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INTRODUCTION

strain gauges or piezoelectric sensors in critical areas [1-3]. A request to SCOPUS on the topic of fiber optic sensor

T he health of critical composite structures is impossible without installing sensors based, for example, on fiber optic,

(FOS) for aerospace revealed more than 1000 publications, demonstrating a steady growth, starting from one in

1984 to 177 publications in 2024.



https://youtu.be/eD0grzUcAcg
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Information from the installed FOS is recorded and processed in order to determine the place of a local impact [4,5], the
size of a defect like delamination [4-7] or the approach to catastrophic failure [8,16]. The FOS item in the mechanics of
composites is not complete, developing to wider strain or thermal range [20-22], to measure of magnetic fields [20,23], to
solve problems of visualization of measuring results and machine learning [19,24], to fastening measurement process and
miniaturization of FBG sensors [25], to getting higher accuracy by doping of nanoparticles [26].

For aircraft structures, local impacts by foreign bodies are dangerous due to the fragility of composites based on carbon-,
glass- or organic fibers [9]. It forces the introduction of additional safety factor and reduces the potentially high weight
efficiency of composite structures. To solve the above-mentioned problems, relatively recently pro-bionic lattice shells
(PBLS) have been proposed [10-12], containing not two, but three systems of load-bearing ribs made of UD composite,
protective tabs on the ribs and an outer elastic skin to take aerodynamic forces. The load-bearing ribs are located deeper in
the structure and protected from external impacts by the skin lying on the protective tab, Fig. 1. In this case, the use of
traditional non-destructive testing technics like ultrasound or thermal vision is impossible.

Figure 1: The PBLS and its fragment: rib (1), protective tab (2), impactor (3) and skin (4).

During a local impact, the elastic skin bends without breaking, and the tab dampens the impact, extending the contact time
and reducing the contact load [11,12].

In the practice of testing of aircraft composite elements, the concept of a “standard impact” is used, i.e. a low-velocity
impact by a falling body with a given energy, which should not damage the load-bearing elements [13-15]. In this work,
these are the ribs of the PBLS, protected by special tabs made of thermoplastic material. According to the aim of this article,
it needs to use these tabs also as sensing media of impact, carrying embedded FOS.

At the same time, questions remain open: what parameters should the damping tab have, what happens to the PBLS
elements after the impact, where did the impact occur, can FOS (Bragg or Brillouin) register residual strain of the load-
bearing rib?

This paper attempts to answer these questions based on numerical modeling of the low-velocity impact process.

MODELING

here are two tasks here: the first is to justify the cutting of a small enough volume from a whole shell for detailed
study of the stress state and the second - correctly assign boundary conditions for that detailed volume.

Smooth shell

For an estimate of the contact time, the magnitude of the loads acting in the “impactor - shell” contact, we will represent
the PBLS with an isogrid mesh of ribs as a smooth shell made of a quasi-isotropic equivalent material [10,17]. Elastic
modulus and Poisson's ratio of that material are calculated using the dependencies

A A
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The density of the equivalent shell material is
"S5
p= 3%, ©
i=1 4;

Parameters of the lattice shell: a, 8, @, E and p — distance between ribs, width, lay-up angle with the longitudinal axis of the
shell, modulus of elasticity and density of the material of the rib of the i-th family. All ribs have the same height h.

If the parameters of the lattice shell are known and, for example: ¢=90°,+30°,-30° (isotropic scheme), the smooth shell
should be made of a virtual material with E=5.2 GPa, n=0.333, p=0.15 g/cm3.

Next, let’s look at the shell (wide body civil aircraft fuselage) with an outer diameter D=4 m and a length .=12 m, subjected
to a local impact by a steel sphere with a diameter of 50.8 mm (weight 0.539 kg) with different energies E=5, 10, 20 and
50].

Fig. 2 shows the scheme of the problem, in which the geometry was created in the SolidWorks software (thin shell and solid
sphere). Numerical calculations were performed in the ANSYS (explicit dynamics). The total process time t=2 ms, the
impactor velocities before contact V=4.33; 6.12; 8.66 and 13.7 m/s.

Geometry

[ shell

[ Structural Steel

Type: Total Deformation

Unit: mm

Time: 1,e-003

Cycle Number: 5907
Max: 2,57

Min: 0,000553

Figure 2: Model, FE mesh, detailed zone and deflection picture (V=4.33 m/s) of the shell at t=1 ms.

Fig. 3 shows the dependences of the impactor velocity V(t), the displacement of the shell during contact and the contact
force P(t) obtained by calculation based on the FEM data using numerical differentiation of V(t)

_dv (1)
o

P(t)=m-a(t), a(?) ©

The maximum contact force is about 3.2 kN, and the maximum deflection of the shell at the point of contact is 1.59 mm.
The coefficient of restitution - the ratio of the rebound velocity (0.98 m/s) to the initial velocity (4.33 m/s) is 0.226. In other
words, almost 80% of the energy of the falling body is converted into the energy of shell deformation.
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For other impact energies, the results are qualitatively the same. Tab. 1 shows the generalized calculation results. The contact
time in all cases is about 1.51 ms.

Impactor velocity, m/s
Impact force, kN
Shell displacement, mm

Figure 3: Model, FE mesh, detailed zone and deflection picture (V=4.33 m/s) of the shell at t=1 ms.

Impact energy, | Impactr(;r /:eloaty’ Contact force, kN Shell dliﬁiicement, C(;R;EEZ?:K i Contact time, ms
5 4.33 3.20 1.59 0.226 1.50
10 6.12 4.2 2.24 0.269 1.51
20 8.66 6.40 3.27 0.275 1.51
50 13.7 10.01 5.27 0.269 1.54

Table 1: Calculation results.

Detailed modeling of the PBLS fragment

Next, we will consider quasi-static loading of a fragment of the mesh shell with the found forces. The fragment has hinged
support at the edges, based on the nature of the shell bending during the impact, Fig. 4 (cross section, amplification of
displacements by 50 times).

E: SHELL 50)
Ur

Type: Directional Deformation(3{ Axis)
Unit: mm
Cylindrical

Time: 8,877e-004
Cycle Number: 5244
Max: 1,58

Min: -5,27

1,58

500,00 (mm)
]

250,00

Figure 4: Deformation of the shell under local impact. Time 0.8877 ms.

Here we can see the change in the sign of the curvature - from positive to negative (see arrows), which allows us to find the
cotrect boundary conditions - the position of the hinge supportts for simplified modeling of the fragment's deformation.
The fragment has two planes of symmetry, so it is rational to consider 4 of the part, Fig. 4. It is important to note that the
PBSO rib is made layered, consisting of a unidirectional composite and a polymer matrix, which reflects the technology of
wet winding of a lattice shell with carbon fiber bundles.
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In [18], it was shown that the presence of layers of a polymer matrix during transverse compression of the rib creates
additional tension of the composite layer across the fibers (in the plane of the layer), halving the 1ib's fracture stress.

The protective tab is made of thermoplastic PAG6 with a thickness of 5 mm, and the skin is made of 3D-woven aramid FRP
with a thickness of 1.5 mm. The steel indenter has a diameter of 2 inches (50.8 mm). A force of 10.01/4=2.5 kN is applied
to the indenter corresponding to the case with an impact energy of 50 J.

Figure 5: Fragment of the PBSO (total length 200 mm, left) and its "4 part for calculations (right).

The loading program consisted of two stages: increasing the force to a value of 2.5 kN and unloading. The materials of the
tab and polymer matrix were assumed isotropic elastic-plastic with a bilinear diagram. Tab. 2 shows the elasticity parameters
of the models of all materials, and Tab. 3 - the strength parameters. Here Y - yield strength, ES is the tangent modulus at
the stage of plastic deformation, e* is the failure strain. Carbon fiber reinforced plastic (CFRP) and aramid fabric reinforced
plastic (AFRP) are orthotropic materials (9 elasticity characteristics and 9 strength characteristics along main axis of
materials).

) density E, B Es G2 Ga23 Gis iz 23 i3
Material
g/sm? GPa GPa -

UD CFRP 1.55 200 8.6 8.6 4.7 4.7 4.7 0.27 0.40 0.27

AFRP* 1.30 10 10 5 2 2 2 0,04 0.3 0.3
Resin epoxy 1.16 3.78 - 0.35
PAG6 1.20 2.0 - 0.40
Steel 7.85 200 - 0.30

*3D-weaving, low elastic modulus (polyurethane matrix)

Table 2: Elasticity characteristics (for evaluation only).

. Fie Fic Fo: Foe Fs. Fs. Fiz Fas Fis
Material
MPa
UD GFRP 2000 1000 60 200 60 200 70 60 70
AFRP* 1500 800 1500 800 200 300 50 50 50
Resin epoxy oy=60 MPa Es= 1000 MPa e*=0.05
PAG6 oy=40 MPa Es=300 MPa e*=0.20
Steel - - -

Table 3: Strength characteristics (for evaluation only).

Fig. 6 shows the boundary conditions and the finite element (FE) mesh. It is important to note that the share topology
option (ANSYS, SpaceClaim module) was used when creating the model to have common nodes on the layer interfaces and
to exclude operations with contact algorithms. It significantly decreases the calculation time for geometrically and physically
nonlinear problems. Frictionless contact is established between the indenter and the skin.
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Figure 6: Boundary conditions and FE mesh.

The calculations were performed in the ANSYS on a multiprocessor cluster of South Ural State University. The results of
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1 s (maximum load) and t=2 s (complete unloading).

Figure 8: Pictures of von Mises stresses in the tab at t

Obviously, the presence of residual stresses allows asserting the possibility of recording residual deformations and localizing

the impact site using the FOS. Fig. 9 shows the distribution of maximum and residual deformations in carbon fiber layers.
It can be seen that after unloading, the level of strain on the lower surface of the tib is 0.03-0.04%, which is close to the

In Fig. 8, the yield zone (stresses above 40 MPa) is marked in red on the left. On the right is the picture of residual stresses
detection limit of the FOS.

in the tab.
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It follows that the sensors should be located into the body of the tab at the contact surface with the skin. Fig. 10 shows the
distribution of strain in the skin.

Time: 2
Max: 0,000318
Min: -0,000425

0,000318
0,000236
0,000153
7,07e-5

-1,1%-5

-9,4e-5

-0,000177
-0,00026 ¢
-0,000342
-0,000425

-0,01

-0,020422
-0,027045
-0,033668
-0,040292

-0,0035846
-0,0071622
-0,01074
-0,014317

Figure 10: Distribution of strain in the skin at t=1 s (maximum load) and t=2 s (complete unloading).

DiscussioN

he distribution of strain along the contact line of the skin with the tab (dotted arrow, Fig. 11) is shown in Fig. 11.

Near the contact point, the strain reaches 2%, which is acceptable for the FOS. After unloading, the maximum

residual strain is about 0.5%. This value can be reliably recorded by the FOS. The measurement step should be no
more than 15 mm in order to record the impact point with an error of +7.5 mm.

0,005

0,000

120
-0,005

-0,010

-0,015

Strain g,, mm/mm

-0,020

-0,025

X, mm

Figure 11: Strain along the contact line of the tab with the skin (50 J).
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With an impact with less energy (20 J), the FOS will show smaller strain along the contact line of the tab with the skin,
Fig. 12.

Tab. 4 shows the dependences of the maximum values of longitudinal strain in the tab material upon impact and the
maximum residual values as a function of the impact energy.

The stress state in the UD CFRP rib layers is shown in Fig. 13. The danger is posed by the compression stresses along the
fibers of the upper layer, which are close to the strength limit, as well as the stresses across the fibers, which exceed the
tensile strength of the UD CFRP (Tab. 3).

Analysis of these results shows that when impact has an energy of 50 J, the upper layer of CFRP cracks along the fibers and
may lose stability when compressed.

0,005
0,000
120
£ .
£ 0,005
~
£
€ L0010
'
=
[
P -0,015
-0,020
-0,025
X, mm
Figure 12: Strain along the contact line of the tab with the skin (20 J).
Impact energy, | 5 10 20 50
Maximum strain, % 1.35 1.67 2.05 2.57
Residual strain, % 0.57 0.83 1.28 2.07

Table 4: Strain in the impact zone.

It follows that the protective tab material should not have large transverse strain to avoid cracking of the UD CFRP along
the fibers.

For this purpose, it is proposed to install a thin layer (0.5 mm) of fabric AFRP under the tab, Fig. 14, and reduce the
thickness of the pad from 5 to 4 mm.

Figure 13: Stress state in UD CFRP layers (50 J).
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Figure 14: Typical (left) and new (right) design.

The elastic moduli of fabric AFRP for the warp and weft are E1 = E2 = 30 GPa and this will restrain the transverse strain
of the thermoplastic tab, Fig. 15.

ime?
Max: T
Min: -1e3

1,2e3
953
709
464
220
-24.1
-268
-513
-757
-1e3

Figure 15: Stress state in UD CFRP layers (50 J).
It can be seen that the stresses along the fibers have not changed, and across the fibers have decreased to a safe level.
With this modification, the skin strain at the boundary with the thermoplastic tab have remained virtually unchanged, Fig.
16 (see also Fig. 11).

A slight increase in maximum strain is observed (from 2 to 2.1%), which is not critical for the strength of the optical fiber.
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Figure 16: Deformations along the contact line of the pad with the skin (50 J).
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CONCLUSIONS

under a low-velocity local impact with an energy of up to 50 J was performed.

To get detailed information about state of the ribs under impact, it was offered a two-stage scheme, where the first
stage was devoted to investigation of smooth shell (with a stiffness equivalent to ribbed one) under impact and determine
the maximum load in dynamic contact. The second stage was devoted to detailed quasi-static loading with maximum load
and unloading to assess the residual strain state of a fragment containing a layered UD CFRP rib measuring 10x20 mm, a
protective tab made of PAG6 thermoplastic with a thickness of 5 mm and an external skin made of AFRP with a thickness
of 1.5 mm.

It was found that the placement of the fiber optical sensor (FOS) for recording residual strain in the impact zone should be
in the upper part of the tab at the contact with the skin.

In the case of a local impact with an energy of 50 J, the maximum strain of the FOS will not exceed 2%, and the residual
strain of FOS will be about 0.5%. When placing the FOS in the middle of the tab, the maximum strain will increase to 2.6%
(close to failure), and the residual one will be about 2%.

There is a monotonic function of the residual strain of the tab on the impact energy. When the impact energy decreases
from 50 to 5 J, the residual strain in the tab decrease from 2.07 to 0.57%.

It is also shown that, under an impact with an energy of 50 J, the failure of the first layer of UD CFRP in the rib can be
avoided if the protective tab made of PAG with a thickness of only 4 mm contains a fabric tape made of AFRP with a
thickness of 0.5 mm at the bottom, restraining its transverse strain in the local impact zone.

Moreover, to register a residual strain near the local impact place, which is not known before, it is better to use a distributed
FOS (Brillouin) rather than Bragg’s one (FBG) needed to know exact place for strain measurement .

I n the paper, the finite element analysis of the overall loading of a cylindrical ribbed shell with a diameter of 2 meters
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