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Abstract

Composites, and specifically CFRP are being increasingly used in aerospace structures due to
their special physical and mechanical properties, such as low self-weight, high stiffness and strength.
Although CFRP presents these good properties, it has a disadvantage, which is its brittle behaviour.
During the lifetime of an aircraft, it is submitted to impact loading by ice or hailstones, birds strikes
or even small fragments. Therefore, the study of impact in an aircraft structure is of high importance,
specifically when CFRP is used. The study of such topic allows to understand the behaviour of these
structures when submitted to impact loading, thus allowing to predict what occurs in these cases.
As so, the failure of the material can be predicted and the improvement of the efficiency of CFRP
structures can be promoted. This dissertation focuses on the impact study of five different stiffened
CFRP fuselage panels, through dynamic analyses performed in Abaqus/Explicit. Each panel has a
different configuration of the stringer (T, I, C, J and Ω shaped stringers). The Hashin criteria are used
to predict the onset of damage and the damage evolution is modelled based on a law which accounts
for the fracture energies. A spherical projectile, which does not suffer plastic deformation, is modelled
to be the impactor. The resistance to penetration of each panel is investigated and it is concluded that
the panel with I-shaped stringers is the most resistant to penetration, presenting higher ballistic limit
velocity and lower residual velocities. Afterwards, the influence of different parameters such as the
influence of fibre orientation and stacking sequence, the impact zone, the impact angle and the mass
and shape of the projectile, on the behaviour of panel I is studied and finally the main conclusions of
the work are presented.
Keywords: Impact loading, CFRP panels, Hashin criteria, resistance to penetration, residual velocity

1. Introduction

Any aircraft during its service can be submitted to
impact loads, due to birds strikes [1], ice/hailstones
[2], small/medium fragments or even drones. These
type of impacts can induce damage to the aircraft
structure, which may lead to catastrophic conse-
quences, not only to the structure itself, but even
in terms of human lives. Therefore the study of
impact is of great concern in the aerospace indus-
try. It is of great importance to understand how the
aerospace structures behave under impact loads, in
specific, it is important to understand the behaviour
of CFRP, which has brittle behaviour, under this
circumstances once they are increasingly being used
in this industry.

The study of impact can be performed both ex-
perimentally and numerically. In this dissertation,
a numerical study is performed. Numerical analyses
allow to obtain results that can approximate with
more or less accuracy, depending on some options
taken, the results available through experimental

tests, and therefore, although, the computational
time consumption that this simulations can have,
allow to obtain good results without the experimen-
tal costs of material and equipments. Numerical
studies can be used to verify and, after calibration,
can be used to complement experimental investiga-
tions.

The motivation of this work was to study nu-
merically five different stiffened panels in order
to deepen the knowledge on their mechanical be-
haviour, subjected to a dynamic action, in partic-
ular, high velocity impact loading. These panels
differed from each other by the stringer’s config-
uration: T, I, C, J and Ω-shaped stringers. To
simulate the onset of damage in these panels, the
Hashin criteria were implemented. In order to sim-
ulate the impact loading in the different panels, a
sphere projectile was modelled as an indeformable
body, meaning that no plastic deformation will oc-
cur in the impactor.

With the purpose of investigating the behaviour
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of the panels under high velocity impact loading,
as stated, two objectives can be defined. The first
objective is to identify, through numerical simula-
tions carried out with Abaqus/Explicit, among the
five different stiffened panels, which one offers more
resistance to penetration under different impact ve-
locities and identify the type of damage that ap-
pears in the panels.

The second objective is to perform parametric
studies (also, through numerical simulations) in the
most resistant panel, in order to understand the
influence of a given number of parameters in the
panel’s impact behaviour. The parameters studied
are: the orientation of the plies and stacking se-
quences, the position of the impact, the angle of
impact, and the mass and shape of the impactor.

2. Literature Review

As impact loads are of great importance in the
aerospace industry, several studies were accom-
plished in order to understand how composite lami-
nates structures behave under high and low velocity
impacts. These two regimes have different influence
on the target’s response. The damage in high veloc-
ity impacts is more localised and does not depend
on the area of the target, whereas, in low velocity
impacts, the size and shape of the target have some
influence on the target’s response [3].

In order to introduce the studies performed
throughout the years, by several authors, there are
two important concepts that need to be previously
defined: residual velocity and ballistic limit veloc-
ity. Residual velocity, Vr, is the final velocity of a
given projectile/impactor after it completely pene-
trates a target [4] whereas the ballistic limit veloc-
ity, Vb, is defined as the minimum necessary impact
velocity of a projectile which produces a complete
penetration in a given target [5].

The impacts that occur in aeronautic structures
may be due to three different types of impactors.
There are soft body impactors, characterized by
their low mechanical properties in comparison with
the composite target which lead to a high deforma-
tion of these type of bodies during the high velocity
impact. In this group, impacts due to ice or hail-
stone or bird strike [2, 1] are included; There are an
intermediate case, in which the impactor and the
target have the same mechanical properties, mean-
ing that both impactor and target are composite
materials [6]; and finally there are hard body im-
pactors in which their mechanical properties have
higher strength than the target and therefore the
impactor practically does not suffer deformation.
This third type of impact is the one that is studied
in this work.

Some works were published, in which the resid-
ual velocity, ballistic limit velocity and the energy

absorbed by the laminates were calculated analyti-
cally and then compared with experimental results.
An analytical model, based in an energy balance,
in which the kinetic projectile energy is absorbed
by the laminate through three different mechanisms
(linear momentum transfer, fiber failure and lami-
nate crushing), was developed by López-Puente et
al. [7, 8] in order to predict the residual velocity
of a steel projectile, after impacting into a woven
carbon/epoxy thin laminate. To validate the model
some impact tests were performed and the results
allowed to conclude that the analytical model pre-
dicted with high accuracy the experimental results.

Also, in the work by Sikarwar et al. [9] an analyt-
ical model has been developed to predict the resid-
ual velocity of the projectile, as well as, the ballistic
limit velocity. The target was a Kevlar/Epoxy com-
posite laminate panel which was struck by a bullet.
The analytical model developed was based on en-
ergy conservation law, in which the kinetic energy
lost by the bullet is equal to the energy absorbed by
damaged plate. This study showed that the num-
ber of layers had a significant importance in terms
of energy absorbed by the panels, concluding that
the energy absorbing capacity increased with the
increase in thickness. Later on, the same author
used the same approach but the laminate’s mate-
rial was different [10]. They showed that as the
laminate thickness increased the resistance offered
by the laminate increased, leading to an increase of
energy absorbed. Also, for impact velocities above
the ballistic limit it was found that the damage area
decreases as the impact velocities increases.

Pernas-Sánchez et al. [11] implemented a numeri-
cal methodology using the commercial explicit finite
element software LS-DYNA v.R7 in order to pre-
dict the behaviour of carbon/epoxy composite uni-
directional laminates under high velocity impact.
The results regarding residual velocity and dam-
aged area were obtained both experimentally and
numerically, and it was concluded that numerical
results reproduced faithfully the experimental ones.
Also, it was found that for lower impact velocities
the damaged area increased with the increase of im-
pact velocity, but as the impact velocity was above
the ballistic limit, the increase in impact velocity
led to a decrease of the damaged area.

To provide further understanding of the be-
haviour of a CFRP laminate under high impact ve-
locities a finite element model has been developed
by Alzeanidi and Ghasemnejad [12]. The numerical
results enabled concluding that the kinetic energy
of the projectile is transferred to the target, and as
the kinetic energy of the projectile was reduced due
to penetration in the target, the internal energy of
the system was increased. Also, it was concluded
that the transfer of kinetic energy from the pro-
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jectile to the CFRP target was dependent on the
thickness of the target. A comparison, in terms
of residual kinetic energy’s results for different im-
pact velocities was made between two targets with
different thickness. As expected, the thicker tar-
get was found to be the one which absorbed higher
kinetic energy, leading to the conclusion that this
panel offered more resistance to penetration when
compared with the thinner target.

In order to study the influence of the nose
shape of different projectiles in the behaviour of a
glass/vinyl ester composite an analytical and exper-
imental study was performed by Mohan and Velu
[13]. The stainless steel projectiles had five differ-
ent nose shapes: hemispherical, comical, truncated-
conical, ogival and truncated-ogival. The perfor-
mance of the composite plate impacted by these
projectiles was evaluated in terms of energy absorp-
tion capacity, damaged area and ballistic limit ve-
locity, Vb. The truncated conical was the one which
led to the highest absorbed energy by the panel and
the highest damaged area, followed by truncated
ogival, hemispherical, conical and lastly the ogival.
This behaviour was due to the fact that the impact
area of the first projectile was higher in compar-
ison with the remaining projectiles, and therefore
the contact between the first projectile and the tar-
get was higher when compared with the remaining
ones. In terms of ballistic limit velocity the same
trend was verified.

The influence of the radius in the residual velocity
of a cylindrical projectile impacting a cabon/epoxy
laminate, was studied by López-Puente et al. and
Varas et al. [8, 14], by means of an analytical model
approach. It was shown that for a constant mass
and changing the radius, an increase in the projec-
tile radius caused and increase in the ballistic limit
velocity and the residual velocity decreased for all
the impact velocities (the impact area increased). If
the radius tended to zero, then the residual velocity
tended to the impact velocity. The main conclusion
was that an increase in radius induced a decrease
in residual velocity. In the same work conducted
by López-Puente et al. [8], also, the influence of
the mass in the residual velocity was studied. For
a constant radius, and changing the mass, it was
concluded that as the mass increased the residual
velocity increased, as well, for any impact velocity
(an increase in mass induce an increase in impact
energy). As the projectile’s mass tended to infinity
the residual velocity tended to the impact velocity
and the ballistic limit velocity tended to zero (the
panel has no resistance to penetration). Oppositely,
as the projectile’s mass tended to zero the ballistic
limit tended to infinity.

The normal impacts are not the most probably
situations to occur, in reality impacts occur with a

certain angle, therefore it has became important to
study how some obliquity affects the laminate re-
sponse. In studies performed by Hazell et al. [15],
and later by Xie et al. [16], the influence of obliquity
in the composite laminate’s behaviour was investi-
gated. It was concluded that the target impacted
by a projectile with oblique angles absorbed more
energy than the normal impact. Also, it was proven
that as the angle of impact increases, the ballistic
limit velocity increases and for a wide range of im-
pact velocities, the residual velocity decreases with
the increase of the impact angle, implying that the
targets impacted with an oblique angle provide bet-
ter penetration resistance. These conclusions were
justified with the fact that, an oblique impact an-
gle implies that the projectile has more material
thickness to penetrate, therefore the kinetic energy
transferred to the laminate is higher.

3. Numerical models

Each panel, studied in this work, is constituted by
a skin with cylindrical shape and five longitudinal
stringers which were bonded to the skin through
an adhesive layer. Each panel comprises one differ-
ent type of configuration of longitudinal stringers.
These configurations differ from each other by the
cross section shape which are T, J, C, I and Ω cross
sections. The stringers and skin are made of car-
bon/epoxy IM7/8552 prepeg tape.

3.1. Description of the numerical models
In this work the T panel was considered as the ref-
erence one, the remaining panels were a variation
of T panel and were modelled with the main goal
of investigating the influence of the shape of the
stringers in the damage and impact resistance.

Each panel has always five CFRP stringers, being
that each panel has a different type of stringers’
configuration cross section (T, J, C, I and Ω) and a
thin CFRP skin. The cross section configuration of
J, C, I and Ω stringers are shown in figure 1.

In figure 2 the model of T shape panel is pre-
sented. The five stringers are exactly the same and
are equal spaced in the panel. The panel has a cylin-
drical shape in which the five stringers are bond to
the skin by five adhesive layers with the same width
and length as each stringer, but the thickness is dif-
ferent and equal to 2.0 mm. In table 1 the geometric
data relatively to panel T are summarized.

The projectile was modelled to perform as an im-
pactor. Throughout this work this projectile was
firstly modelled as a sphere with a diameter of 40
mm and 20 g of mass. It was modelled as a 3D dis-
crete rigid body since it is not deformable during
the analysis. A reference point was always assigned
right in the centre of the projectile which comprises
its mass, and it was the point where its boundary
conditions were applied. In some analyses its mass
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and diameter were changed to study their influence.
Its shape was also changed to a cylindrical one, with
diameter of 40 mm and height of 40 mm.

(a) Stringer of Panel I (b) Stringer of Panel C

(c) Stringer of Panel J (d) Stringer of Panel Ω

Figure 1: Geometry and dimensions (mm) of
stringers I, C, J and Ω

Figure 2: Model of panel with T configuration

Table 1: Geometric data of T panel

Panel length L=780 mm
Free length Lf=660 mm
Radius r=1000 mm
Arc length a=560 mm
Number of stringers 5
Distance between stringers d=130 mm
Stringer blade height h=14 mm
Stringer width b=32 mm
Ply thickness of all layers t=0.125 mm
Ply sequence of the skin [90,+45,−45, 0]s
Ply sequence of the stringer
flange

[(45,−45)3, 06]

Ply sequence of the stringer
blade

[(45,−45)3, 06]s

The skin and the stringers of the panels were dis-
cretized with shell elements, designated by S4R in
Abaqus nomenclature [17] which are 4 node conven-
tional shell elements with reduced integration. Re-
garding the adhesive layer that it is used to bond
the skin to the stringers, it was discretized with 8
node 3D cohesive elements, COH3D8 (in Abaqus
nomenclature [17]). These cohesive elements were
implement to simulate the possible debonding be-
tween the skin and stringers. The projectile was
modelled to impact the panel, and since it is con-
sidered that the projectile does not deform during
the impact, as stated previously, it was discretized
with 4 nodes rigid elements 3D, R3D4, with a to-
tal of 449 elements. Panel T was discretized with a
total of 11760 elements, whereas the panel I was dis-
cretized with 14098 elements, panel J with 12930,
panel C with 10356 and finally, the panel Ω was
modelled with 13710 elements.

Regarding the materials, it is assumed that they
are linear elastic until the onset of damage. As
the damage initiates the behaviour of the compos-
ite is not the same as in linear elastic conditions,
since the material stiffness suffers a reduction. The
Hashin’s failure criterion was used to predict the
initiation of damage. This criterion considers four
different modes of failure: fibre rupture in tension,
fibre buckling and kinking in compression, matrix
cracking under transverse tension and shearing and
matrix crushing under transverse compression and
shearing. To the four different failure modes, four
different damage initiation indexes are associated:
fibre tension, fibre compression, matrix tension, and
matrix compression, which have the following gen-
eral forms [17]:

• Fibre tension (σ̂11 ≥ 0)

F t
f = (

σ̂11
XT

)2 + α(
σ̂12
SL

)2 (1)

• Fibre compression (σ̂11 < 0)

F c
f = (

σ̂11
XC

)2 (2)

• Matrix tension (σ̂22 ≥ 0)

F t
m = (

σ̂22
YT

)2 + (
σ̂12
SL

)2 (3)

• Matrix compression (σ̂22 < 0)

F c
m = (

σ̂22
2ST

)2 + [(
Yc

2ST
)2−1]

σ̂22
YC

+ (
σ̂12
SL

)2 (4)

where, XT , XC , YT , YC , SL and ST denote tensile
strength in fibre direction, compressive strength in
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fibre direction, tensile strength in transverse direc-
tion, compressive strength in transverse direction,
longitudinal shear strength and transverse shear
strength, respectively.

In table 2 the properties needed to model the elas-
tic properties of the composite material as well as
its strength parameters to implement Hashin crite-
ria are summarized.

Table 2: Material properties for CFRP prepreg
IM7/8552 [18]

Elastic Properties Strength parameters
E1 =147000 MPa XT = 2715 MPa
E2 =11800 MPa XC = 1400 MPa
ν12 =0.28 YT = 56 MPa
G12 =6000 MPa YC = 25 MPa
G13 =6000 MPa SL = 101 MPa
G23 = 4000 MPa ST = 131 MPa

The cohesive behaviour of the adhesive is defined
using uncoupled traction-separation law, which as-
sumes that prior to damage initiation the material
is linear elastic. As this material reaches a cer-
tain strength limit (damage initiation) its behaviour
is driven by a damage process and its stiffness is
gradually reduced. The criteria used in this work
to specify the damage initiation was the maximum
nominal stress criterion (MAXS).

Table 3 summarizes the elastic properties of adhe-
sive Redux 312, as well as, its maximum strengths.

Table 3: Material properties for adhesive Redux
312 [19]

E[MPa] 3000
G1 = G2[MPa] 1071
ν12 0.4
Max.compressive stress[MPa] 48
Max.shear stress[MPa] 38
Max.normal stress[MPa] 8.3

To perform the impact of the projectile in the tar-
get (panel) an interaction between these two entities
was used. The general contact interaction was cre-
ated, which allowed to define the contact between
all the surfaces of the model with a single interac-
tion, and therefore allowed the projectile to interact
with all the panel. In order to define the behaviour
of the general contact, a contact interaction prop-
erty was assigned. Therefore both the normal be-
haviour, with *HARD CONTACT as well as the
tangent behaviour were used as properties. Con-
sidering the boundary conditions of the projectile,
the only movement allowed to the projectile was
a translation along y axis. The remaining trans-
lations (z and x axes directions) as well as all the

rotations were restrained. A predefined field was
assigned to the projectile with a velocity in the y-
direction.

Regarding the boundary conditions of the panel,
one of the edges of the panel was clamped, which
means that all the degrees of freedom were re-
strained, at the other end and the first 60 mm, at
the both ends, in the longitudinal direction were
fixed in the x and y-directions as well as all rota-
tions. The only movement allowed in these zones
was the translation in z-direction. Both lateral
edges were set free.

3.2. Verification of the model
The study developed in this work had no exper-
imental results to compare the numerical results
with, thus validating the model. Therefore in or-
der to validate the finite element model, the one
developed by Wang et al. [20] was replicated since
it is one, from those analysed in the literature re-
view, which has similar modelling options to those
adopted in this work. The main purpose of this
replica was to validate some options described be-
fore, namely: the modelling of the projectile as a
rigid structure, discretized with R3D4 elements and
the modelling of the panel as a shell with S4R el-
ements; the implementation of Hashin’s failure cri-
teria to simulate the damage of the CFRP laminate
under impact loading and the implementation of the
general contact interaction to describe the contact
between the projectile and the target.

The replica developed naturally had the same di-
mensions of the panel as well as of the projectile’s
as those adopted by Wang et al. [20]. The stacking
sequence, the thickness (t=1.5 mm), the number of
plies (18 plies) and the CFRP material properties
were the same as described in the study. In the ex-
perimental and numerical work made by Wang et
al. [20] the edges of the panel were clamped, this
boundary condition was used in the replica devel-
oped. Initial velocities used in the numerical model
of the paper were used also in the replica model in
order to compare the residual velocities.

Replica’s results as well as the results obtained
by Wang et al. [20] are presented in figure 3.

Observing figure 3 it is possible to verify that the
differences are not significant, since they never ex-
ceed 9%. Taking in consideration the differences
between the two models it is possible to conclude
that the replica’s results are quite good, and there-
fore this allowed to validate the options described
before.
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Figure 3: Replica’s results and results by Wang et
al. [20] for several impact velocities

4. Results and Discussion
4.1. Penetration resistance of the panels
The purpose of this subsection is to choose the best
panel in terms of penetration resistance, between
the five configurations studied (T, I, C, J, Ω). In
order to know the best one, the five panels were im-
pacted in the centre by a spherical projectile (which
has a mass of 20 g and diameter of 40 mm). The
five different panels were impacted with two initial
velocities, 700 m/s and 300 m/s.

In table 4, the residual velocities of the five pan-
els, for both initial velocities, are presented. As it
can be seen the projectile fully penetrates all the
five different panels, once the results for all resid-
ual velocities are positive. The final velocity of the
projectile is much lower than the initial one. For in-
stances, considering an impact velocity of 700 m/s
the residual velocity associated with panel I is al-
most 61.6% of the initial velocity, whereas the resid-
ual velocity for the projectile which impacts the
panel Ω is 74.3%. Considering the impact veloc-
ity of 300 m/s, the residual velocity for panel I is
13.3% of the impact velocity, whereas for panel C
is 54.3 %.

Table 4: Residual velocities’ results for each panels

Configuration Vr (m/s)
for Vi=700

m/s

Vr (m/s)
for Vi=300

m/s
T 459.2 110.5
I 431.0 40.0
C 492.8 193.0
J 450.0 113.0
Ω 520.0 185.5

By inspection of table 4 it is also easy to verify
that the I panel is the one which induces the highest
reduction of the velocity of the projectile, since the
residual velocity of the projectile is the lowest one
when it impacts this panel. The stringer of this
panel has the largest cross-section, and therefore
the impact zone has the largest amount of material

comparative to the remain panels. This is the main
cause for the highest loss of energy of the projectile.

The residual velocity is a measure of penetra-
tion resistance of the panels. For two panels with
the same impact energy, a higher residual veloc-
ity means that the projectile lost less energy pen-
etrating the target, which leads to the conclusion
that the panel with a higher Vr is easier to pene-
trate than the one with a lower Vr and therefore
this panel is more resistant than the first one. The
ballistic limit velocity can also be a measurement
of penetration resistance. An higher Vb means that
the projectile needs more energy to fully penetrate
the panel rather than a panel with lowest ballistic
limit velocity. Therefore a panel which needs a low
velocity to be fully penetrated it is less resistant
than the one which need an high Vb. The ballistic
limit velocities for the five different configurations
are presented in table 5 (these values are approxi-
mate):

Table 5: Ballistic limit velocity

Configuration Ballistic Limit
Velocity (m/s)

T 235
I 245
C 200
J 230
Ω 210

Table 5 leads to the same conclusion as table 4:
panel I is the most resistant. This panel has the
highest ballistic limit velocity and therefore absorbs
more energy than the others because the projec-
tile needs more initial energy to fully penetrate this
panel. The ballistic limit velocity of panel C is the
lower one, and it is almost 18.37 % lower in compar-
ison with the value of panel I. The results for these
residual velocities and ballistic limit velocities are
related with the amount of material that the pro-
jectile has to impact. The amount of material in
the impact zone of the panel J and T is very similar
to the one of the panel I, and therefore the results
for these two panels are closer to the results of the
panel I.

4.2. Parametric studies for panel I
Since panel I was found to be the best panel in
terms of penetration resistance, in this sub-section,
a parametric study on the influence of some pa-
rameters on the residual velocity of the projectile is
performed.

4.2.1. Influence of fibre orientation and stacking se-
quence - impact on stringers

To study the influence of fibres orientation and
stacking sequence seven different configurations
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were tested. Here the impact of the projectile was
given right in the middle of the central stringer.
The first configuration is the original one, used in
previous section, configurations 2, 3, 4, and 5 have
the same fibre orientation in the skin but different
fibres orientation in the stringers. The fibre orien-
tation in the stringers of configuration 2 is inverted
when compared with the original configuration, and
the stringers of the configurations 3, 4 and 5 have
different orientations in the plies: the plies oriented
at 45o/-45o in the original configuration are now
oriented at 90o in configuration 3, or oriented at
60o/-60o in configuration 4 or at 30o/-30o in con-
figuration 5. Configurations 6 and 7 have the same
fibre orientation in the stringers as the first one, but
different orientation in the skin. In one (configura-
tion 6) the stacking sequence is inverted whereas in
the other (configuration 7) plies which had fibres at
90o are placed at 0o. In order to identify the influ-
ence of fibres orientation, some impact simulations
were performed, in each configuration, with several
impact velocities, figure 4.

Figure 4: Influence of fibre orientation and
stacking sequence in residual velocity

The change in fibre orientation of the stringers
had much influence in the residual velocity, figure
4, because the stringer-blade was in the direction of
the projectile’s trajectory, therefore the fibres are
in the same plane of the projectile’s direction. For
that reason, configuration 3 had the lowest residual
velocities. The stringer-blade of later configuration
had fibres oriented at 90o, which means that are
in the same direction of the projectile’s trajectory.
With the fibres in the direction of the impact, the
resistance to penetration increases once it is pos-
sible to carry more load leading to lower residual
velocities. Comparing configuration 1, 3, 4 and 5,
it is possible to conclude that as the angle of the
stringers decreases from 90o to 30o, the residual ve-
locities increase, showing the influence of the fibre
orientation of the stringer-blade. As the angle de-
creases, the fibres gradually become more in the

horizontal direction relatively to the projectile’s im-
pact trajectory, therefore they carry less load lead-
ing to higher residual velocities. Considering config-
uration 2, in figure 4 the results for higher velocities
are very similar to the ones for configuration 1, but
as the impact velocity decreases the residual veloc-
ity for configuration 2 is getting lower when com-
pared with the results of configuration 1. As the
stringer-blade’s fibre orientation of configuration 2
configuration is inverted relatively to configuration
1, the layers with 45o/-45o of configuration 2 are in
the mid-line of the stringer, on contrary, in configu-
ration 1 the fibres oriented at 0o are in the mid-line
layers of the stringer-blade. The projectile impacts
firstly the middle layers, then the influence of the fi-
bres’ orientations is very important, once the fibres
oriented at 45o/-45o carry more load than fibres at
0o (which are perpendicular to impact load direc-
tion). Therefore the first ones offer more resistance
to the projectile, and for that reason the configura-
tion 2 has lower residual velocities. Configuration 6
and configuration 7 have the same fibre orientation
in the stringers as configuration 1, the difference of
this three configurations lies on the fibre orienta-
tion of the skin. Comparing these three configura-
tions’ results in figure 4, it is possible to conclude
that the change in the fibres orientation of the skin
does not influence that much the results. The resid-
ual velocities for the three configurations are similar
for each impact velocity, which leads to the conclu-
sion that the fibre orientation of the stringers have
much more influence in the residual velocities’ re-
sults/resistance to penetration than the fibre orien-
tation of the skin.

The results presented in figure 4 suggest that the
configuration more resistant to penetration is the
configuration 3, since it presents the lowest residual
velocities’ results.

4.2.2. Influence of fibre orientation and stacking se-
quence - impact on skin

In this sub-subsection the projectile’s impact was
between two stringers, which means that the projec-
tile just struck the skin. With the same seven con-
figurations as in the previous sub-subsection, sev-
eral analyses with the same impact velocities were
made. These analyses allowed to study the influ-
ence of the fibre orientation and stacking sequence
of the stringers and the skin in the residual veloc-
ities’ results for an impact between two stringers.
In figure 5 these results for each layer stacking se-
quence configuration are presented.

The main conclusion that can be taken from the
observation of figure 5 is that the change of fibre
orientation in the skin or in the stringers does not
influence the impact results, when this impact is
now in the skin and not in the stringers. Compar-
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Figure 5: Influence of fibre orientation in residual
velocity

ing the results of configuration 6 and configuration
7 with configuration 1, in figure 5, it is possible to
conclude that there are not any significant differ-
ences. As the skin’s fibre orientation of configura-
tion 1, 2, 3, 4 and 5 are the same, the results of
the residual velocities are all practically the same
for each impact velocities. This shows that, for this
impact location, the stringers’ fibre orientation do
not have influence the results.

4.2.3. Impact with angles of 30o and 60o

In this sub-subsection, the influence of the impact
angle is discussed. It was considered that the im-
pact would be located at the centre of the panel,
therefore configuration 3, presented in the previ-
ous subsections, was chosen to present these results
since it was the more resistant to penetration in this
impact zone. To study the influence of the angle of
impact, three different angles were considered, 30o,
60o and 90o (normal impact angle). In order to
compare the results of the residual velocities with
impact angles of 30o and 60o with the normal im-
pact some analysis with several impact velocities
were performed, for which the results are presented
in figure 6.

Figure 6: Influence of impact angle on the residual
velocity of the projectile

From the observation of figure 6 it is possible to
conclude that as the angle of the impact decreases
the residual velocity, for each impact velocity, de-
creases (except when comparing the normal impact
with the impact at 60o for Vi=400 m/s). Concern-
ing the normal impact (90o), the projectile crosses a
panel distance corresponding to its thickness, that
for this impact zone is given by the sum of the thick-
ness of the skin, the thickness of the adhesive layer,
the thickness of the stringer-flanges and the height
of the stringer-blade. But if the angle of impact de-
creases the distance in the panel that the projectile
has to cross increases, because the trajectory has
a given inclination. The panel distance that the
projectile has to penetrate, for any impact angle, is
given by:

d =
t

sinθ
(5)

where d is the panel distance made by the pro-
jectile, t is the panel thickness where the impact
occurs and θ is the impact angle.

Taking this into account, as the impact angle de-
creases the amount of material that the projectile
has to penetrate increases. If the projectile has
more material to penetrate it is expected that the
residual velocity, for a certain impact velocity, is
lower when compared with the result for a normal
impact angle.

4.2.4. Influence of the mass and shape of the pro-
jectile

In order to study the influence of the mass and
shape of the projectile on the behaviour of the pan-
els subjected to impact, five additional projectiles
were designed. Considering that the original one
has 40 mm of diameter and 20 g of mass, the first
new one has a cylindrical shape with 40 mm of
height and the same mass and diameter as the orig-
inal one. All the remaining ones have the same
spherical shape as the original; projectile 2 has the
same mass and twice of the diameter; projectile 3
has the same mass but half of the diameter and pro-
jectiles 4 and 5 have the same diameter but twice
and half of the mass, respectively.

For each projectile two different simulations with
different impact velocities were performed, Vi=700
m/s and Vi=300 m/s. All the projectiles impacted
the same target, which was the panel with config-
uration 3. In table 6 the residual velocities for the
simulations performed for each projectile’s shape
are presented. These results are compared with
the results of the original projectile in order to un-
derstand the influence of the projectiles’ shape and
mass. Projectile 1 has lower residual velocities for
both impact velocities, for Vi=300 m/s the projec-
tile does not even perforate completely the target
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being rebounded, once the area which firstly impact
the panel is higher when compared with the original
projectile.

Table 6: Residual velocities’ results for impacat
velocities of 700 and 300 m/s

Projectiles Vr (m/s) for
Vi=700 m/s

Vr (m/s) for
Vi=300 m/s

Original 430.0 31.0
Projectile 1 327.9 rebound
Projectile 2 265.4 rebound
Projectile 3 536.8 49.5
Projectile 4 536.4 159.6
Projectile 5 276.1 rebound

Although projectile 2 and the original one have
the same spherical shape, mass and kinetic energy,
the diameter of the first one is twice that of the
latter, and for the same reasons as before projec-
tile 2 has lower residual velocities for both initial
velocities.

Projectile 3 has the same mass and kinetic en-
ergy as the original one, but its diameter is half of
this later one (the area of contact with the target is
always smaller than the original projectile), there-
fore for the same reason presented in the previous
paragraph the energy lost by projectile 3 is lower
leading to a higher residual velocity.

Both projectile 4 and the original one have the
same diameter but the first one has twice the mass
of the original one. So the area in contact with the
target, in both cases, is the same, but the differ-
ence lies in the fact that the projectile 4 has two
times the initial kinetic energy of the original one,
consequently this leads to an increase in residual
velocity. For the same reason projectile 5 has lower
residual velocities, in fact for Vi=300 m/s the pro-
jectile rebounded. When the mass is increased the
energy of the projectile increases and therefore it
has more energy to perforate the target, although
the initial velocity is the same, leading to higher
residual velocity compared with those of the origi-
nal and projectile 5.

5. Conclusions

The behaviour of five different panels (T, I, C, J and
Ω stringers configuration) was studied with the ob-
jective of determining the most resistant to impact.
Posteriorly, a parametric study was developed, in
the most resistant panel, in order to understand
the influence of certain parameters in the panel’s
response to impact loading.

Firstly, it is concluded that the panel with I
stringers configuration is the most resistant, since
it presented lower residual velocity, Vr, which im-
plies that the panel absorbs more energy and it is

more difficult to penetrate. Also, this panel pre-
sented a higher ballistic limit velocity, Vb which is
also a characteristic of better resistance, meaning
that the initial energy required to fully penetrate a
target, with residual velocity of zero, is higher for
this panel in comparison with the others. As the im-
pact was right in the middle of the panel (impacts
the central stringer), the reason for panel with I
stringers configuration to be the more resistant is
due to the fact that, this stringer configuration has
more amount of material in comparison with the
remaining. This implies that the projectile impacts
a zone with more material and therefore the loss of
velocity is higher.

After finding the panel most resistant to pen-
etration, some simulations were performed to in-
vestigate the influence of some parameters on the
behaviour of that same panel. Keeping the same
impact zone, some analyses were made in which
the fibres orientation and stacking sequences were
changed, allowing to study the influence of the fi-
bre’s direction in the panel’s response to impact
loadings. It is concluded that configuration with
fibres oriented at 90o in the stringers, is the one
with lower residual velocities and therefore higher
resistance to penetration, once this fibres are right
in the direction of the projectile’s trajectory and
therefore withstand a great amount of load.

With this same configurations, the position of
the impact was then studied and an impact be-
tween two stringers was modelled, impacting only
the skin. The main conclusion is that, the fibre’s
orientation, in this case, does not have that much
influence on the resistance to penetration, once the
residual velocities are very similar for every config-
uration. Even the change of fibre’s orientation in
the skin does not influence the results in terms of
resistance.

Taking in consideration the previous results, con-
figuration with fibres oriented at 90o in the stringers
was chosen as the most resistant, at least, when the
impact occurred in the centre of the panel (in the
stringer). So, keeping this impact zone, the impact
angle was studied for 30o and 60o, and the results
were compared with the normal impact (90o), which
is always the worst case. As the impact angle de-
creases, it is concluded that the residual velocity
decreases, but this is merely due to the fact that
the thickness that the projectile has to travel in-
creases.

Lastly, for the same configuration, the mass and
the shape of the projectile were studied. It is con-
cluded that the increase in the diameter increases
the contact area, leading to lower residual veloci-
ties. For the same reasons, a decrease in diame-
ter, leads to a decrease in contact area between the
projectile and the target, and therefore the resid-
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ual velocities are higher. The change in projectile’s
mass, influences directly the initial kinetic energy
of the projectile. Therefore as the mass increases,
the initial kinetic energy increases and it is easier to
fully penetrate the panel, leading to higher residual
velocities.

References

[1] Serge Abrate. Soft impacts on aerospace struc-
tures. Progress in Aerospace Sciences, 81:1–17,
2016.

[2] J. Pernas-Sánchez, D.A. Pedroche, D. Varas,
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