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INTRODUCTION

Modern engineering approach assumes the 
use of new types of materials – commonly re-
ferred to as composite materials. Composite 
materials are increasingly used in the aerospace, 
construction and automotive industries. Due to 
the special properties, such as high load capacity 
and stiffness, these materials are widely used as 
thin-walled structures [1,9,12]. Thin-wall com-
posite structures subjected to significant over-
loads are exposed to the initiation of destruction 
and successively loss of load capacity [1,9–11]. 
Identification of the parameters causing the ini-
tiation of the destruction process of the lami-
nate structure is a problem described by the re-
searchers. This is due to the complex nature of 
the destruction of the composite material which 
depends on many factors, making it difficult to 
unambiguously evaluate the entire process [8]. 
The description of the composite destruction phe-
nomenon is usually carried out on the basis of 
material boundary conditions determined in ex-
perimental studies [1,3]. The use of actual mod-
els describing the initiation criteria of destruction 
has found wide application in commercial soft-
ware using the finite element method, such as the 

ABAQUS®. The widest use was found, for the 
Tsai-Wu’s [14], Tsai-Hill‘s [13], Azzi-Tsai-Hill’s 
[3] and maximum stresses [4] criteria. Tsai-Wu’s 
tensor criterion [14] has the most actual sig-
nificance in relation to the criteria based on the 
destruction of the first layer of laminate, while 
maintaining the absence of the phenomenon of 
delamination. There are observed many other 
more advanced criteria, such as LaRC03 (2-D) 
or the Hashin’s criterion, but the work has shown 
the influence of the basic four criteria. The work 
involved numerical analysis based on the use 
of the finite element method in the ABAQUS® 
software [1,2,5,7]. The analysis was carried out 
using the known criteria of damage initiation. In 
this study, the widespread use of composite ma-
terials was used to analyse the load capacity of 
the structure of the ADUSTER undercarriage leg. 

SUBJECT OF THE STUDY

The subject of the study was the undercar-
riage leg prototype of the ADUSTER folding 
gyroplane undercarriage. The leg structure was 
based on carbon-epoxy composite structures. The 
top layer (red colour) consisted of an inclined 
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carbon fabric laid at an angle of +/- 45° in rela-
tion to the direction of the leg span. The bottom 
layer of the discussed structure consisted of ten 
layers of fabric, the other of five. The thickness of 
a single layer was 0.2 mm. The top layer covered 
the inside sections (blue) and the reinforcement of 
the leg’s edges (green) also made of five layers of 
carbon fabric and with the arrangement of fibres 
identical to that of the top layer. Elements made 
of carbon fabric were used to shape and glue the 
leg from the outside. The main load-bearing ele-
ment (orange colour) was a modular composite 
with fibres running along the leg – roving. The 
undercarriage leg’s structure is shown in Figure 1.

The method of mounting the leg’s wheel is 
shown in Fig. 2a. The leg’s wheel is mounted on 
the wheel axis 1 (Fig. 2a), which is secured with 
bolts in a specially adapted place. The place of 
assembly of the wheel axis is protected from ex-
cessive pressure by steel plates 2 located on both 
sides of the leg. The gyroplane’s wheel axis is 
welded to one of the plates. In the leg’s mount-
ing holes are equipped with aluminium contact 
sleeves 3 protecting the composite. 

The leg is attached to a gyroplane on a rotary 
axis, the rotation of which allows the undercar-
riage to be folded (Fig. 2b). The leg has an open-
ing for the axis of its rotation, which is used to 
fold the undercarriage. The beginning and end of 
this opening are secured with steel contact sleeves 
4 and connected with an aluminium pipe 5. The 
disc 6 located on the outside of the shell serves to 

support the leg against the hull of the gyroplane in 
a specially adapted place.

For leg’s elements made of composite fab-
ric, an orthotropic material model was defined in 
a uniaxial state of stress with the following me-
chanical and boundary properties – Table 1:

For leg’s elements made of carbon roving, 
the orthotropic material model with mechanical 
properties shown in Table 2 was defined.

In the numerical models developed for met-
al elements, models of elastic-plastic material 
with the following mechanical properties were 
adopted:
 • 30H2N2M steel – the material was used 

for the following elements: wheel axis with 
mounting plates and elements protecting the 
leg’s axis (Table 3).

 • 7075-T6 aluminium alloy – the material was 
used for the elements protecting the connec-
tion of the wheel axis with the leg – contact 
sleeves (Table 4).

RESEARCH METHODOLOGY

The studies were carried out to assess the 
correctness of the structure in terms of meeting 
the strength conditions specified by the CS-VLA 
479 aviation regulations. The studies were con-
ducted using the finite element method, using the 
ABAQUS® software as a computational tool. 
For the numerical calculations, nonlinear stability 

Fig. 1. The undercarriage leg’s structure of the ADUSTER gyroplane.
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analysis based on the Newton-Raphson algorithm 
was used [1,15]. The use of a composite material 
model with specified boundary values of the com-
posite, made it possible to carry out calculations 
using the initial criteria of destruction of the com-
posite: Tsai-Wu’s, Tsai-Hill’s, Azzi-Tsai-Hill’s, 
maximum stresses – MSTRS.

Discrete model

The discrete model was developed based on 
the geometrical model of the analysed structure. 
The structures made of carbon fabric, the leg’s 
surface layer and profiles, were discretised using 
S4R 4-node conventional shell elements. Leg’s 
elements designed for strengthening its edges, 
were discretised using SC8R eight-node contin-
uum shell elements. In both cases finite elements 
had the function of first order shape and reduced 
integration. Reduced integration technique is as-
sociated with the removal of false forms of de-
formations occurring in the calculation of higher 
order polynomial to obtain the correct value of 
averaged results under the condition of stress-
displacement occurring at nodes [15]. The ad-
opted finite element types allowed for defining 

Table 1. Material properties of composite – CFRP 
(woven) [6]

Young Modulus E1=E2 [MPa] 60000

Poisson Ratio v [-] 0.27

Kirchhoff’s Modulus G12 [MPa] 4550

Kirchhoff’s Modulus G13=G23 [MPa] 10800

Tensile Strength – Fiber Xt [MPa] 621

Compression Strength – Fiber Xc [MPa] 760

Tensile Strength – Matrix Yt [MPa] 594
Compression Strength – Matrix Yc 
[MPa] 707

Shear Strength S12 [MPa] 125

Table 2. Material properties of composite [1] – 
carbon roving

Young Modulus E1 [MPa] 131700

Young Modulus E2=E3 [MPa] 6360

Poisson Ratio v12 [-] 0.32

Poisson Ratio v13=v23 [-] 0.05

Kirchhoff’s Modulus G12 [MPa] 4180

Kirchhoff’s Modulus G13=G23 [MPa] 4180

Fig. 2. Undercarriage leg’s structure: a) wheel assembly location, 
b) the place of connection of the leg with the gyroplane.

Table 3. Material properties – Steel 30H2N2M

Young Modulus E [MPa] 210000

Poisson Ratio v [-] 0.3

Yield Strength Re [MPa] 830

Tensile Strength Rm [MPa] 980

Elongation at break [%] 11

Table 4. Material properties –Aluminium alloy 
7075-T6

Young Modulus E [MPa] 71700

Poisson Ratio v [-] 0.33

Yield Strength Re [MPa] 503

Tensile Strength Rm [MPa] 572

Elongation at break [%] 13
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the structure of the composite based on the finite 
element thickness. Components made of a modu-
lar composite (Roving) were discretised using 
type C3D10 tetragonal solid elements, constitut-
ing 10-node elements with the function of the 
second-order shape. The discretisation of metal 
elements was carried out using type C3D8R hex-
agonal solid elements, constituting 8-node ele-
ments having the function of first-order shape 
and reduced integration.

The cooperation between the composite el-
ements of the model was obtained by using Tie 
type interactions, permanently connecting the fi-
nite element mesh of individual cooperating sur-
faces. This method of modeling allowed for even 
transmission of loads and displacements between 
connected leg construction elements. The discrete 
model of the leg of the gyroplane undercarriage is 
shown in Figures 3 and 4.

The number of mesh elements and the num-
ber of nodes obtained for the carried out discreti-
sation are presented in Table 5.

Boundary conditions

The boundary conditions for the leg model 
assembly are defined at the location of the leg’s 
attachment to the gyroplane’s hull. The main 
leg’s mounting was the upper axis enabling fix-
ing the element in the hull structure – Fig. 5. The 
axis was mapped using two RP reference points, 
which blocked all translational and rotational de-
grees of freedom. The reference points were rig-
idly connected to the leg, leaving only a degree 
of freedom allowing the leg to rotate relative to 
its own axis. 

Fig. 4. The discrete model of the undercarriage leg: a) place of connection to the wheel axis,  
b) the place of connection to the hull

Table 5. The number of finite elements and nodes in 
the discretised model

Element Type Number of 
Elements

Number of 
Nodes

S4R 63321 65208
SC8R 15210 32006
C3D10 115923 186918
C3D8R 115479 142326
Total 309933 426458

Fig. 3. The discrete model of the undercarriage leg – general view
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The second defined boundary condition was 
the support of the leg with the gyroplane’s hull in 
a specially designed place. In this case, the pos-
sibility of displacement of the support area nodes 
in the direction perpendicular to the leg – hull 
support plane was blocked. Thus the implementa-
tion of boundary conditions was carried out in the 
local coordinate system, blocking displacements 
of nodes in the direction perpendicular to the sup-
porting surface – Figure 6.

The structure load was realized by applying 
forces in the gyroplane wheel mounting area. In 
the numerical model, a local coordinate system 
was created on the wheel axis, ensuring the ap-
propriate angle between the propeller axis and the 
direction of the X axis with the value of 38.14°. 
The load components were applied at the RP refer-
ence point, located in the axis of the circle – half-
way between the spacing of its bearings. The load 
was coupled to the cylindrical surface of the axis 
by Coupling interaction. The method of imple-
menting the model load is presented in Fig. 7. 

The calculations carried out for two load cases:
 • Case 1: Fz force directed upwards, Fx force 

directed to the back of the gyroplane,
 • Case 2: Fz force directed upwards, Fx force 

directed to the front of the gyroplane

In the calculations the values of destruc-
tive forces were assumed: Fz = 17334 N and 
Fx = ± 4334 N, according to the diagram shown 
in Figure 8.

RESULTS OD NUMERICAL ANALYSIS

Numerical analysis indicated the initiation 
areas for the destruction of composite elements 
made of carbon fabric. The destruction initiation 
sites for the first load case were located in the 
areas of refraction of the leg’s geometry and sup-
port against the hull. Damage to the composite in 
the area of support against the hull was caused by 
a change in the stiffness of the structure and the 
occurrence of reaction forces resulting from sup-
porting the leg against the hull of the gyroplane. 

Fig. 5. Boundary conditions – undercarriage leg – gyroplane’s hull mounting

Fig. 6. Boundary conditions – leg – hull support 
location

Fig. 7. The implementation of the load to the under-
carriage leg model
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This effect also affected the lower surface of the 
leg in this area. Another localised area of damage 
was the point of inflection of the leg’s geometry 
in its lower part. The load on the tested structure 
causes tensile stress which leads to damage in the 
bottom layer of the bend. This area is heavily bent. 

The evaluation of the destruction initiation 
for the discussed points was carried out using 
four criteria of destruction of the composite. The 
obtained criteria values in the nodes for the points 

discussed are shown in Fig. 10. The area exposed 
the most to destruction is the point of leg’s sup-
port against the hull.

The areas of destruction initiation for the sec-
ond load case are shown in Fig. 11.

The obtained values of the failure criteria 
in the nodes for the second load case are sum-
marised in Fig. 12. On the basis of the obtained 
results, the identity of the results of areas prone to 
destruction was demonstrated.

Fig. 8. Load diagram of the gyroplane’s undercarriage leg

Fig. 9. The first load case: 1) Location of destruction initiation points for the first load case, 2) destruction at the 
point of leg’s support against the hull 3) destruction at the point of leg’s support against the hull on the bottom 

surface 4) destruction at the point of inflection of leg’s geometry.
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Fig. 10. Comparison of the destruction criteria values for the first load case

Fig. 11. The first load case: 1) Location of destruction initiation points for the second load case, 2) destruction at 
the point of leg’s support against the hull, 3) destruction at the point of leg’s support against the hull on the bot-

tom surface, 4) destruction at the point of inflection of leg’s geometry.

Fig. 12. Comparison of the destruction criteria values for the second load case
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CONCLUSIONS

The study presents FEM based load tests of 
the prototype composite structure of the under-
carriage leg for the ADUSTER gyroplane. In the 
simulation research, the correctness of the struc-
ture in terms of initiating the destruction of the 
carbon-epoxy composite was checked. Based on 
the carried out simulations, the following conclu-
sions were made:
 • in both cases of loads, damage was observed 

in elements made of carbon-epoxy fabric,
 • the destruction initiation places are identical 

for both cases of leg’s load.

The conducted analysis showed a high quali-
tative and quantitative level of the obtained re-
search results, for both cases. In both load cases, 
the destruction initiation points have identity. The 
values of the damage criteria are slightly higher in 
the first load case.
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