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1. Introduction. The aim and main research problems

Relevance. To ensure the reliability of the operation of aviation equipment, the regulatory
documents provide for a large range of activities, the purpose of which is to prove that the design
meets the requirements. A key link in ensuring reliability is the testing of full-size structures or
individual, most critical components thereof. The procedure for such tests is extremely expensive and,
as a rule, takes considerable time. Therefore, improving the methods of planning, organizing and
conducting tests, collecting and processing information, solving problems of control and test
automation represent a range of topical scientific and technical problems, on the basis of which the
effectiveness of the tests and the reliability of their results depend. Some of these problems determine
the motivation of this study.

The aim of Doctoral Thesis
Investigation of the dynamic properties of test complex of aircraft full-scale structural component
and an analysis of a version of the vibration-based system of structural health monitoring (SHM).

The main research problems

1. Investigation of some general effects of the boundary conditions and their adequate description at
the structural dynamic analysis.

2. Consideration of a simplified model of the elastically supported beam to evaluate the effects of
the support compliance to the basic dynamic characteristics.

3. More complex modeling of the body elastic attachment.

4. General problem of vibration-based method (VBM) of nondestructive testing (NDT) application
for SHM in the full-scale test of aircraft components

5. Development of a solution for a relatively small structural damage detection using operational
excitation (in the frame of the operational modal analysis (OMA) approach).

6. Development of perspective appropriate damage index for detection of small structural damage in
the large structural component.

7. Estimation of accuracy and reliability of the developed VBM.

Scientific novelty and areas of application

1. Investigation of some general properties of the boundary conditions and their adequate description
in the structural dynamic analysis.

2. A simplified model of the elastically supported beam chosen for evaluation of the effect of elastic
constrains for the basic dynamic characteristics.

3. A more complex general model of the body elastic attachment has been modelled.

4. Application of vibration-based method of NDT for SHM in the full-scale test of aircraft
components.

5. Innovative analytical solution for a relatively small structural damage detection using operational
excitation (in the frame of the OMA approach).

6. Perspective damage index for detection of small structural damage in the large structural
component using correlation of a structure dynamic frequency response.
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7. Statistical estimation of accuracy and reliability of developed VBM and evaluation of probability
of the structural damage detection.

8. The results of the Doctoral Thesis are oriented towards practical use in dynamic trials of aviation
techniques.

9. The variant developed by the vibration-based design condition monitoring system can be useful
both for monitoring aviation designs and other industry structures and for their operation.

2. Overview of the problem of aerospace structure test

The review chapter provides an analysis of the current state of the problem of testing aviation and
space technology using the Internet, literature sources and own experience in planning, organizing
and conducting full-scale tests. The main focus was on the following issues:

o Aircraft structure test and classification.

e Full-scale test aircraft component for strength evaluation.

e Equipment of full-scale test, control and measurement.

e Structural damages, their description, and severity.

e Structural damage detection technologies, equipment, and signatures.
e Motivation of Thesis, principal purpose, and tasks.

Regardless of the final applied goal, the damage identification in full-scale components of complex
mechanical systems implies a complete or partial determination of their dynamic properties.
Frequently, such an adequate solution cannot be obtained by using theoretical analysis only. In these
cases, an accurate test provides the necessary information to solve the problem of dynamic
identification [1]. There is a number of research works and developments in mechanical, civil and
aerospace engineering dedicated to the vibration analysis for different applications. A corresponding
overview of this information can be found in [2]-[8].

Usually two types of tests are used in practice: forced and ambient vibration tests. The first of them
is coupled with the technique of empirical modal analysis (EMA) which is presented in [9]. The EMA
technique is more complete and accurate. It helps to identify the dynamic properties of a system but
requires special equipment to excite vibrations. Despite this, the EMA technique has been used in the
determination of the dynamic characteristics of even very large structures [10]-[13]. Another
method — operational modal analysis (OMA) uses output only. It is cheaper and faster than EMA and
can be easily applied to large structures [14].

The computational simulation can be useful for both the test arrangement and interpretation of their
results. The computational simulation can improve the effectiveness of the analysis and solve the key
problems of structural health monitoring and dynamic system identification [15]-[18], coupling
technique [19], [20], structural integrity [21], [22], nonlinear dynamics [23], especially, of nonlinear
aero elasticity [24]. In the practice of designing and production of new rotorcraft, a full-scale test of
the basic prototype is needed before the first flight. This is done due to the requirement to reduce the
risk of losing a high-cost item and to minimize the risk of the test operator. In such a test, the reliability
of functioning of all rotorcraft systems should be checked, especially, the control system, as well as
the strength of the structure at all stages of the flight. However, under the dynamic loading the type
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and parameters of testing equipment can significantly affect the level and distribution of stresses and
strains, as well as their changes over time. In turn, the planning and preparation of these tests requires
accurate designing of the test setup, its control system, a preliminary analysis of the dynamic
behaviour of the system “test setup — object”.

As a result of the review, the goal and objectives of the study were formulated.

3. Analytical study and computer-aided simulation of dynamic properties of aircraft
component in full-scale test

3.1. Properties of solutions of the structural dynamics of elastic systems

The general solution of the linear dynamic problem of an elastic system is described by a system
of ordinary differential equations or partial differential equations. Each such set of equations has an
infinite number of solutions among which there is a unique solution to a specific problem. It is
determined by the boundary conditions. In other words, the properties of the external and internal
constraints are determined by the external supporting and interaction between the parts of the dynamic
system. For example, for the one-dimensional problem, the number of permanent integration
coincides with the number of superimposed ties. In the practice of real system analysis, the properties
of the boundary conditions are often simplified: absolutely rigid supports, perfectly smooth contact
surfaces (frictionless). These are the so-called classical boundary conditions. Obviously, the real
systems do not have any classical boundary conditions. In each case, the effects of possible deviations
should be evaluated. If necessary, the boundary conditions can be described in more detail to provide
a correct result.

This paper analyses the ways of obtaining the estimates of the effect of boundary conditions and
some general regularities of this effect.

3.2. Simple example. A cantilever beam with an elastic clamping

| 6

A
v

Fig. 3.1. A cantilever beam with an elastic rotational
support

In this example, the analysis of the system permitting a simple analytic solution is carried out. It
allows to show some general regularities of the effect of boundary conditions on the dynamic
characteristics of the elastic system. The transverse free oscillations of the thin uniform beam with
elastic support are analysed.

The solution of a differential equation of the beam bending allows to obtain the general solution of
the beam shape V (x) of the normal vibration mode:



V(x) = Cy coshkx + C, sinh kx + C5 cos kx + C, sinkx, (3.1

where k is a root of characteristic equation.
The integration constants C;, C,, C3, C, are defined by the boundary conditions. For the cantilever
beam (Fig. 3.1), they can be expressed as follows:

V() =0, V'(0)=8DV"(0), V'()=0, V") =0.
This creates a system of four linear homogeneous algebraic equations for determining the integration

constants Cy, C,, C3, C,. This system has a non-trivial solution if the matrix of coefficients is equal to
zero. The frequency equation in this case is:

cosh kl cos kl + 8kl(cos ki sinh kI — sin kl cosh ki) + 1 = 0, (3.2)
where
8= l/iD — relative compliance of the support;
1) — rotational compliance of the support;
D — bending stiffness of the cantilever beam cross-section.
B ¢ The roots kl of the frequency equation define
R R A the spectra of beam eigenfrequencies.
5 (kDn |D
— -_ )y 3-3
L "oo2ml? m 33
= 1 —====-3mode where
— L —3mode m — mass of the beam unit length;
2 — T 1mode n=1,2,.. — the number of the mode of
oscillations.
0
0 05 1 15 2

Fig. 3.2. Natural frequencies as functions of relative
compliance of support

In Fig. 3.2, the natural frequencies as the function of elastic compliance are presented for the first
three modes. A monotonic decrease of all natural frequencies is observed. If the compliance
coefficient tends to infinity (disappearance of constraints), the first natural frequency tends to zero, so
that the oscillatory form disappears. Higher natural frequencies have nonzero limits, and for higher
mode the rate of approaching to this limit is greater. In other words, if the mode of oscillation is higher,
the natural frequency of this mode and its shape is less sensitive to a change of the elastic compliance
of the support.

3.3. Dynamic properties and response of the structure

Here a general mathematical description is presented of the complex elastic system that can be
released by computational simulation for practical applications. Some elastic body or system of m
bodies in the region W = U;’;l(Wj) bounded by the external surface S are considered. Internal

8



constraints are defined on the subbodies contact surfaces S;; = 5; N S;, and the external boundary
conditions are given on the other part of surface S. The displacement vector u(x, t) is defined by the
following motion equation:

p(u(x,t) = L(w) + p(x,0), (34)
where
L(u) — a linear operator of the displacement vector u(x, t);
p(x,t) — an intensity of the excitation force;
x — a vector of coordinates of a point.

For example, the operator L(u) view of isotropic elastic body is

L(u) = A grad(div u) + pAu, (3.5)

where A and p are Lame constants.
Equation (3.3) can be resolved by the separated variables method as follows:

u(x, t) = U(x)o(t). (3.6)
This solution exists if the function U(x) is some eigenmode of the next ordinary differential
equation:
L(U) + o?p(x)U(x) = 0. 3.7
The non-trivial solution U; (x) (shape of the eigenmode) of Equation (3.9) exists for some spectrum
of eigenvalues (natural frequencies) wy, (k =1, 2, ... ©).

At forced oscillation, the dynamic response of an elastic linear dynamic system under some external
load can be described as a modal decomposition of the displacement vector u(x, t) to the basic system

of functions U, (x) (k= 1, ..., ©). As a result, the vector of displacements can be presented by series
u(x,t) = ) Uy (00(0), (3.8)
k=1

where 0, (t) is a so-called normal function, which is a solution of the following ordinary differential
equation:

M8, () + M w50 (8) = @ (D), (3.9

where My = [[[ p(x)UZ (x)dV, @, (t) = [[f p(x,t)Uy(x) dV is a modal mass of the system and a
modal force respectively associated with the 4-th mode of free oscillations.

The dynamic response u(x,t) at a harmonic excitation by the force p(x,t) = po(x)et can be
expressed by the following series:

Up ()P0

u(x,t) = et y ——————
— My (0 — w?)

i
where @ = [[[ po(x)U(x)dV and p,y(x) is an amplitude of modal force.

(3.10)



4. Vibration-based detection of structural damage in full-scale test

4.1. Fundamentals of method (dynamic properties, dynamic response to different types of
excitation, EMA and OMA approaches of dynamic properties evaluation and damage
detection, board band excitation and frequency response function, transience function)

Vibration-based damage detection is one of the most attractive for structural health monitoring
(SHM). As modal characteristics of a structure are directly related to physical properties of the
structure, (mass, stiffness, and damping), they can be used to detect, locate, and characterize damage
in the structure [27]. There are large number of research and developments in mechanical, civil, and
aerospace engineering dedicated to vibration-based damage detection. Some corresponding review-
information can be found in [2]-[8], [28]. Methods that use changes of natural frequencies due to
presence of damage usually require simple vibration measurements for estimation of position and
growth of damage after calibration or accurate physics-based simulation. The mode shapes directly
provide also spatial information of structural changes due to damage. Curvature mode shapes can be
more sensitive and more effectively used to identify damage [29], [30].

Two basic techniques are used for practical realisation of the vibration-based damage detection.
Traditional is the experimental modal analysis (EMA) that allows more completely and accurately to
identify damage. However, the EMA requires the measurement of both the input and the output of
dynamically loaded structure. Operational modal analysis (OMA) uses output only, is cheaper and
faster than EMA and can be easily applied to large structure [14].

The Thesis has investigated the principal problems of the local system of SHM of large scale
aircraft component. Vibration-based damage detection is accepted as a basic condition, and main
attention is focused on a low-cost solution that would be attractive for practice.

4.2. General problems of vibration-based method (VBM) application

The global aim of research is a problem of application of vibration-based method of NDT for SHM
based on a solution for a relatively small structural damage detection using operational low-frequency
excitation (OMA approach).

It is known that the direct modal analysis is either low sensitive or difficult for practical application
in operation. If the scale of damage is small in comparison with structure dimensions, then the effect
of damage is significant only for higher modes of structure. For example, there is a number of
analytical and experimental investigations of crack or additional small mass effect on dynamic
properties of the cantilever beam [31]-[36], which confirm appreciable shift of separate higher natural
frequencies only and change of corresponding mode shapes. Later ones show location of damage, but
for the reliable indication of damage the branched net of sensors is needed.

Theoretically any response of linear dynamic system is a linear combination of all modes. The
principal question is: whether the effect of damage is sufficient for its detection of the available
vibration-based technique of NDT. Another question is associated with the fitness of this technique
for implementation in the SHM system. An acceptable solution could be found if its application is a
priori restricted by some conditions. The main of them is the restriction of dimensions of the monitored
zone of structure. In other words, the SHM system should be local. The second condition accepted in
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this paper is that the SHM system should be objectively oriented (the type of damage, its location,
acceptable detectable size should be known). At those conditions the local vibration-based SHM
system can be developed and has some perspective of practical application in operation.
More detailed description of investigation aim is given further.

There is a large full-scale component of some structure. In a fixed zone of structure, a structural
damage is expected. A few sensors are embedded in this zone for vibration measurement at low
frequency excitation. More precisely, the excitation basic frequency is close to the first natural
frequency of full structure and is much smaller than the first “local” natural frequency of a monitored
zone. The investigation of this problem and development of an approach of extraction of damage
features is the aim of the Thesis.

4.3. The basic idea of innovative approach of a damage detection by VBM:
the use of group evolution of higher modes

The effect of damage on dynamic properties of a structure was estimated by general linear model of
structure with embedded small 1D oscillator. Later, the local mass/stiffness variation of structure
parameters due to a damage was simulated. Finally, the dynamic response of linear system at harmonic
excitation could be presented in Equation (4.3.1).

u(x,t) = z U (x)0,,(0), (43.1)
k=1

where U,(x) and 6,(t) are the modal vector and the normal function of the k™ mode of free
oscillation. Note that the modal vector corresponds to intact structure.
At harmonic excitation with a circular frequency w the normal function of the k" mode is
0, (t) = Ap(w)el®t (4.3.2)
(1 - &%) Py

My (1 — @2) + m(§o)u(§o)Up($0)] (Wi — @)’
where M), and @y = [[[ Fo(§)Uy(§)dW are the modal mass and modal force of the k** mode. The modal
frequency of damaged structure w3, is defined in Equation (4.3.4).

o2 = o2 |1 4 MEUCED RG]
wo M(i-an) |
where u(&,) is a vector-amplitude of oscillation of main structure in the base of oscillator. Excitation

A(w) = (4.33)

(4.3.4)

relative circular frequency @ is given in respect to the natural frequency of oscillator.

Equations (4.3.3) and (4.3.4) define the effect of damage on modal frequency and amplitude of
harmonically forced vibration. From Equation (4.3.4) it can be seen that this effect can be appreciable
only for the mode with modal and excitation frequencies close to the natural frequency of oscillator
and at the condition that the mass of equivalent oscillator is not very small in comparison with modal
mass M. The effect of damage is more complex and defined by variation of modal frequency and
modal mass.

So, the effect of small damage practically cannot be reliably detected at low-frequency excitation
in the conditions of formulated problem using only modal analysis of output signal. However, in
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practice, the input signal often contains high-frequency components (for example, white noise). In
this case, high eigenfrequencies due to local design properties of structure can be detected in the
spectral decomposition of the output signal. It is obvious that a small-size defect most significantly
affects the dynamic response of the structure in the damaged zone. For this purpose, an analysis of the
local dynamic properties of the object of investigation was carried out. The tested tail beam has a thin-
walled quasiperiodic structure. Its elementary structural unit is the skin fragment bounded by two
adjacent stringers (in the circumferential direction) and two adjacent frames (in the longitudinal
direction).

Further are presented the results of a local modal analysis of small 0.5 mm thin-walled panel of the
tail beam. The cylindrical panel with a 450 mm curvature radius simulates a portion between two
frames (distance 372 mm) and covers three stringers (Fig. 2, a)). The total length of a curved edge of
a panel is equal to 218 mm. The pin-type boundary condition is selected at all contour of a panel. As
aresult, the conditions of dynamic behaviour of middle stringer and close part of a skin were estimated
as similar to the same part in assembled structure. The Autodesk Inventor was used for both
geometrical simulation and modal FEA.

In Fig. 4.1 the CAD model of a panel, and its views with two types of pseudo-damage (PD) are
shown. A more detailed description of PD is given below.

Fig. 4.1. The model of a panel for intact structure (a), for the SPD (b), and for the LPD (c).

Several results of modal FEA are presented in Fig. 4.2. The first natural frequency is equal to 367.91
Hz for intact panel, 383.08Hz for SPD, and 274.63 Hz for LPD.

a) ¢)
Fig. 4.2. The first mode of a panel for intact structure (a), for the SPD (b), and for the LPD (c)
So, a small damage of structure is able appreciably to affect local dynamic properties of some
small part of structure. It is seen also that such damage effect on general dynamic properties of a
structure is limited by the local changing of shape of the mode the natural frequency of which is
closest to the local natural frequency of the damaged zone.
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5. Experimental study and method validation

5.1. Full-scale calculation used in the test
5.1.1. Study of the tail boom of the Mi-8 helicopter

Short description of the full-scale structural component of aircraft

The helicopter Mi-8 tail beam structure was selected for experimental investigation (general view
in Fig. 5.1). The beam has the form of the truncated cone with a length of 5485 mm, and the diameters
of end cross-sections are 1000 and 550 mm, respectively. The material of all main elements of the
beam is the aluminium alloy D16AT (close to A12024-T3). A skin thickness is in interval 0.5-0.8 mm.
Stringers (total number 26) of angular cross-section are connected to the skin by spot-welding. The
17 frames are riveted to the skin. There are a number of non-regularities of structure of the beam due
to technological and operational requirements (hatches, connection units, transmission supports, etc.)
that are the potential sources of skin damaging in operation.

a) b)
Fig. 5.1. General view of the helicopter Mi-8 tail beam (a) and the test setup for dynamic loading
(b); 1— the tail beam, 2 — imitator of the tail rotor beam, 3 — the eccentric shaker.
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5.1.2. Study of the tail boom of the Ka-62 helicopter

For the experimental investigation of the dynamic response to pulsed excitation, the tail boom
structure of the Ka-62 helicopter was used.

Figure 5.2 shows the tail boom in the design of the Ka-62 helicopter (structural groups).

The general view of the beam on the test bench is shown in Fig. 5.3.

The main groups of the fuselage of the Ka-62 helicopter
1

Fig. 5.3. The tail beam of the Ka-62 helicopter on the test bench.
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The beam has the shape of a truncated cone.
Geometrical parameters of the tail boom:

- length 2.70 m;

- the largest diameter 1.05 m;

- the smallest diameter 0.61 m.

The power set of the beam is a skin, spars, and stringers. The material of these elements is
aluminum alloy D16. The thickness of the skin is 0.8 mm. Four spars are located at an angle of 45
degrees to the vertical line. Three stringers are located between the upper spars (Fig. 5.4 a)). A
special feature of the design of the tail boom of the Ka-62 helicopter is the use of composite panels.
Composite panels are installed inside between the side members in the side and the bottom (Fig.
5.4 b)). Composite panels are connected to the skin by rivets. The thickness of the plating package
and composite panel is 10 mm.

Two loungers

a) b)

Fig. 5.4. Power beam set.
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To obtain a signal from the impulse action on the tail boom, there are three strain gauges
(Fig. 5.5 a)). In the figure, numbers 1, 2, and 3 show the location of the strain gauges.

Based on the geometric data, a computer model of the beam box is compiled to determine the
expected frequencies at which the response can be obtained (Fig. 5.5 b)). Impulse action on the beam
was in the form of a shock in the vertical plane on the flange in the end part of the beam.

a) b)
Fig. 5.5. Location of strain gauges (a) and computer model (b).

To obtain a diagnostic test of impulse action, the method of loosening the bolted joint at the junction
of the tail boom and the fuselage was used. At the stand, the fuselage was imitated by a bench plate.

Figure 5.6 shows the places of weakness of bolted connections.

16
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a) b)

Fig. 5.6. The place of easing of the tightening of bolts in the flange connection of the tail boom and
fuselage: a) view of the direction of flight; b) view versus the flight direction.

5.2. The objectives of the test and equipment
5.2.1. The objectives of test
1. Measurement of the strain/stress state of an aircraft full-scale component at dynamic loading.
2. Experimental investigation of pseudo-damage effect to the strain/stress state of skin of the tail
beam at nominally harmonic excitation.

5.2.2. Test setup

The test setup consists of the test portal as a base for fixing of the tail beam, the imitator of the tail
rotor beam, and the eccentric shaker with electromechanical drive (Fig. 5.1 b)). In contrast to usual
practice of vibration test, the strain gauge technique was used for the dynamic measurement. Two
strain gauge rosettes were pasted in zone 2 of the outer surface of a skin. In Fig. 5.7 a), the rosette in
zone 2 is shown.

The technology of pseudo damage was used for damage effect simulation. Pseudo damage is a non-
destructive modification of a test object, which affects local dynamics properties of a tested structure
[19]-[21]. The small pseudo damage (SPD) was completed as a row of eight 6 x 6 x 6 mm steel blocks
(total mass 12 g) and placed in zone 1 (Fig. 5.7 b)). Two steel blocks (total mass 26 g) were pasted in
zone 2 and qualified as large pseudo damage (LPD).

17



Fig. 5.7. A rosette of three strain gauges (a) and a strain gauge rosette with the small pseudo
damage (SPD) in zone 2 (b).

Dynamic strain was measured by the multichannel oscilloscope NI PXIe-4330, 16Ch, 24-Bit,
25 kS/s Bridge Input Module and PC with NI LabVIEW software. The sampling rate of 5 kS/s and
the length of a record — 5 s — were accepted as optimal for the data acquisition sufficient for the aim
of experimental study. Cyclic excitation of vibration was limited by frequency band close to the first
natural frequency of a beam (3.9 Hz).
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5.3. Test results

The main results of the test for excitation frequency 3.8 Hz are presented below. Using strain
measurement data, the components of plain stress state g , gy, , Ty, were defined in both zones. It is

0,005
2,0 l‘
15 x 0,004
1,0 a ﬂ
EE o £ o003 w H
E
g 00 E 0,002
) L
@ 0,001 A
1,0 g
: 0
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Frequency, Hz
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——8x ——Sy ——Txy —nopd —pd
a) b)
Fig. 5.8. The components of stress state in zone 1 as time functions (a) and spectrum of stress

component @, in the frequency band 0-400 Hz in zone 1 (b).
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Fig. 5.9. Spectrum of stress component @, (a) and stress component T,,in the frequency band
0-400 Hz in zone 1.

accepted that the axis x coincident with longitudinal direction of a beam and the axis y is perpendicular
to first one.

Typical stress/time functions are shown in Fig. 5.8 a) for stress state in zone 1. Fast Fourier
transform (FFT) was done for each of three stress components (Figs. 5.8 b) and 5.9) for intact and
structure with a pseudo-damage. Similar results for zone 2 with LPD are presented in Fig. 5.10.
Spectral transform allows to define directly the resonance frequencies 3.9, 20.6 Hz, 38.6 Hz, and
65.0 Hz, which was confirmed also by the direct measurement in the process of dynamic test.
Significant peaks of spectrum are also at frequencies 83.8 Hz, 121.2 Hz, and 136.6 Hz. It can be seen
that any shift of the mentioned resonance frequencies is not observed at the presence of PD. In the
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frequency band 150-275 Hz the amplitude of spectrum is distributed with a relatively small
fluctuation. The amplitude of spectrum sharply increases in the frequency band 275-400 Hz.

The spectrum of all components of stress for structure with PD is close to corresponding spectrum
of the intact structure.

An interesting result is obtained for the spectrum of stress component g, (lateral direction): the

amplitude of spectrum is large practically in the frequency band 275400 Hz only (Fig. 5.10).
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Fig. 5.10. Spectrum of stress component &, (a) and stress component a,, (b) in the frequency band
0-400 Hz in zone 2

5.4. Discussion and feature extraction

As noted above, the tested beam has a quasiperiodic structure. Therefore, it can be assumed that
there is an interaction of neighbouring structural units and the existence of many eigenmodes of the
beam vibration in a narrow frequency band. Indeed, an additional modal analysis of the more complex
part of the beam that consists of 39 structural units shows that there are at least fifteen independent
eigenmodes in the frequency band 280—390 Hz. In the same limits, intensive increasing of response
spectrum is observed in the test (Figs. 5.8-5.10). This can be explained by the presence of a close
spectrum of natural frequencies in the band 275400 Hz.

At the same time, changes in the spectral power of response due to the appearance of damage can
be seen. Moreover, the complexity of the dynamic response spectrum in the frequency band of interest
causes difficulties of defect identification by the shift of the natural frequency and the change in the
shape of the modes.

Therefore, variants of the integral estimation of the change in the response spectrum were
considered. The most successful is the use of the correlation coefficient deviation (CCD) index that is
widely used in different applications [22]-[25].

cch =1-CC, (.1
where
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_cov(x,y)
T ssy
cov(x,y) is the covariance between two sample random vectors x and y, which are the spectrum of

cc (5.2)

response of intact and damaged structures, respectively, in the selected frequency band, and sy, s, are
the standard deviations of random vectors. It is seen that the CCD index is equal to zero, if there is not
any damage effect, and cannot be more than 1. The larger value of the CCD index corresponds to
higher effect of damage.

In Fig. 5.11, the comparison of CCD indices of damaged (with LPD and SPD) structures are shown
for the spectrum of dynamic response at excitation nominal frequency 3.8 Hz. It is seen that the CCD
index increment due to pseudo-damage is observed for all stress components. At the same time, the
damage effect is greater for a larger pseudo-defect.

The important aspect of this index application is the requirements to input signal. A general
assumption in the theory of OMA concerns the input, which is not measured and consists of a Gaussian
white noise with a flat spectrum in the frequency band of interest [12]. At the nominally harmonic
excitation with frequency close to

0,5

0,4

0,3

CccD

0,2

0,1

0
Sx Sy Txy

mzonel(LPD) mzone? (SPD)
Fig. 5.11. Effect of pseudo-damage on CCD index.

first resonance the intensities of output for intact and damaged structures may be different. Therefore,
the processing of each record of the output signal must provide its normalization before the operation
of determining the index. The mean amplitude of output was used here as acceptable estimate of
output intensity.
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6. Statistical estimation of perspective damage index for vibration-based structural health
monitoring

6.1. Test setup and measuring equipment

The helicopter Mi-8 tail beam structure was selected for experimental investigation (Subsection
5.2.2).

The strain gauge technique was used for the dynamic measurement. Two strain gauge rosettes were
pasted in two zones of the outer surface of a skin (Fig. 5.7). Dynamic strain was measured by the
multichannel oscilloscope NI PXIe-4330, 16Ch, 24-Bit, 25 kS/s Bridge Input Module and PC with NI
LabVIEW software. The sampling rate 5 kS/s and the length of a record of 5s were accepted as optimal
for the data acquisition enough for the aim of experimental study.

The forced vibration of the beam was excited by the mechanical eccentric shaker with control of
excitation frequency. In the analysis presented below there are used the dynamic responses of a beam
at the cyclic excitation with basic frequency 3.55 Hz (close to the first natural frequency of a beam)
and low amplitude vibration in the frequency band of interest (white noise).

The technology of pseudo damage was used for damage effect simulation. The small pseudo
damage (SPD) was completed as a row of eight 6 x 6 x 6 mm steel blocks (total mass 12 g) and placed
in zone 2 (Fig. 5.7 b)). Two steel blocks (total mass 26 g) were pasted in zone 2 and qualified as the
large pseudo damage (LPD).

6.2. Important results of the research

The dynamic response in frequency domain was obtained for each stress component (two examples
for o, and o, in Fig. 6.1) for intact (solid) and structure with a pseudo-damage (dash). It can be seen
that in the frequency band 275-400 Hz multiple resonances are observed.

The spectrum stress component g, is especially interesting. In the relatively low frequency band,
the frequency response is very weak. And in the above-mentioned frequency band there is a sharp
increase in the spectrum. Moreover, for all components of the stress tensor, the response to the
appearance of pseudo-damage is clearly observed.
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Fig. 6.1. The dynamic response of stress component oy (a) and oy, (b) in the frequency band
0—400 Hz in zone 1.
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6.3. Data acquisition and statistical analysis

To obtain the test data for the statistical analysis, 10 series of measuring of dynamic strains at the
checkpoints of the intact structure and in the presence of pseudo-damage were carried out. Time record
length was chosen to be 1 second at a sampling frequency of 5000 points. Pre-processing of each
record includes signal centering and filtering in the frequency band 250—400 Hz. The band pass filter
was designed by IIR method (Butterworth). Fast Fourier transform (FFT) and light smoothing (with
span 7) of frequency response function was done at the final step of pre-processing. As a result, ten
samples of the dynamic frequency response were obtained for each of six strain gauges. An example
of this type of outcome for the longitudinal strain gauge of zone 1 is presented in Fig. 6.2.
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Fig. 6.2. Frequency response of the strain gauge sgl after filtering and FFT (intact structure)

The data set for final statistical analysis contains two sets for each of the strain gauges. The set size
is ten observations, each of which represents the frequency response in the band 250-400 Hz and has
a size of 500 points.

The matrix A;(500,10) contains ten observations of the intact structure frequency response
measured by the strain gauge k, and the matrix By (500,10) is the same for pseudo-damaged structure.

The final statistical analysis consists of three steps.

Step 1: Analysis of the inter-sensor correlation in a separate loading session. In such case, the
dynamic response of all strain gauges is caused by the same external load. This means that in a linear
system, the strain components must be strictly proportional to each other and the correlation
coefficient between them must be 1. Deviation from 1 may be caused by the influence of the
measurement accuracy and/or nonlinearities of a structure.

The correlation coefficient C ,Enm) = corrcoef (A o), AnG, n)) between random variable
Ay (:,n) and 4,,(:,n) of observation (test option) n was calculated for intact structure, and similarly,
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for pseudo-damaged structure C,E:;l) = corrcoef (Bk(:,n),Bm(:,n)). For strain gauges of zone 1
k=1and m=2,3,andforzone2 k=4and m=5,6,n=1,2,..,10.
Outcome of this analysis is presented in Table 6.1.

Table 6.1
The mean and minimum values of the correlation coefficient
Cas Cae
State of structure | Value of parameter Ci> Ci3
Intact Mean 0.99995 0.99995 0.99999 0.99999
ntac
Minimum 0.99984 0.99984 0.99991 0.99991
Mean 0.99997 0.99996 0.99991 0.99990
Pseudo-damage —
Minimum 0.99989 0.99990 0.99975 0.99972

The mean value of correlation coefficient for all data set is equal to 0.99997, and the minimum
is 0.99987. It means that the inter-sensor correlation in a separate loading session is very close, the
accuracy of the measurements is relatively high, and the effect of nonlinearities is insignificant.

Step 2: Estimation of load scattering effect on the dynamic response of a separate strain gauges
and the distribution law of CCD. The mean vectors of all observations for each strain gauge were
obtained for both intact and pseudo-damaged state of a structure.

10 10
A, = ZAk(:,n) B, = Z By(:,n) (6.1)
n=1 n=1
The correlation coefficients are:
C,Eg) = corrcoef (A, (:,n), Ay) ; C,Erll) = corrcoef (B (:,n), By), (6.2)

and the correlation coefficient deviation (CCD)

ccp®™ =1 - ¢ cco® =1-¢c (6.3)
can be introduced as the signatures of deviation of any observation from averaged value due to the
specific load at given state of a structure. The mean values of the CCD for all six strain gauges are
presented in Table 6.2.
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Table 6.2
The mean values of the correlation coefficient deviation of dynamic response
State of

structure sgl sg2 sg3 sg4 sg5 sgb

Intact | 0.04147 | 0.03588 | 0.06115 | 0.10023 | 0.04093 | 0.05373
Pseudo- 151180 | 0.10863 | 0.06877 | 0.13966 | 0.04489 | 0.05579
damaged

Thus, estimates of the effect of load variation on CCD index were obtained for two states of the
system. At the same time, the installation of pseudo-damages led to an increase of CCD for two
sensors in the LPD zone, which indicates the effect of a configuration change on the dispersion of
CCD due to the variation in load.

The null hypothesis that the data in vector-column in CCD, and CCD, matrices is from a
population with a normal distribution in seven tests from twelve were rejected by the Anderson—
Darling test. Thus, there is not reliable evidence about normal distribution of considered random
variables.

Step 3: Feature extraction. The damage index CCD corresponding to the strain gauge k frequency
response in the observation n is defined by Equation (6.4)

cco® =1-¢” (6.4)

The correlation coefficient C ,En) between the dynamic response of the pseudo-damaged structure in
the frequency band of interest By (:, n) measured by the strain gauge k in the observation (test option)
n, and the average response A, of this strain gauge in the intact structure.

First of all, a test decision for the null hypothesis that the random vectors By (:,n) and A, are from
the same continuous distribution was done using the two-sample Kolmogorov—Smirnov test. The data
set of this test decision for pseudo-damaged structure defined by Equation (5) are represented in the
Table 6.3.

For five tests (sgl, sg2, sg3 —zone 1 of LPD and sg5, sg6 — zone 2 of SPD) the null hypothesis was
rejected at the 5 % significance level. Only for one test (sg4 — zone 2 of SPD) null hypothesis was not
rejected. This means that the CCB index uniquely detects the appearance of an LPD. The effect of the
SPD on CCD is significantly weaker, which bears witness to the effectiveness of the proposed index.
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Table 6.3

Data set for CCD random variables of the strain gauges

nErfl?er sgl sg2 sg3 sg4 sg5 sgb
1 0.7010 | 0.3969 | 0.3682 | 0.1957 0.0928 0.1214
2 0.4260 | 0.2185 0.4995 0.1307 0.0549 | 0.2303
3 0.2003 0.2029 | 0.4052 | 0.0886 | 0.0580 | 0.1033
4 0.3606 | 0.1160 | 0.4448 0.1663 0,0475 0.0664
5 0.5063 0.2449 | 0.3808 0.2812 0.1146 | 0.2016
6 0.3484 | 0.3547 0.3445 0.2120 | 0.0795 0.1439
7 0.3124 | 0.1567 | 0.4091 0.0979 0.0592 | 0.1317
8 0.6805 0.3026 | 0.3668 0.3237 0.1437 | 0.1437
9 0.6496 | 0.8709 | 0.4902 | 0..1227 | 0.0410 | 0.1022
10 0.3208 | 0.1594 | 0.3042 | 0.1674 | 0.1243 0.2415

Mean 0.4506 | 0.3023 0.4013 0.1786 | 0.0815 0.1486

Comparison of the mean value of CCD indices of intact and pseudo-damaged structures is
represented in Fig. 6.3. This index of intact structure is associated mainly with the variation of the
external load in different test options, but the index of pseudo-damaged structure is mainly caused
by a pseudo-damage effect. It is seen that for all three strain gauges (sgl, sg2, and sg3) located in
zone 1 the significant increment of CCD index is observed due to presence of the large pseudo-
damage. The small pseudo-damage in zone 2 also induces increasing of CCD index of all three
strain gauges (sg4, sg5, and sgb6), but effect of SPD is much less.

= =] =
- L") i

CCD index

=
—

HI

1l

A

,f—I| I_II
sgl sg2

sg3

sgd

Dintact @p/damage

zl
sgs

sgb

Fig. 6.3. The mean value of CCD indices of intact and pseudo-damaged structure.
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Final discussion on integral damage index and conclusions

The importance of an adequate description of the boundary conditions for the correct result is
shown. Some basic regularities of the influence of boundary conditions on the dynamic properties
of an elastic dynamical system are shown. A simple example shows the specific effect of elastic
matching of constraints. The increase in elastic bonds reduces the natural frequencies. It can be
seen that there is some critical compatibility of support for higher modes. If the match exceeds its
critical value, the corresponding mode is almost insensitive to the compliance of this restriction.
A critical match for a higher regime is less. In the case of the disappearance of certain restrictions,
the lower vibrational modes also disappear and their number is equal to the number of new degrees
of freedom. These properties are common for an elastic system of any complexity.

A simplified model of an elastic beam is considered to evaluate the effect of the correspondence
of boundary conditions on the main dynamic characteristics.

A more complex simulation of the elastic attachment of the body was made using the example of
tail boom compartments of Mi-8 and Ka-62 helicopters.

The general problems of using the vibration non-destructive testing method for monitoring the
state of a structure (SHM) in a full-scale testing of aircraft components are considered. It is shown
that the solution can be found if the application of the method is limited to certain conditions. The
main limitation is the limitation of the size of the controlled area of the structure, therefore, the
SHM system must be local. The second condition shown in this paper is that the SHM system
should be objectively oriented. This means that the type of damage, its location, and the size must
be determined, must be known.

It is shown that with certain limitations a local monitoring system (SHM) based on vibration can
be developed and can be used in practice.

Within the framework of the operational modal analysis (OMA) approach, a solution has been
developed to detect a small structural damage. In this case, the excitation of the main structure
occurs at a relatively low frequency. This frequency is close to the first natural frequency of the
entire structure and is much smaller than the first "local" natural frequency of the observed band.

An approach for the development of a prospective damage index (diagnostic feature) for detecting
small lesions in a large structural component is formulated. In this case, one or more sensors
should be placed in a controlled area for measuring the signal. The base level of the dynamic
response of an intact structure in the accepted excitation mode determines an intact controlled
structure. Comparison of the current measurement of the output signal with the baseline gives an
index for evaluating the state of the structure.

Statistical analysis of CCD (correlation coefficient deviation) index for the structural damage
detection by vibration-based method was performed. Statistic data set was collected in a full-scale
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test of a large aircraft component. After special pre-processing the most informative narrow
frequency band was selected for obtaining the statistic set of CCD between the frequency response
functions of intact and pseudo-damaged states of a structure. The two-sample Kolmogorov—
Smirnov hypothesis test was used for estimation of a pseudo-damage effect. The stable response
of CCD index to a small damage in large-size structure was demonstrated.

The results of the research show that the problem of detecting small lesions in a large-scale
structure with low-frequency excitation with an accuracy of admissible in operation can be
successfully solved.
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