
1000 15 22.7 12.5 10.3 9.6 –
1000 30 21.7 8.7 11.2 6.2 –
1000 45 17.1 9.0 10.9 7.0 119
1000 60 7.9 6.2 5.7 50.1 19
1000 75 2.5 1.9 1.2 86.6 3

Fig. 12  The failed elements due to usage of regular mesh (right) and finer mesh (left). The mass of the failed elements on the left of Fig. 12 is 
3.32 gr. The mass of the failed elements on the right is: 3.51 gr, i.e., a difference of 5.4%

Table 4  Physical properties, JC 
dynamic failure properties and 
JC dynamic failure properties 
for Aluminum 7075 T651 
[13–15]

Reference den-
sity (Kg/m3)

Shear modulus, 
G (GPa)

Reference tem-
perature,  Tr, (K)

Melting tempera-
ture,  Tm, (K)

Inelastic heat 
fraction, β

Specific 
heat (J/Kg 
K)

2810 26.96 293 750 1.0 960
A, (MPa) B, (MPa) n m C �̇�

0

527 575 0.72 1.6 0.0075 0.00016
d1 d2 d3 d4 d5

0.11 0.572 -3.446 0.016 1.099
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Appendix A: Mesh Convergence Test 
for Non‑Symmetric Impact (Oblique Impact)

The meshed geometry is shown on the upper part of Fig. 11. 
The regular mesh is on the right side and the finer mesh is 
on the left side. The bottom figures show a detail near the 
impact location which emphasize the mesh differences. An 
off-center impact at θ = 45° with impact velocity of 1000 m/s 
is modeled.

The mesh seed size of the “regular mesh” is 1 mm for the 
sphere and the hollow cylinder near the impact location. The 
mesh is comprised of 113,546 nodes and 96,396 elements 
of type C3D8R.

The mesh seed size of the “fine mesh” is 0.75 mm for the 
sphere and 0.5 mm for the hollow cylinder near the impact 
location. The mesh is comprised of 552,864 nodes and 
506,616 elements of type C3D8R. The finer mesh contains 
5.25 times more elements than the regular one.

The undeformed elements which were removed from the 
analysis due to failure are shown in Fig. 12. The failed ele-
ments due to analysis with regular mesh are shown on the 
right. The failed elements due to analysis with the finer mesh 
are shown on the left.

Although the volume of the target elements in the fine 
mesh is 8 times smaller than the regular mesh the difference 
in the damaged (failed) elements’ mass is only 2.9%. The 
difference in the remaining normalized kinetic energy of 
the sphere is ~ 4%. We see this accuracy as sufficient for this 
descriptive work, that has the purpose of raising a hitherto 
unstudied aspect of damage to shells and pipes.

Appendix B: Material Model Parameters 
for Aluminum 7075 T651

The Johnson–Cook material model with the Mie-Gruneisen 
equation of state which we successfully used recently for 
hypervelocity impacts [12] was utilized.

The parameters set for the Johnson–Cook (JC) material 
model and the Johnson–Cook dynamic failure are based on 
the literature [13–15] and MATWEB (http:// www. matweb. 
com/ search/), see Table 4.

Using Young’s Modulus E = 71.7 GPa and ρ = 2810 kg/
m3 (from MATWEB) the parameters used for the Mie-Gru-
neisen EOS for Aluminum 7075-T651 are [16, 17]: Gru-
neisen coefficient, Γ0 = 2.0, Wave speed,  c0 = 5051 m/s and 
parameter s = 1.34.

Appendix C

The simulation of normal impact of a sphere having a diam-
eter of 12 mm at 1000 m/s on a hollow cylinder with thick-
ness of 6 mm and outer diameter of D = 120 mm will serve 
as an example for the energy partition.

Abaqus considers several types of energies, as listed 
below:

ETOTAL: Energy balance. (Available only for the 
whole model).
ALLKE: Kinetic energy.
ALLIE: Total strain energy.
ALLVD: Energy dissipated by viscous effects.
ALLFD: Total energy dissipated through frictional 
effects. (Available only for the whole model).

ALLIHE: Internal heat energy.

ALLWK: External work. (Available only for the whole 
model).
ALLPG: Energy added by particle generators. (Avail-
able only for the whole model.)
ALLPW: Work done by contact penalties, including 
general contact and penalty/kinematic contact pairs. 
(Available only for the whole model.)
ALLCW: Work done by constraint penalties. (Avail-
able only for the whole model.)
ALLMW: Work done in propelling mass added in 
mass scaling. (Available only for the whole model.)
ALLHF: External heat energy through external fluxes.

During the analysis the total energy remains constant. 
The energy balance (ETOTAL) is defined in ABAQUS as:

Fig. 13  Energy distribution

http://www.matweb.com/search/
http://www.matweb.com/search/
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The energy balance simplifies to the following expression 
when only relevant terms are retained:

These energies are plotted vs. time in Fig. 13. ETOTAL 
remains constant during the analysis and its value is the ini-
tial kinetic energy of the sphere.
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