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ABSTRACT: This study aims to investigate the low-velocity impact behavior of curved composite
plates commonly employed in aviation fuselage and wing surfaces using numerical methods. Layered
plates fabricated from E-Glass Epoxy were reinforced with various types of stiffeners and subjected
to impacts whit a 12 mm diameter impactor at a velocity of 2.5 m/s. The time-dependent variation of
force and displacement on the stiffened curved plates resulting from the impact was analyzed.
Furthermore, the temporal variation in the amount of energy absorbed by the plate was observed. The
results indicate that plates reinforced with I, T, and blade-type stiffeners absorbed 35.78%, 38.11%,
and 37.78% of the impact energy, respectively. Among these, plates with T-type reinforcements
exhibited the least post-impact deformation. Particularly noteworthy is the permanent deformation of
3.7 mm experienced by the plate reinforced with blade-type stiffeners.
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1. INTRODUCTION

Many impact types are studied on composite structures. Armors with low weight and high
impact resistance are produced in impact events with speeds up to 1000 m/s, which are examined in
the ballistic field (Aytav and Isik, 2023). In the field of aviation, in addition to ballistic impact tests,
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the behavior of low-speed impact in composite materials is at the forefront. For a collision to be
classified as a low velocity impact, the speed of the striker must be 10 m/s or less (Khalili and Ardali,
2013; Hossein et al., 2022)

Fibre reinforced composite plates and stiffened plates are rapidly gaining ground in the
aerospace industry. Layered composite plate structures are materials with high strength and impact
damping properties (Quaresimin et al., 2013; Santiago et al., 2018; Ozbek et al., 2022;). Layered
composite plates can be hardened with different types of stiffeners to achieve high strength properties.
Such structures are generally used in wing and fuselage structures in aerospace structures (Gok et al.,
2023). The mechanical behaviour of the sample as a consequence low velocity impact to be applied
on stiffened layered composite plates will differ according to the type of stiffeners (Khan et al., 2021).
It has been observed that the stiffeners absorb some of the energy generated on the plate as a result
of low impact. The energy absorbed by the reinforcing element reduces the amount of deformation
on the surface of the plate to lower levels (Wang et al., 2015).

Optimization and forecasting studies are ongoing, especially to reduce the amount of damage.
There are studies on the effects of mechanical properties or geometric properties of the structure on
damage behavior. In these studies, prediction and optimization can be performed with statistical or
artificial intelligence based software (Giiveng et al., 2023).

Metals are used in many fields such as aviation, aerospace, automotive and industry. Alumium
is the most preferred production material due to its light weight and easy formability. Despite this,
composite plates are rapidly replacing metals in aircraft due to their light weight and high strength
properties. Especially in helicopter blades, UAV wings and tails, composite materials can be
reinforced to provide higher strength values (Barkanov et al., 2014; Dag et al., 2023; Pan et al., 2019).
Stiffened panels are used extensively in aircraft fuselages and wings and tail elements. The most
important advantage in the design of these panels is to provide rigidity to the structure (Correas et
al., 2021; Giiveng et al., 2023; Sun et al., 2018).

The plate is the element that holds the stiffeners together. Stiffened panels are connected to
beam webs to strengthen structures against out-of-plane deformations (Quinn et al., 2009). The
orientation of the reinforcing columns called stiffeners varies depending on the desired property
according to the area of use of the stiffened panel.

Composite structures, which are especially important components of aircraft, are composites
that have a curvature as a result of processing. In addition to normal flat plate composites, the damage
behavior of these curved plates is important in an industry such as aerospace, where high loads act
on the structures (Adali and Cagdas, 2011; Erdogan et al., 2019; Saghafi et al., 2014).

Many factors can cause damage to composite materials. The most common of these is impact
damage. This is also frequently seen in composite materials used in aviation. These damages,
especially when landing and taking off on the runways, can cause major damage to the vehicle or
cause damage that will cause these critical damages to occur (Gebhardt et al., 2023).
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Figure 1. Where composite structures are used extensively on the Airbus 350 (Karatas and Gokkaya, 2018)

W. Sun and al. (Sun et al., 2018) conducted experiments to examine the damage response of
the sample in impact tests applied to composite panels and the changes in the damage behavior of the
reinforced composite panel with the addition of reinforcement. The three T-strengtheners added were
significantly effective against buckling of the panel and the formation of damaged surfaces. The
damage threshold of the panel was determined as 34 J, and it was observed that if an impact above
this energy was applied, the panel would be damaged. It has been evaluated that there is no need to
apply reinforcement elements to the panel for impact energies below this energy level. It was
observed that if the impact energy was higher than 34 J, the reinforcement element was disconnected
from the panel and delamination occurred between the plates. However, since there was no damage
to the panel and only the booster in the middle lost its function, it was seen that the panel could
continue to be used with two boosters instead of three boosters.

K. S. Kumar et al. (Kumar et al., 2019) performed low-velocity impact simulations on
Glass/Epoxy and Carbon/Epoxy plates consisting of many layers formed with different laying angles.
As a result of the test simulated with the finite element method, the impact behavior of the materials
was examined. It has been observed that the data of layered plates produced with Glass/Epoxy and
Carbon/Epoxy are very close to each other. Gangwar et al. (Gangwar et al., 2024) investigated the
change in the mechanical behavior of a curved layered composite plate as a result of loads acting on
it depending on the properties of the plate such as thickness and aspect ratio. As a result of numerical
analysis by finite element method, the frequency values of the specimen as a result of loading for two
different modes were analyzed. When these studies are examined, it is thought that the analysis of the
change of mechanical behavior of the curved plate as a result of impact loading depending on the
type of sitiffener using the finite element method is incomplete.

In this study, low-velocity impact simulation on a composite plate reinforced with different
types of stiffeners, which has a curved form such as wing or fuselage geometries, was carried out by
finite element method. The 300x200x4 mm sized curved plate is reinforced with 5 blades, T and |
type stiffeners (Jain and Upadhyay, 2010; Tan et al., 2020).

The impactor was modeled as a sphere with a radius of 6 mm and a mass of 15 kg. As a result
of the analyses, the effect of stiffener type on impact behaviour was examined. The effect of the
stiffener type on the amount of energy accumulated on the curved panel, the maximum contact force
value and the amount of deformation was observed.
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2. MATERIALS AND METHODS

LS-Dyna software was preferred to perform the finite element method in the study. Curved
plate and stiffeners modeling were performed using the LS-PrePost interface. The structure with a
radius of 6 mm and a mass of 15 kg, which will be used as the impactor, was created with the Sphere
Solid command from the LS-PrePost interface. Table 1 shows the dimensions of the striking mass,
plate and reinforcing structures. The curved plate is modeled with dimensions of 300x200 mm. The
radius of curvature is 469.25 mm and the plate consists of 16 layers. Each ply is 0.25 mm thick and
modeled with a laying angle of [0/45/—45/90], The stiffeners have a lay-up angle of [0/90], and
each layer is 0.25 mm thick like the ply. The plate is 4 mm thick and formed with three different types
of stiffeners.

Table 1. Geometrical properties of the curved plate, stiffeners and impactor mass

Curved Plate  Stiffeners

[mm] [mm]
Width 200 200
Length 300 16
Heigth - 16
Thickness 4 2.0
Impactor
Radius 6

Figure 2 shows the modeling of the stiffener types used in the study and their integration with
the curve panel.

(@) (b) (©)

Figure 2. LS-Dyna modeling of a) T-type, b) I-type and c) Blade-type reinforcers

In order to make the modeled sample suitable for numerical analysis and recognisable for the
finite element method, a mesh is applied. The curved panel was modeled with different mesh sizes
and analyses were performed at a speed of 2.5 m/s. In these analyses, the mesh element sizes applied
on the panel were determined as 10, 5, 4.5, 4 and 3 mm and low velocity impact analyses were
performed on the curved panel by applying these element sizes. The force-time curves obtained in
these analyses were evaluated and the most suitable mesh size was selected to be applied to the panel
and reinforcements. The maximum contact force value, which is the peak of the force-time curve,
was evaluated for each mesh size and the deviation amount was determined as 0.5%. Figure 3 shows
the force-time curves obtained as a result of the approach for mesh convergence. As a result of these
analyses, it was decided that 4 mm mesh size was the most appropriate mesh size in terms of geometry
and accuracy of the results.
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Figure 3. Contact force-time output according to different mesh size

Figure 4 shows a sample T-type stiffened curved panel and impactor mass formed with a mesh
size of 4 mm. The curved composite panel is modeled with a total of 13 000 mesh elements.

Figure 4. Mesh image of curved panel with T-type stiffener and impactor generated in LS-PrePost interface

The mechanical properties of the impactor are defined by the Mat Rigid material card in the
LS-Dyna software (Dag et al., 2022). The striking part of a low velocity impact device with a
measured mass of 15 kg was modeled. The geometrical shape of the striking tip of the test device is
partially modeled. Since only the impactor tip was modeled, the entire mass was modeled on this
sphere. This was achieved by increasing the density of the sphere. Table 2 shows the mechanical

properties of the 15-kilogram spherical striker.
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Symbol Value
Density p 1.685e+07
kg/m3
Elasticity Modulus E 207 GPa
Poisson Ratio A 0.30

Mat Enhanced Composite Damage card was used to define the material for the curved plate
and stiffeners. This composite card provides different damage criteria options. This material card,
which covers Chang-Chang and Tsai-Wu damage criteria, can provide various simulation results
outputs (Akbulut and Sonmez, 2011; Nyambeni and Mabuza, 2018). The material card with Mat-055:
Enhanced Composite Damage damage criterion is the material card where Tsai-Wu damage criteria
are applied in the matrices of composite structures and Chang-Chang damage criteria are applied in
fiber reinforcements. Mat-055: Enhanced Composite Damage card inputs are modeled with E-Glass

Epoxy mechanical properties as given in Table 3.

Table 3. E-Glass Epoxy Mechanical Properties

Symbol Value

Density p 1840
kg/m?®

Elasticity Modulus E1 42 GPa
[Longitudinal]
Elasticity Modulus [Transverse] E> 9.5 GPa
Poisson Ratio v 0.34
Shear Modulus G12 3.5 GPa
Compressive Strength Xc 300 MPa
[Longitudinal]
Tensile Strength [Longitudinal] Xt 690 MPa
Compressive Strength Yc 147 MPa
[Transverse]
Tensile Strength [Transverse] YT 66 MPa
Shear Strength Sc 56 MPa
Maximum Strain for Matrix DFAILM [Yc/E2] 0.001547
Maximum Shear Strain DFAILS [Sc/G12] 0.016000
Maximum Compressive Strain  DFAILC [-Xc/E1] -0.007143
Maximum Tensile Strain DFAILT [X+/E4] 0.0164286
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After the material assignments of the impactor, plate and stiffeners were completed, the contact
cards were defined. The contact card between the impactor and the plate is the Contact Automatic
Nodes to Surface contact card. The contact card between the plate and the stiffeners was associated
with the Contact Automatic Surface to Surface contact card (Uyaner et al., 2023).

3. RESULTS AND DISCUSSION

In this section, the results of numerical analyses of the low velocity impact response of the
inclined panel supported with 3 different geometries as flat, I and T type as stiffener type are given.
Force-time, energy-time and force-displacement graphs were obtained as a result of numerical
simulations (Tan et al., 2018; Y. Zhang et al., 2022).

Low velocity impact simulation with a speed of 2.5 m/s on a 200x300x4 mm curved plate with
stiffeners was carried out with LS-Dyna software. As a result of the finite element analysis, the
variations of contact force, energy and displacement values of the plate after impact against time were
obtained. Maximum contact force, energy dissipation rates and permanent deformation amounts are
also obtained as a result of the analyses.

Figure 5 shows the time dependent variation of the contact force obtained as a result of the low
velocity impact applied on the curved plates supported with different reinforcements.
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Figure 5. Variation of the contact force on the plate after impact according to the type of stiffener

The maximum contact force value of the plate supported with I-type stiffeners after 2.5 m/s
impact is higher than the other two types of stiffeners. Figure 6 shows the curve of the amount of
displacement resulting from the contact force.
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Figure 6. Variation of contact force-displacement of the plate after impact according to the type of stiffener

The curved plate with Blade-type stiffener, which has the maximum displacement value on the
plate as a result of the contact force, absorbed 37.78% of the kinetic energy of the striker. Figure 7
shows the time-dependent change in the amount of energy accumulated on the plates after impact (D.

Zhang et al., 2013).
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Figure 7. Time-dependent variation of the energy deposited on the plate after impact according to the stiffener type

As seen in Figure 7, the plates with | and T-type stiffeners can reach the maximum energy
amount earlier than the plate with Blade-type stiffeners. This is due to the rigidity provided to the

plate by the stiffener types.
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Figure 8. Post-impact displacement-contact force curve of T-type stiffener plate

Figure 8 shows the post-impact displacement-contact force curve of the plate with T-type
stiffener. With the sudden loading of the plate after impact and the subsequent rebound effect, the
material absorbs some of the kinetic energy of the striker. The area inside the displacement curve in
Figure 8 shows the energy absorbed by the plate and the area below the curve shows the energy
returned (Tan et al., 2018).

Impact behavior of a curved plate reinforced with T-type stiffeners impacts by a spherical
impactor at 2.5 m/s. The impact resulted in delamination of the plate and reinforcement and damage

to the vertical flange of the stiffener.

Figure 9. View of curved panel with T-type stiffener after impact
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Figure 10 shows the permanent damage of the curved plate without stiffener and the curved
plate with T-type stiffener after impact. The permanent deformation of the plate without stiffener is
19.8 mm, while the permanent damage of the plate reinforced with T-type stiffener is 2 mm. Thanks
to the horizontal flange of the T-type stiffener, the curved plate takes less damage and prevents critical
damage to the plate. The horizontal flange absorbs the loading acting on the plate and minimizes the
amount of plate damage.

b

Figure 10. a) Curved plate without stiffeners, b) Curved plate with T-type stiffeners

The form of the center stiffener after the impact is as shown in Figure 11. It prevents damage
to the plate by absorbing some of the impact energy.

Figure 11. The appearance of the T-type stiffener after the impact

Even if the stiffener, which is seen to have received critical damage, has become unusable, the
plate continues to function by maintaining its structural integrity. However, in case of any loading
after the impact, the structure with low strength can be severely damaged (Li et al., 2014).

In Table 4, the changes of the maximum contact force, energy absorption amount and
deformation amount of the curved plate after impact are given numerically according to the stiffener

types.

Table 4. Impact behaviour of plates with different stiffeners

| Type T Type Blade

Type
Maximum Contact Force [N] 11241.81 10944.08 10822.96
Energy Damping Rate [%] 35.78 38.11 37.78

Maximum Deformation Amount [m]  0.0134 0.0131 0.0151
Permanent Deformation Amount [m]  0.0026 0.0019 0.0037

4. CONCLUSION

As a result of the 2.5 m/s low velocity impact applied on the curved plate reinforced with
different stiffeners, it was observed that the plate with T-type stiffener was less damaged than the
others. The maximum contact force of 10.94 kN was determined on the plate with 1.9 mm permanent
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deformation. It absorbed 38.11% of the kinetic energy of the impactor mass and rebounded the
impactor.

e Considering the maximum deformation and permanent deformation amounts, the most
damaged structure is the curved plate reinforced with Blade type stiffener. As a result
of the impact, the structure was deformed by 3.7 mm and damage occurred.

e As a result of the numerical analysis performed with the finite element method, the T-
type stiffener element reduces the amount of damage by a significant amount of 90%.
In the future, the effect of changing the geometric properties of stiffener types on impact
behavior may be the subject of investigation.

e Asaresult of the impact applied on the plate with I-type stiffener, it absorbed more than
one third of the energy and was subjected to a maximum contact force of 11.24 kN.
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