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Low Velocity Bird-Like Impact Behavior on Honeycomb Composite
Structure
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Graphical Abstract

In this study, the low-velocity impact response of a honeycomb sandwich composite yhich is o@,ed for a typical
unmanned air vehicle (UAV) was studied both experimentally and numerically. ,(

Figure. Drop weight test setup

Aim
This study aims to understand honeycomb structure behavior against to bird-like impact.
Design & Methodology

380 Joule, 276

oule kinetic energies were applied to the honeycomb samples with rubber impactors

of similar de bird impact events. According to the laboratory boundary, an Ansys dynamic explicit
model ha; eelyre and compared.
Originality

Investigatioanow-velocity impact of a bird-like impact behavior on composite structure.

Findings

In the experiments, it has been determined that the rubber-tipped impactors behave nonlinearly and become more
rigid with increasing impact energy and, accordingly, the increase in displacement was not linear. Therefore, rubber-
tipped impactors can be used for bird strike analyses.

Conclusion

This study proves that the composite sandwich panel that is used during the experimental test won't be heavily
damaged by a rubber that has 165 grams of weight and 68 m/sn velocities.
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The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

Composite materials are widely used in primary aerospace structures such as wing components and fuselage panels;
however, their major disadvantage is their vulnerability to transverse impact loads that canglead to internal
delamination and fiber/matrix separation. In this study, the effect of a low-velocity impact which si tes bird impact
on a honeycomb sandwich composite plates produced by a co-curing technique for a typical unm air vehicle
i i roduced

structure via an autoclave process. For the bird-like impact test, the tip of the impac
rubber to simulate a bird strike; the diameter of the impactor was 25 mm to ensure
nuttalli (magpie), which has a mass of 155 g and is the closest bird body imulatipns. Three different
predetermined impact scenarios with kinetic energy 380 Joule, 276 Joule, and 224
pact directions. The impact
behavior was characterized by velocity-time, force-time, and displa . Different levels of damage
were observed in the composite samples, but none of the sandwich tes rforated, and it could therefore
be concluded that the unmanned air vehicle could land without risk light safetyZUltrasound, digital microscope,

am to verify the results, and it was
concluded that the verified model could also be used fo‘the design verification of dynamic bird-impact

tests within the 10% sensitivity range.
Keywords: Low-velocity impact, sandwich panel, honeyco

Bu ¢aligmada, bir hava aracinin
kompozit yapilarin hasar dav:

capinda ve kus ¢4

Kauguk impgKtér ile malzemeye 380 joule, 276 joule ve 224 joule’ liik ii¢ farkl1 diizeyde enerji seviyesi uygulanmigtir.
Numune i Bzlemlenen hasarlar, hiz-zaman, kuvvet-zaman, deplasman-zaman, enerji-zaman ve deplasman-enerji
grafikler1 i akter e edllmlstlr Ansys saylsal modelleme programi kullanarak yapilan sayisal anahzlerle deneysel sonuglar

edilmistir. Elde edflen model %10 maksimum sapma 1le statik ve dinamik testlerin 6n tasarim dogrulamasinda kullanilabilecektir.

Anahtar Kelimeler: Sandvi¢ yapi, kompozit, darbe, kus carpmasi, sayisal modelleme.
1. INTRODUCTION

The use of honeycomb composite materials in aircrafts ~ €ffects are considered to be one of the most important
becomes more common day by day. Accordingly, impact situations among these scenarios. According to
damage scenarios in honeycomb Composite materials and the data of the Federal Aviation Administration (FAA),

their effects are investigated by researchers. Bird strike 276,846 accidents were reported in the United States
alone due to the collision of birds and similar animals

*Sorumlu Yazar (Corresponding Author) with aircrafts [1]. According to these numbers, 96% of
e-posta : elaldi@baskent.edu.tr the accidents occurred during take-off of the aircraft. The
most important purpose of the EASA







and FAA bird impact test standards are to be strong
enough to prevent bird particles from reaching the
interior of the aircraft. Isabel et al., have conducted
studies comparing the requirements of FAA and EASA
bird strike certification [2]. Furthermore, they researched
the serious risks of collisions between birds and aircraft
in aviation. They mentioned airport and aircraft
operations and how they affect the efficiency of the air
traffic management system. Their research focuses on
how to reduce risks and the potential of accidents with
aircraft-mounted systems as well as regulations.

Aniello el at. researched a numerical investigation of the
bird impact on a regional aircraft wing [3]. They
evaluated the bird impact on real aeronautical structures.
In their research, three different numerical approaches
(Rigid Bird Model, Lagrangian Model, and SPH Model)
were presented and compared. The results, as expected,
showed a variable output in terms of wing indentation
provided by the different approaches. The Lagrangian
approach has been found to be the less computationally
effective one. Hedayati and Ziaei-Rad studied in their
analysis using the hemispherical cylinder bird model and
different SEA methods, stated that Lagrange, Euler, and
SPH methods gave approximate results and were
compatible with the test results [4]. Saribas and
Karadeniz, investigated the robustness of a wing leading
edge against a possible bird strike [5]. Catia V5 prograng
was used to create 3D modeling of wing and bf#g
structures. SPH method was used to create the particl
structure of the bird. Multiple simulation model
been developed for bird and wing structures, to gomp
the results from each simulation. According to th@results,

high-speed bird impacts. Tatlier create
the smooth particle hydrodynami

simulations  have
orientations. The bir

many researchers. James and John
were some the first researchers to conduct
experimental studies analyzing different parameters [7-
8]. Janusz et al. conducted research on efficient
numerical tools for designing bird strike-resistant aircraft
by revealing the impact behavior of the bird model with
experiments in the laboratory environment [9]. They
created a numerical model to reduce the cost and speed
up the design process. The impactor was an elastic

and the effects of the parameters on bird strike were
found with the regression equations obtained from
Minitab. Georgiadis et. al [16] used moveable trailing
edge (MTE) and developed a methodology to support the
bird-strike certification of the carbon fiber epoxy

(acrylic glass) material produced at 1.81 kg weight, 106
mm diameter, and 212 mm length per National
Aeronautics and Space Administration (NASA)
standards TN-2015-218340. It was determined that the
bird models (gelatine) produced in the experiments were
completely crushed like a liquid as a result of impacts and
showed hydrodynamic behavior. Accordingly, it has
been revealed in the impact tests that the amount of
contact force applied to deformable (acrylic glass) targets
under the same impact conditions is higher than the
contact force applied to rigid materials. Liu et al.
performed a crash test of a 1.8 kg dead chicken against
the test sample at a speed of 150 m/s inorder to examine
the effects of bird strikes on the aircra

ngian-Euler (ALE)
I models to compare

tests by throwing dead
onto a flat plate at speeds of 70,
analyzed the 13.25 mm long

sandwich panels, namely face sheet
ess, core height, cell size, and cell wall
Iniekness. A series of low-velocity impact tests with
different initial energies were carried out by utilizing an
instrumented falling-weight impact machine with a
hemispherical impactor. Low-velocity impact tests on
sandwich specimens were carried outusing a drop-
weight  impact  facility = (INSTRON  CEAST
9350). The impact tests were conducted at four impact
velocities of 5.8 m/s, 8.3 m/s, 10.2 m/s, and 11.8 m/s,
resulting in impact energies of 92.2 Joule, 188.8 Joule,
285.2 Joule, and 381.7 Joule, respectively. Two
deformation and failure modes of sandwich panels are
identified in response to low-velocity impact. The
damage of both face sheets and core concentrated around
the impact region, is dominated by localized indentation.
The second type of damage occurred by the wrinkling of
the front face sheet, bulging of the back face sheet, and
overall crushing of the core, due to the global bending
effect. Mahesh et al. [14]conducted research on the
relative between absorbed energy, core density and
applied energies. Hasilci and Bogoclu [15], used in their
research the central composite design method one of the
first applications in the bird strike problem. Bird strike
simulations were performed in different analysis
parameters based on the central composite desigh method
composite, moveable trailing edge (MTE) of the Boeing
787 Dreamliner employing SPH model. SPH models are
highly effective in modeling bird strike incidents because
of its capability of modeling the high distortion and
deformation with a smaller computation cost. Ergene



and Yalcin [17] investigated a research in their analysis
by modeling composite materials through the Ansys
program, theyrevealed which types of damage
symbolize the shape changes in honeycombs as a result
of the impact. Sen and Pakdil [18] have investigated the
effect of stacking sequences on the failure behavior of
pinned composite plates. To observe the influences of
joint geometry and stacking sequence on the failure
mechanism, failure analysis were carried out
experimentally.

Beomkeun et al. research conducted on rubber-like
materials shows hyperelastic characteristics representing
elastic behavior in the range of large deformation,
showing a nonlinear relationship between load and
deformation [19]. Sebastian et al. modeled the rubber
impactor according to the hyperelastic Mooney-Rivlin
law. They revealed that 90% of the kinetic energy was
stored in the elastic material after the impact [20]. Abrate
studied about the impact of raindrops, hailstones, and
birds on aerospace structures [21]. Dau et. al.
investigated studies about the impact behavior of rubber.
Low-velocity impact performed with 9.9 kg, 13.9 kg, and
17.9 kg mass velocity effect study are discussed. Force-
time, displacement-time and force-displacement curves
and damage mechanisms observed on micrographies
were particularly commented [22]. Fard et. al. research
about mechanical properties of rubber impactors w'gl.
different materials under low-velocity impact [23].

Balaban et al. studied the impact behavior of san
composite beam structures manufactured by the
assisted resin infusion process. They obser

6, 10 and
effects

energy and ed surfaces were investigated and
evaluated. It isXobserved that impactor geometries and
velocities caused the different damage mechanisms [25].
Sahin et al. conducted research about effect of mass of
the impactor upon the dynamic response of laminated
composites. For this purpose, two different impactors
with different masses were used. The impact velocities
were selected so that impactors with different masses had
the same Kkinetic energy. The experiments were
performed on simply supported woven E-glass reinforced
epoxy laminates which are made of 8 layers stacked
symmetrically. The variation of impact force, impactor
velocity, and laminate displacement versus interaction
time were obtained. The impulse and energy absorption

characteristics and damage zones were also investigated
[26]. Evran conducted studies about the effects of fiber
orientation angles on the deflection analysis of the
laminated composite plates were investigated using finite
elements. Fiber orientation angles were modeled using
the finite element software ANSYS [27].

Wojciech et al. studied the analysis of selected
parameters in the numerical modeling of low-velocity
impact damage in composite structures. According to the
simulations carried out, it was concluded that the biggest
cause of the results was the mesh density. Another
highlighted point is von Misses stress; the biggest
differences were obtained when compgting the different
ways of modeling the composite plate.
the plate was modeled as one laygr, the
von Misses stress is moregth i

the case of modeling th@co

In this stu?,
honeycom

are too many experimental studies carried
subject in the literature, there are very few
drical model studies verified with experimental data
gheycomb composite materials. The aim of this study
IS to analyse the severity of bird strike for different
scenerios and is to see how rubber-tipped impactor
simulates the real bird impact. For this, three different
energy levels of 380 J, 276 J, and 247 J based on three
different impact angle were applied to the composite
sandwich material test specimens. While those applied
Kinetic energies were selected, three different scenarios
were taken into account. First, the impact occurred when
the male magpie, weighing 165 grams [29], and the drone
were flying toward each other, where the relative speed
is 68 m/s (134 knots), and about 380 J of kinetic energy
is applied to the drone structure. In the second scenario,
when a female magpie, weighing 145 grams, impacted on
drone from the side surface, the relative speed is 61 m/s
(120 knots), and a kinetic energy of about 276 J is applied
to the UAV structure. In the third scenario, when a 145-
gram female magpie bird and the UAV were flying in the
same direction with a relative speed of 54.5 m/s (106
knots), a kinetic energy of approximately 224 J was
applied to the UAYV structure.

2. MATERIAL AND METHOD

For the honeycomb composite samples used in this study,
the vacuum bagging method was used by 13 layers of
prepreg carbon fiber prepreg with orientation angles of
[0°,-45°,+45°,0°,90°,0°,+45°,-45°,0°]. The  composite
material production process consists of two stages. The
first stage is the preparation of the materials, and the



second stage is the autoclave process. While prepreg
materials are bonded according to the given orientation,
they are subjected to pre-vacuuming to prevent air gaps
that may occur between the layers. For this purpose, the
vacuum process was carried out from two points on the
surface plates, while the applied pressure was controlled
by connecting a manometer at one point. Thus, 760
mmHg of vacuum was applied to the upper and lower
surface plates for 15 minutes before core placement to
prevent the formation of pores in the plate. After this
process, the honeycomb core was combined by applying
an adhesive film to the bottom and top surface plates.
After honeycomb placement, a 250 mmHg vacuum was
applied to avoid problems such as gaps, pores, or non-
adhesion. Vacuum leakage in the autoclave (no leakage
greater than 9.75 mmHg within 10 minutes) and
temperature control were carried out via manometer and
thermocouple. Figure 1 shows the otoclave process of the
sandwich composite.

by means of putty t

carried out
nitrogen
were cut and prepared with the
and mechanical properties of the

sandwich comp®&ite are shown in Table 1 and Table 2.

Tablel. Physical and mechanical properties of the core
honeycomb

L Shear Properties | W Shear Properties

Stabilized
Compression
(MPa)

Modulus
(MPa)

Modulus
(MPa)

Strength
(MPa)

Strength
(MPa)

1.72 1.06 35.85 0.57 19.3

Table2. Physical and mechanical properties of the faceplates

0° Tensile 0° Tensile | 90° Tensile | 90° Tensile

Strength Modulus Strength Modulus
(MPa) (MPa) (MPa) (MPa)
868.73 61 786 57.84

Ultrasound examination of the samples were performed
prior to testing and no defects were found. The ultrasound
results are shown in Figure 2. The darkening visible in
the lower left corner of the material shows the ultrasound
probe.

3. TESTING AND INSPECTION

of Pica nuttalli.
ight speeds of 6 m/s
n is ahead of its wings
ed to be a hemispherical-

Accordingly, they r
and below, the bj

Aird impact event. The same rubber impactor was
used in all tests to ensure that the test results were not
affected by the material structure of the rubber impactor.

The force applied to the surface during the impact
process was measured by the load cell. The velocity of
the impactor tip is measured by a linear variable
differential transformer (LVVDT) sensor connected to the
system. LVDT is a magnetic position transducer for
linear displacement measurement, and as it offers high
resolution, accuracy, and good repeatability, is widely
used in tests. For the measurement of the displacement
with an LVDT, two secondary coils are connected
differentially, and the voltages at the free ends of the two
coils are measured. When the position of the core is
shifted from the center, the output voltage appears
proportional to the displacement of the core with 1%
variation [32]. The variation of displacement force and
velocity with time was recorded with computer data, and
force-time, velocity-time, displacement-time, energy-
displacement, and energy-time graphs were drawn in
light of these data.

Fiber separation, matrix cracking, and delamination were
observed on the top plate of the sample with an impact
energy of 380 J, however, perforation did not occur, and
the impactor rebounded. During visual inspection,
damage was detected on a very large portion of the top
plate with the honeycomb. The honeycomb was broken
in most areas, and debonding was observed on the upper
surface plate. This damage has been confirmed by



ultrasound tests. The ultrasonic scanning test results of
the 1:1 scaled samples are shown in Figure 3a. The black
areas show broken honeycomb areas. Damage occurred
on the entire 56.25 cm? total area of the sample; however,
perforation was not observed in the sample. The tapping
test result of the sample is shown in Figure 3b.

For the 276 J impact energy, the ultrasound and tapping
inspections, shown in Figure 4, have revealed that

o

| ]
Figure 3. Impact test with 380 J: a) tapping test resu)l&db)

4. EXPERIMENTAL RESULTS

Based on the data obtained for 380 J, 276 J, and 224 J,
impact characteristics such as contact force-time,

damage occurred on 42.0 cm? of the composite panel,
accounting for approximately 75% of the specimen area.
Ultrasound and tapping inspections for the impact energy
of 224 J, shown in Figure 5, showed that approximately
60% of the honeycomb cell is deformed.

° (b)

test result.

(b)

ir276 J: a) tapping test result and b) ultrasound test result.

(b)

Figure 5. Impact test with 224 J: a) tapping test result and b) ultrasound test result.

velocity-time, and displacement-time graphics were
plotted.

Force-time graph responses give qualitative indications
on how the composites respond and whether any damage
has taken place, and it is good predictor for evaluation.



Figure 6 shows the force-time history of a sample that has
been tested at the energies of 380 J, 276 J, and 224 J.

The peak contact forces under 380 J impact energy were
measured as 4.4 KN. The change in the slope of a load-
time plot exhibits multiple occurrences of localized
damage. Moreover, the smoothness and symmetry of a
curve provide qualitative information about the damage.
While the amount of force tends to increase, an increase
in the slope of the graph is observed at 0.04 seconds after
the impact. At this time, it is determined that damage has
occurred on the upper surface plate. Then, the amount of
force applied to the surface increased with an increasing
slope, and a slope change occurred in the graph at 0.06
seconds after the moment of contact. At this moment, the
honeycomb is considered to be damaged and broken. The
contact force reached its peak point at 0.08 seconds after
the first contact of the impactor. The force applied
between 0.06 and 0.08 seconds from the moment of first
contact was absorbed by the sub-surface plate.
Perforation did not occur because the impact force could
not overcome the fracture resistance, although the
impactor penetrated the sub-surface plate. When the
samples were checked as a result of the experiment, the
upper surface plate and honeycomb damage were
observed, and the lower surface plate had an impact pit.

In the graph of the impact test performed with 276 J of
kinetic energy, the slope decreases at 0.04 seconds af@
the impact. At this time, it is determined that damage h
occurred on the upper surface plate. A change in the

its peak point as 3.75 KN at 0.08 seco
contact of the impactor. The forc
breaking of the honeycomb to
amount of force reaches its

at 0.04 second9’after the impact. At this time, it is
determined that damage has occurred on the upper
surface plate. Then, a slope change occurred in the graph
at 0.06 seconds after the moment of contact. At this
moment, it has reached a peak force point of 3.5 KN. This
is the most important signal of honeycomb damage. After
this moment, the slope of the graph showed a decreasing
trend after going horizontal for a while. This indicates
that the incoming force is countered by the sub-surface
plate and rebounded.

Force-Time Graph
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=276 Joule

24]oule

0 0.02 0.04 006 008 01 [1h¥) 01 016
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The velocities at the tir@%
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(shown in Figure 7).
its peak just be

Velocity-Time Graph
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Figure 7. Velocity-time graph.

Comparing the force-time and velocity-time graphs, we
can determine that the change in the slope of the graphs
corresponds to the initial occurrence of matrix cracks.
Before the first peak of impact velocity, there are no
matrix cracks and no delamination extension, except for
the presumed first minor delamination.

Figure 8 shows the displacement-time graph created with
the data obtained in the experiment. According to the
graph, as expected, the maximum displacement was
recorded as a result of the impact of the impactor with
380 J of kinetic energy, which was measured as -30.28
mm. In the impact tests performed with 276 J and 224 J
of kinetic energy, the displacement amounts of -28.18
mm and -25.10 mm, respectively, were measured. No
other peak formation occurred in the graphs after the
measured maximum values.



Displacement-Time Graph
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Figure 8. Displacement-time graph.

In order to calculate the amount of displacement
occurring in the rubber impactor after the impact,
380 J, 276 J, and 224 J of kinetic energy were
applied to the 40 mm thick steel plate through the
rubber impactor in the laboratory environment. This
thickness was chosen so that no displacerp_tlent would

occur on a steel plate. As a result of these
experiments, the displacements on the rubber
impactor were measured to be 26.47 mm, 25.6 mm,
and 23 mm. The amount of displacement occurring
in the rubber impactor increased depending on the
amount of energy applied.

In order to measure the amount of bending deflection on
the sandwich-structured composite materials, a flat ruler
was placed on the surface hit by the impactor, a feeler
gauge was placed to fill the gap between the composite
material and the ruler, and the thickness of these felts was
measured. These procedures were performed for all
samples. In Figure 9 shown, the total
deflection of the sample was measure
the application of 380 J of kinef
Figure 10, the total amoufit
sample was measured asQ.76
276 J of kinetic energy,

the application of

Mitutoy.,

Figure 10. Measurement of bending deflection after the application of 276 J of kinetic energy.



In Figure 11 shown, the total amount of bending
deflection of the sample was measured as 0.26 mm after
the application of 224 J of kinetic energy.

In Table 3, it is seen that most of the displacement is
covered by the rubber impactor in the experiments where
380 J, 276 J, and 224 J of Kinetic energy were applied.
Therefore, the net penetration depth is calculated as 3.81
mm, 2.40 mm. and 2.10 mm respectively.

Table 3. Detailed displacement on the composite panels

NS

was completely
Explicit.  While
ounts to be applied to

5. NUMERICAL ANALYSI

In numerical solutiQy
simulated in AN
determining the J«fi&i

occurred when the male magpie,
165 grams, and the drone were
flying' towards each other, where the
relative speed is 68 m/s (134 knots), and
about 380 J of kinetic energy is applied to
the drone structure.

e When a female magpie, weighing 145
grams, impacted the drone from the side
surface, the relative speed is 61 m/s (120
knots), and a kinetic energy of about 276 J
was applied to the drone structure.

e When a 145-gram female magpie bird and
the drone were flying in the same direction

Total _ ‘Rubber ‘.
displacement Penetration _Impactor
(mm) displacement
(mm) o
380
Joules 30.28 3.81 26.
276
Joules 28.18 2.4 &25-6
224 o1 )
Joules

with a relzgﬁ
(106knots),
approximat

e is the impact velocity and weight of the
be applied.

Figure 12. Numerical model mesh structure.

Figure 12 shows the numerical model mesh structure.
The total number of elements in the composite material
mesh structure with the impactor and honeycomb
structure is 116438, and the number of nodes is 37223.
Element type Tet4 was used in the masses simulating bird
weight, the Hex8 element type was used in the lower and
upper surface plates, and the Wed6 element type was
used in the honeycomb. The boundary conditions of the
modeling are as follows:

e The bottom surface of the honeycomb
composite material was taken as fixed
support since it was fixed to the ground in
the experimental environment.

e By using the drop height application of the
numerical program, it aimed to reach the
impact speed of 68 m/sec by dropping the



rubber impactor, weighing 165 grams, from
a height of approximately 240 meters. In
Ansys dynamic explicit drop weight used
during this analysis, velocity was given 0
m/sn. and 68 m/s measured on impact
moment from impactor to sample.

Utilizing a numerical model, the impactor
of 145 grams is dropped from
approximately 195 meters and 150 meters,
and it aimed to reach impact speeds of 61
m/s and 54.5 m/s, respectively.

Velocity is defined only in the y-axis
direction of the impactor.

Impactor targetted to the center of test
samples.

Sample fixed on edge to not slide during
energy transfer. The numerical model also
selected fixed support on edge points.

Iteration has been applied for mesh density
to get an optimized result on displacements.
4 mm, 41 mm, 4.2 mm, 4.3 mm, 4.4 mm,
and 4,5 mm mesh have been applied to
obtain the average displacement. iteration
results are shown in Table 4.

380 Joule Iteration

Table 4. Mesh -Displacement iteration for 380 applied energy
®

6. RESULTS AND DISCUSSION

The impact test and numerical model
results with 380 J, 276 J, and 224 J kj
levels were compared in terms of co
total displacement amount. Whe

alysis
rgy

Mesh Size (mm) Displacement (mm)
4 29.66
4.1 31.38 )
[
42 2068 @® A 362 | 116911
43 33.80 N7y’ | 115820
4.4 679 114718
4.5 36330 113616
Avarage 4.25 Y 37223 116438
and numerical modeling results

ared, it is seen that the biggest deviation is the
1% in displacement obtained in the impact tests
performed with 380 J of kinetic energy.

Displacement-Time Graph for Impact with 380 J Kinetic Energy

. o.oo\q 0.02
-10
s

Displacement (mm)

0.04

Time (s)

==g==Numerical Model

Experimental Results

Displacement-Time Graph for Impact with 276 J Kinetic Energy
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Displacement-Time Graph for Impact with 224 J Kinetic Energy
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Figure 13. Displacement-time graph comparison of experimental results and numerical modeling results.

Figure 13 shows the comparison of displacement-

time graphs drawn using

data obtained from

experimental tests and numerical modeling analysis
for three different kinetic energy levels. The slope



of the displacement-time graph drawn with the data
obtained from the test results and the slopes of the
graph obtained through the numerical analysis
method are consistent. The curves of the numerical
solution are smoother and sharper than the
experimental data curves. Since the amount of data
received from numerical modeling per unit time is
greater than the amount of data received through the
LVDT sensor in the experiments, the numerical

modeling graphics appear smoother. Depending on
the determined scenarios, the amount of kinetic
energy required in the study was calculated, and the
value obtained was applied to the samples by
changing the weight due to the limitations in the
laboratory environment. Table 5 shows the
comparison of numerical modeling and test results
in terms of displacement amounts.

Table 5. Displacement comparison between experimental and numerical analyses

Total displacement (mm) Penetration (mm) Rubber lmpa(c;;c;;)dlsplacement

Experimental Numerical Deviation | Experimental Numerical Deviation | Experimental erical Deviation
model model |
380 Joules 30 30.20 0.01 3.7 35 -0.01 26. 283 0.00
276 Joules 29.12 28.52 0.03 3.18 2.97 -0.07 25.73 .55 0.00
Y

224 Joules 26.44 26.83 0.01 2.13 2.15 0.01 "\ 24.68 0.01

In order to compare the types of damage as a result ~ €Nergy in Figures 14a, 14b, and 14c,

of the experiments, the damaged samples in
laboratory tests were cut from the middle axis of the
composite material, with the help of a computer
numerical control (CNC) composite cuttin
machine, and the damages on the samples wgg
examined. The damage caused by the impacts of thg

revealed as sult of the numerical modeling
analysis of the’samples with 380 J, 276 J, and 224 J
of kinetic energy applied, respectively, are shown.
The experimental results and numerical modeling
analyses show similarities in terms of the damaged
areas. According to the numerical analysis, after
applying 380 J, 276 J, and 224 J Kinetic energies to
composite materials, 0.92 mm, 0.79 mm, and 0.29
mm deflection bending occurred on composite part
surfaces. In the experimental environment, 0.86
mm, 0.76 mm, and 0.26 mm bending deflection was
measured as a result of applying 380 J, 276 J, and

Inetic energy, it was determined that
damage remained in a more limited
pared to other weight levels, but the

224 J Kinetic energy. Debonding has been observed
between the upper surface and cell for each impact
energy level. In the analysis results obtained as a
result of applying 224 J of Kinetic energy to the
composite material surface in numerical modeling,
less damage was observed compared to the 380 J and
276 J energy applications. As a result of the impact
tests carried out in the experimental environment, it
was determined that the bending displacement
amounts measured on the composite material
surface and shown in Figure 9, Figure 10, and Figure
11 were similar to the numerical analysis results
shown in Figure 15.






(a)

0.068 Max
0.028
-0.012
-0.053
-0.093
-013

-017

021

-0.25
-0.29 Min

Figure 15. Numerical analysis of bendi

composite plate strike
with the experimental4

model was éxperimental data, it was
possible ests in different scenarios without
using ti ordingly, in accordance with the

pact test standard, the impact test of
a bird weighing”1.8 kg to a typical unmanned aerial
vehicle with a speed of 68 m/s was simulated by
numerical model without changing the parameters of the
prepared model. For example, the result of this analysis
showed a total displacement of 52 mm, and although the
top surface plate and honeycomb were completely
damaged, no perforation occurred). The net displacement
in the sandwich composite sample is approximately 8
mm, while the amount of displacement in the rubber
impactor was measured as 44 mm. As a result of the
numerical modeling analysis simulating the impact of a
1.8 kg bird with a composite material at a speed of 68
m/s, it was determined that the composite material

0.43 Max

0.25
017

0.08
-0.0075
-0.095
-018
-0.27
-0.36 Min

>

-

(c)

omposite caused by (a) 380 J, (b) 276 J, and (c) 224 J of

kinetic energy.

behaved in accordance with EASA CS-25 standards and
was not perforated.

7. CONCLUSION

In this study, the behaviour of honeycomb composite
material against low-velocity impacts, such as bird
strikes, was investigated. For this purpose, force-time,
velocity-time, and displacement-time  curves
representing the characteristics of the composite
material's response to low-speed impacts were drawn in
light of experimental data. A rubber impactor was used
to simulate bird strikes in a laboratory setting. The
amount of displacement caused by the low-velocity
impact, the amount of penetration, the impact velocity,
and the amount of energy absorbed by the rubber
impactor and sandwich composite material were found
and shown with the help of graphics. The data obtained
in the analyses made by creating a numerical model
through the numerical program were compared with the
experimental data, and results equivalent to the
laboratory environment were found. The numerical
model was validated with experimental data. Thanks to



the created model, the behavior of the honeycomb
composite material against low-speed impacts can be
used to analyze bird strikes of different sizes without
further experimentation and cost and time losses.

As a result of the low-velocity impact, damages such as
matrix cracks, fiber breaks in the upper surface plates,
delamination, and cell crushing in the core have occurred
in the samples. Types of damage were revealed by
ultrasound, tap examination, and digital microscopes.

The outcomes of the experimental studies and numerical
modeling were summarized as follows:

e As aresult of the impact of the female magpie
bird, weighing 145 grams and having speeds of
61 m/s and 54.5 m/s, to a typical unmanned
aerial vehicle, perforation did not occur, and it
was revealed that the drone could land without
risking flight safety.

e Since the male magpie bird, weighing 165
grams and having a speed of 68 m/s, crashed
into a typical unmanned aerial vehicle, it was
determined that the drone could land safely
without risking flight safety since perforation
did not occur.

e It could be said that dent occurrences due t®

magpie-type bird strikes will not cause bir
particles to reach the interior of the drone.

e In the experiments, it has been determified t

and become more rigid with incgeasing
energy and, accordingly, tHeN\J
displacement was not line
tipped impactors can
analyses.

strike

foreign object
ist level risk for
ane accident (July
of the impact of a
as been removed from the
posed a life-threatening
proves that the composite
panel that is used during the
al test won't be heavily damaged by
impactor that has 165 grams of weight
and 68 m/sn velocities.

e It was concluded that the resulting verified
model can be used for preliminary design
verification of dynamic bird-impact tests
within the 3% sensitivity range.

e The created Ansys model allows for saving
time, reduces cost, and also gives a chance
to make studies with different scenarios like
colder weather, pre-tensioned sample

behavior, and tests with different impactor
materials.
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