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Summary: ASTYANAX is a Research project promoted by the EDA (European Defence 
Agency), focused on the development of reliable methodologies for Structural Health 
Monitoring (SHM) of rotary and fixed-wing platforms. Two types of damages, quite common 
in helicopter and aircraft airframes, are studied: local plastifications caused by overloads such 
as hard landings, and cracks growing in fatigue. Within the project, SHM systems with 
diagnostic and prognostic capabilities are designed based in Artificial Neural Networks (ANN) 
algorithms, while Finite Element Analysis (FEA) of the damaged and undamaged airframe 
structure, are used to generate the simulated experience required for ANN training. In the 
paper the FEA approach used for the fatigue crack SHM system is explained, that includes 
parametric FEM versions considering multiple crack configurations. Validation of the FEA, 
and the SHM system itself, will be made with the sensor readings during the fatigue tests, that 
will be made to a full scale metallic helicopter equipped with a sensor network of PZTs and 
optical sensors. 

 

1 INTRODUCTION 

ASTYANAX is a Research project promoted by the EDA (European Defence Agency), 
focused on the development of reliable methodologies for Structural Health Monitoring (SHM) 
of rotary and fixed-wing platforms. ASTAYNAX is the follow-on of preceding EDA project 
HECTOR [1][2], and the objective for the Technology readiness level (TRL) of the developed 
SHM systems is between 5 and 6, while in HECTOR project TRL was 3. 

The project focuses in 2 types of damages relatively common in helicopter airframes: local 
plastifications in stressed areas caused by hard landings, and cracks originated in rivet holes 
that grow in fatigue during the operational life of the vehicle. 

Within the project a complete set of activities related to SHM methodologies are carried 
out: study of state of the art of SHM components (sensors for instance), development of damage 
detection algorithms, Finite Element Analysis (FEA) of the damaged and undamaged structure, 
sensor network technologies, SHM systems reliability, Tests, etc. A Cost-Benefit Analysis of 
the proposed SHM systems will be made as well, quantifying the benefit of Condition Based 
Maintenance approach on an aerial platform. 

Demonstrations are made to a full scale helicopter: the Mi 8/17 Hip. Two kind of tests are 
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performed, the first one are drop tests from increasing height (already performed during 2014), 
made to the whole helicopter (weight 12 Tons) with the aim of identifying the onset of local 
plastifications. 

 

Figure 1: Mi 8/17 Hip helicopter Figure 2: Drop Test execution (April 2014) 
 
The other main tests carried out are fatigue tests of the helicopter tail boom (TB). An initial 

notch will be performed to the TB, and during the tests the crack size will be monitored. 
Additionally, the TB will be equipped with a sensor network. The reading of these sensors 
(mainly mechanical strains) will be the inputs of an SHM system designed within ASTYANAX 
with diagnostic and prognostic capabilities. This SHM system has been designed by using 
Artificial Neural Networks (ANN) algorithms. 

In the paper the FEA approach used for the TB and the fatigue crack process is explained 
in detail. The FEA has a double aim: first to simulate the fatigue tests and to determine relevant 
test features such as the adequate size of the initial notch, the critical crack length, the crack 
growth rate, and the sensitivity of strain sensor readings to crack length. 

On the other hand, parametric versions of the TB FEM considering multiple crack positions 
or configurations, are used to generate the training database of the SHM system that will be 
verified at the fatigue Tests. ANN algorithms, the heart of the SHM system, requires a high 
number of cases in the order of thousands or more, for a proper training. 

FEA accuracy is, therefore, very important for an adequate design of the SHM systems. The 
strategies followed for FEM parameterization and automation, and for derivation of strain and 
Stress Intensity Factor (SIF) results are explained in this paper. 

 

2 HELICOPTER GLOBAL FEM 

The helicopter global FEM was prepared by AFIT (Instytut Techniczny Wojsk Lotniczych 
from Poland) using the solver MSC.Nastran [3][4][5] and the Pre/post Patran [6][7][8]. It 
consists of three primary parts: the cockpit, the fuselage (assembly of front, mid, rear 
fuselage, fuel tank, and landing gear), and the TB. 

The analyses made with the global FEM include static load cases, dynamic simulations 
(multibody analysis) for hard landing loads, and fatigue and crack propagation analyses. In 
Figure 3 and Figure 4 some images of the Mi 8/17 Hip global FEM are shown. 
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Figure 3: General view of Mi 8/17 global FEM (© AFIT) 
 

 
Figure 4: Multibody simulation for hard landing (© AFIT) 

 

2.1 Tail boom (TB) global FEM 

The Mi 8/17 TB is an aluminium stiffened structure (5.4 m long), comprising: 
• Skin. 
• Stringers (L shape). 
• Frames with cuts allowing stringers crossing. 
• Rivets connecting skin to stringers, skin to frames, and stringer to frames. 
 

In Figure 5 an internal view of the TB is shown, while in Figure 6 a global view of the TB 
global FEM is shown. 
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Figure 5: TB internal view 

 

 
Figure 6: TB global FEM (© AFIT) 

 

3  TB FATIGUE TESTS 

The TB Fatigue Tests will be carried out during this year 2015. The TB is a 5.4 m long 
structure, and will be mounted in a rig, and tested to fatigue loads representative of in service 
tail-rotor forces: FY = 20 KN, R = 0.1 (TBC). In Figure 7 a scheme of the Fatigue Tests is 
shown. As above explained, an initial notch will be made to the TB, and during the tests the 
crack size will be monitored. 
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Figure 7: Fatigue Tests scheme 

 

3.1 Initial notch and sensor installation 

An analysis of the global TB FEM, with a load case proportional to the Fatigue Test load 
was done, and the zone with highest stresses was, as expected, close to the TB support (see 
Figure 8). 

 

 
Figure 8: Maximum principal stress (Pa) 

 
Based in these results, the “sensorized” part of the TB is selected between frames 2 and 3, 

and covering 6 bays: between stringers 5 and 11. The initial notch will be performed in this 
part of the TB as well. In Figure 9, this part of the TB is identified. 
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Figure 9: TB FEM, stress plot detail 
 
 The sensors used for the TB will be, among others, optical Fibre Bragg Grating sensors 

(FBGS) bonded to the stringers measuring longitudinal strain. As above explained, the 
readings of the different sensor are actually the inputs of the SHM system that has been 
designed within ASTYANAX, and that has diagnostic capabilities: crack detection, crack 
localization, and crack quantification, and prognostic capabilities: estimation of the TB 
residual life. 

This “sensorized” part of the TB is analysed by means of a detailed local FEM that it is 
carefully explained in the next section. 

 

4 LOCAL TB FEM 

The global - local approach is used for the FEA. The global FEM passes over local details 
not affecting its overall behaviour, such as cut-outs, joints, etc. Such details are incorporated 
into a local FEM that includes crack modelling as well. 

In Figure 10 a general view of the local TB FEM is shown, it was prepared by INTA using 
the solver MSC.Nastran and the Pre/post Patran. In Figure 11 a detail of the frames and 
stiffener crossing can be seen. 

2D shell elements (CQUAD4 and CTRIA3 in Nastran terminology) are used mainly for 
the local FEM, while rivets are modelled by means of CFAST connectors [8]. Connectors are 
a useful tool to join non-congruent meshes, and can be used to simulate mechanical elements 
such as fasteners or rivets, incorporating into the FEM the axial and shear stiffness of these 
elements. 
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Figure 10: Local FEM (un-cracked configuration) 

 
Figure 11: Detail of frames and stringers crossing 

 

The local FEM is used for two purposes. In the one hand, to simulate the TB fatigue test 
providing support to determine important features of the tests: an adequate size of the initial 
notch, the critical crack length, the crack growth rate, and the sensitivity of the strain read by 
the sensors to crack length. 

On the other hand, parametric versions of the local FEM considering multiple crack 
configurations, generate the training database of the SHM system. This SHM system has 
been designed by using ANN algorithms. An un-cracked local FEM is prepared as well, 
whose results are a reference for the ANN algorithms. 

The parameters for the “family” of cracked local FEMs are crack position, crack length, 
and crack angle. From the local FEMs, SIF and strain results are derived. In Figure 12, the 
overall scheme of the FEA carried out for the fatigue crack SHM system, and the simulation 
of fatigue Tests within ASTYANAX is shown. 

 

 
Figure 12: FEA scheme 

 

4.1 Global-local FEA 

Global-local FEA require some boundary of interface conditions for the local FEM. 
Several options are available [9]: 

• Multi-scale analysis, with two possibilities: displacement and force Approaches. 
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Results from global FEA, displacements plus rotations in the first approach or internal 
forces plus moments in the second one, are used as boundary conditions in the local 
FEM edges. This method is very effective and if done properly is quite accurate. 

• Integrated analysis: It means than the local FEM is actually inserted within the global 
FEM. Different approaches are available for the integrated analyses: mesh refinement, 
interface elements (MPCs for instance), and glued constraint. 

• SuperElements (SE): SE is a reduction of stiffness and mass matrices of the global 
FEM into the boundary nodes of the local FEM. Several approaches are available as 
the Guyan reduction (static condensation), and for dynamic analysis the Craig-
Bampton fixed interface method and the MacNeal’s approach. More details can be 
found in [5]. 

 
For the ASTYANAX TB FEM the multi-scale analysis with displacement approach, has 

been used because its simplicity and because it is almost automatic inside the Pre/post Patran. 
In Figure 13, a partial view of the local TB FEM loaded with the boundary displacements 
plus rotations from global FEA can be seen. 

 
 

 
Figure 13: Detail of the local FEM loaded with boundary displacements + rotations from global FEM 

 

4.2 Stress Intensity Factor (SIF) 

SIF also known as K, describes the stress state surrounding a crack tip [10][11]. SIF 
methodology belongs to Linear Elastic Fracture Mechanics (LEFM). K value is required for 
SHM prognosis: for the estimation of the TB residual life, and it is function of the applied 
stress, the crack size, and the geometry of the component, see equation (1). 

� � βσ√�� (1) 

being: 

• β: geometric factor function of the structure geometry and load conditions. 
• σ: applied stress far from the crack. 
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• 2a: crack length. 

 

 
Figure 14: SIF for an infinite wide plate loaded in tension, β = 1 

 
SIF values for numerous configurations are available in the literature [11][12][13][14]. 

Structural failure (unstable damage growth) at static load happens when SIF grows beyond 
fracture toughness of the material KC. 

 

4.2.1 SIF calculation within MSC.Nastran 

Within MSC.Nastran [3][4] several solutions are available for SIF calculation, as: 
• Crack tip elements (CTE): CRAC2D (plate type, see topology in Figure 15) and 

CRAC3D (solid type) elements according to MSC.Nastran. SIF is directly given as a 
result at the CTE. 

 

 
Figure 15: CTE CRAC2D topology 

 
• Virtual Crack Closure Technique (VCCT): calculates the Strain Energy Release 

Rate (SERR), commonly referred as G. It is the increment in the elastic strain energy 
∆U because of an increment in the crack area ∆A [15][16][17][18][19], and it may 
have 3 components: mode I due to opening tension, mode II  due to in-plane shear, and 
mode III  due to tearing shear. In Figure 16 a scheme of the required crack tip forces 
and displacements near crack tip in a 2D FEM is shown, and in equations (2) and (3) 
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the formulae for GI and GII calculations [18] are shown. 
 

 
Figure 16: FEM scheme near crack tip for VCCT calculations 
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being: 

• ∆UI and ∆UII are the strain energy increments released in modes I or II  respectively, 
due to the growth of the crack Area (or delamination Area) in ∆A. 

• ∆A: Crack area increase, that it is equal to ∆a (mesh size) × t (thickness), see Figure 
16. 

• FX’ and FY’ are the forces at the crack tip (in Figure 16 these forces are represented as 
red colour arrows). 

• u’ are the displacements of the closest nodes to the crack tip (upper and lower nodes as 
represented in Figure 16), along local coordinate axis X´. 

• v’ are the displacements of the closest nodes to the crack tip, the first nodes that can 
actually separate from each other, along local coordinate axis Y´. 

 

Based in GI value the SIF in mode I, the mode relevant one for ASTAYNAX TB, can be 
derived: 

�� � !��" (4) 
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Both solutions, CTE and VCCT, were compared with published results in the literature and 
showed to provide accurate SIF results. VCCT was finally selected because FEM mesh is more 
easily parameterized. 

 

3.3 Comparison of global and local FEMs 

An initial comparison was performed between the stress contours at the global FEM (in 
the part of the structure covered by the local FEM), and local FEM itself (un-cracked 
configuration), see Figure 17. Both FEMs provide coherent stress results. Maximum stress is 
similar (3% difference), also shape of the stress plot is similar. 

 

  
Figure 17: Contours of Maximum principal stress (Pa), for the Load case FY = 1 N 

 

5 FATIGUE TESTS SIMULATION 

The crack growth fatigue process for a metallic material depends among others on two 
factors: 

• The applied increment in SIF (∆K) across the fatigue loading. 
• The applied force ratio R (σmin/σmax). 

 
The information is recovered in a family of fatigue crack growth curves found by tests, 

that represents, for a specific material including its specific thermal heating or cold working, 
the crack growth rate da/dN (N is the number of applied fatigue cycles) versus the applied 
increment in SIF ∆K. For each R value a different curve is generated. These curves usually 
have 3 regions [20][21], as shown in Figure 18: 

• Region 1: Threshold and near-threshold region: There is a minimum value of ∆K to 
actually have crack growth, this minimum value is called the threshold value ∆Kthreshold. 

• Region 2: Crack growth rate da/dN is basically a linear function of the applied 
increment in SIF ∆K. 

• Region 3: Toughness Asymptote region: when the applied increment in SIF ∆K is high 
enough (∆Kmax), crack growth becomes unstable, in other words da/dN becomes almost 
infinite. 
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Figure 18: Typical fatigue crack growth curve for metallics [20] 

 
The ASTYANAX local FEM has been used to simulate the TB fatigue test, providing 

support to determine: 

• Size of the initial notch, so that the applied SIF increment ∆K at the fatigue tests is 
at region 2, so the crack growth process is not too slow (region 1), or too fast or even 
unstable (region 3). 

• Critical crack length: this is an important parameter for the tests. This is derived 
when the applied ∆K is equal to the material ∆Kmax (asymptote of region 3). 

 

5.1 Strain sensitivity to crack length 

This is a crucial verification to properly design the SHM diagnostic system: it has to be 
verified that the strains read by sensors are sensitive to variations of crack size. The tested TB 
will have bonded FBGS measuring longitudinal strain at the stringers. By using the local 
FEM, the strain (µε) measured by the SHM optical sensors were simulated considering a 
crack at the central rivet of stringer 8, transversal to stringer axis, and different crack lengths: 
from 5 to 100 mm, each 5 mm. 

In Figure 19 the position of 10 of the sensors that will be used in the tests is shown: 
sensors 1 to 5 in the stringer 8 just above the skin crack, and sensors 6 to 10 in the stringer 7. 
In Figure 20, and in Figure 21 curves “strain versus crack length” measured at the 10 sensors 
are shown. 
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Figure 19: Positions of sensors 1 to 10 in stringers 8 (above the crack), and 7 

 

 
Figure 20: Strains at stringer 8 (stringer above the crack) versus crack length 
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Figure 21: Strains at stringer 7 versus crack length 

 
In Figure 22, strain contours (strain along stringer direction) are shown for the un-cracked 

TB FEM, and for 3 cracked versions: 10 mm, 50 mm, and 100 mm. The cracks are in all 
cases at the skin, at the central rivet hole of stringer 8, and transversal to stringer axis. As it 
can be seen, maximum strain value increases the higher the crack length is. 

 

  

 
 

Figure 22: Strains (µε) along stringer direction, for the maximum applied load during TB Fatigue Tests 

(Up-left: un-cracked. Up-right: 10 mm crack. Down-left: 50 mm crack. Down-right: 100 mm crack) 
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In Figure 23, a detail plot of ∆ε∗, the strain increment (strain along stringer direction) for 

the 100 mm cracked FEM referenced from the strain level at the un-cracked FEM is shown. 
 

 
Figure 23: Plots of ∆ε*: strain at 100 mm cracked FEM minus strain at un-cracked FEM (µε) 

*: strain along stringer direction 
 
FEM predictions indicate that the strain field and, therefore, the strain read by the SHM 

optical sensors, are in principal quite sensitive to variations of crack length. Therefore, the 
conclusion is that there is a high probability of accurate crack detection, location, and 
quantification. This will be confirmed during the TB Fatigue Tests. 

 

6 SHM SYSTEM TRAINING DATABASE 

The family of cracked local TB FEMs are used to generate the simulated experience 
required to train the ANN algorithms, the heart of the SHM system. As above referenced, the 
damage mode considered is a crack at the skin of the TB at a rivet hole (stringer-skin I/F), a 
quite common damage mode in this type of structures. The parameters used for local FEM 
generation are: 

• Crack position: each rivet hole between 2nd and 3rd frame. 
• Crack angle respect to the transversal stringer axis. For the moment, only angle = 0º 

(crack perpendicular to the stringer) has been considered. This is because in the 
Fatigue tests the initial notch will be perpendicular to the stringer, and it is expected 
that the crack keeps that angle when growing. For future developments, other angle 
values can be simulated. 

• Crack length: 5 – 100 mm, each 5 mm. 
 
The following results were found from local FEMs: 

• Strain at the stringers elements (position of the optical sensors at the fatigue tests) 
along the longitudinal axis. These strains are required for the diagnostic algorithm 
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of the SHM system. 
• Stress Intensity Factors (SIF) at left and right crack tips. These SIF values are 

required for the prognostic algorithm that estimates the TB residual life. 
 

6.1 FEM Parameterization 

It has been done by means of an executable program generated with C++ Language, using 
Code::Blocks compiler 13.12 [22]. The executable performs a quite complex operations 
sequence: 

• Opens the Pre/post Patran. 
• According to the selected crack parameters (defined within an automatic loop), it 

generates a Patran Command Language (PCL) file with the operations sequence 
required to generate the TB cracked skin according to the crack parameters. 

• Run that PCL sequence inside Patran. The PCL makes Patran first to generate (and 
mesh) a flat cracked skin, and second to project it onto the real curved surface of the 
TB. 

• Generates a Nastran input file (bdf format) of the cracked curved skin. 
• Opens a new Patran session importing the cracked curved skin mesh, and joins it a 

file containing stringers elements, frames elements, and rivets (CFAST connectors). 
• Applies boundary conditions for the local FEM, based in global FEM results 

(displacements + rotations). 
• Generates a complete Nastran file of the whole local FEM. Runs the Nastran input 

file. 
• Reads the Nastran results file (f06 format): strain at the stringers, and displacements 

near crack tip, and GPFORCES (nodal forces) at crack tips. With these values, and 
using MVCCT formulae, the executable calculates SIFs for both left and right crack 
tips. 

• Writes SIF and strain results in the SHM training database. 
 
In Figure 24 a General view of Code::Blocks compiler and the used C++ source code is 

shown, while in Figure 25 a partial view of a PCL file (it is a text format file) is shown. 
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Figure 24: General view of Code::Blocks compiler and the C++ source code 

 

 
Figure 25: Partial view of the PCL code 

 
In Figure 26, and in Figure 27, two different intermediate steps of the parametric local 

FEM generation are shown. 
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Figure 26: Intermediate step of the parametric 

local FEM generation: cracked surface 

 
Figure 27: Intermediate step of the parametric FEM 

generation: cracked skin mesh 
 

6.2 SHM training database 

In Table 1 the structure of the SHM training database is shown. Each row of the database 
corresponds to a different crack configuration (different crack parameters), and at each row 
there are 159 columns for case identification (columns 1 to 7), SIF results (columns 8 and 9), 
and strain results (columns 10 to 159). 

 

Column Content 

1 Stringer number from which crack originates 

2 Rivet number from which crack originates 

3 - 5 X, Y, and Z position of the rivet (m) 

6 Crack length (m) 

7 Crack angle respect to stringer direction (º) 

8 K
I
 (SIF) at the left tip of the crack (MPa m

1/2
) 

9 K
I
 (SIF) at the right tip of the crack (MPa m

1/2
) 

10 - 159 Strain in longitudinal direction (µε) at stringer elements, in the 

same positions of FBGS used in the TB fatigue tests 

Table 1: Structure of the  SHM “training” database 
 

7 CONCLUSIONS 

ASTYANAX is a Research project promoted by the European Defence Agency (EDA) 
focused on the development of reliable methodologies for Structural Health Monitoring (SHM) 
of rotary and fixed-wing platforms. ASTYANAX focuses in 2 types of damages: local 
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plastifications caused by hard landings, and cracks originating in rivet holes that grow during 
the operational life of the vehicle. 

Demonstrations are made to a full scale metallic helicopter: the Mi 8/17 Hip. Two kind of 
tests are performed, the first one are drop tests from increasing height made to the whole 
helicopter with the aim of identifying the onset of local plastifications. The other are fatigue 
tests of the helicopter tail boom (TB), that will have an initial notch, and its progression will 
be monitored across the tests. The TB will be equipped with a sensor network. 

The readings of the sensors (strain for instance) will be the inputs of an SHM system 
designed within ASTYANAX with diagnostic and prognostic capabilities. This SHM system 
has been designed by using ANN algorithms. 

In the paper the FEA approach used for the TB and the fatigue crack process has been 
explained in detail. The FEA has a double aim: first to simulate TB fatigue tests and to 
determine relevant test features such as an adequate size of the initial notch, the critical crack 
length, the crack growth rate, and the sensitivity of sensor strain readings to crack length. 

The second FEA aim is to generate the training database of the SHM system. This has been 
done by using parametric TB FEM versions considering multiple crack configurations. ANN 
algorithms, the heart of the SHM system, requires a high number of cases in the order of 
thousands or more, for a proper training. 

FEA accuracy is, therefore, very important for an adequate design of the SHM systems. The 
strategies followed for FEM parameterization and automation, and for derivation of strain and 
SIF results are explained in this paper. The final validation of the FEA, and the diagnostic and 
prognostic capabilities of the SHM system, will be made with the sensor readings during the 
TB fatigue tests. 
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