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The paper presents an improved method of experimental and computational studies of vibratory condition of
the composite constructions with structural defects such as local fibrations. With the proposed approach it is
possible to determine the size of the defect and its influence on the inherent forms and structure vibration frequency. In our work we demonstrate practical application of the technique studying the vibration characteristics
of the feathering propeller blades with defective structure of the material.
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During operation, many metal and composite
structures, as well as their elements, are exposed to intense vibrations of various origin and
extent [1]. In particular, a challenging task in aircraft engineering is to examine the behaviour of
structural elements exposed to acoustic and vibration impacts. An aircraft power plant, wing
extendable devices and aircraft system units are
powerful sources of both acoustic and vibration impacts affecting aircraft airframe and its
structural elements. Also, it is worth mentioning
that vibration impact may lead to premature crack
formation and fast growth of existing damage
and defects [2, 3]. It is safe to say that this
impact has a significant, sometimes decisive effect on the strength and service life of structures. If
underestimated, this may result in premature
failure and destruction of an aircraft unit [4].
The stress-strain state and vibration beha
viour of objects and structures can be properly
estimated during comprehensive experimental and
design studies [5]. Advanced highly-effective calculation methods allow to quite accurately reproduce the dynamic behaviour of the object under
study provided a computational model is reliable.
In its turn, the model reliability is achieved by
comparing test results with values of numerical
calculation of the object under study.
The study objective was to determine the
impact of a structural defect on natural modes
and respective vibration frequencies. As an
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example, we determined vibration characteristics
of a feathering propeller blade with a material
structure defect.
An analysis of the stress-strain and vibratory states of objects and structures can be conditionally divided into three main stages:
1) determination of vibration characteristics
of the initial undamaged structure using experimental and calculation methods;
2) integration of an element with a structural defect into the structure, plus respective
calculations;
3) simulation of progressive damage deve
lopment process.
Let us take a closer look at each stage.
Determination of dynamic characteristics
of the initial structure
Propeller blade vibration characteristics were
determined experimentally, using real-time holographic interferometry in the excitation frequency range of 0…32,000 Hz with simultaneous
identification of respective natural vibration
modes, depending on positions of nodal lines on
the object surface, along which vibration amplitudes were equal to zero. During testing, a blade
was rigidly attached inside the lathe chuck bolted
to the load-bearing plate. The holographic interferometer was assembled as per the Leith – Upatnieks hologram with beam splitting at the edge.
Numerical calculations of natural vibration
frequencies and modes were conducted by the
finite element method (FEM) using a verifiable
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mathematical model. In terms of design, such
a model of the propeller blade has a complex
geometric form: its thickness and twist angle
change from the root to the tip. The size of the
finite element (FE) model ≈ 36,000 elements. Simulated boundary conditions (BC) corresponded
to fastening of the sample during the experiment:
the vertical plane of the end section of the propeller blade shank was rigidly fixed. Boundary
conditions settings have a significant effect on
vibration modes and frequencies of objects under
study. This is important for comparing experimental data and numerical calculations. That is why it
is necessary to reproduce the boundary conditions
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e

which appear when fastening the sample during
the experiment. In its turn, the sample is fastened
during tests in the way similar to blade fastening
in the engine.
To set up mechanical properties of the
40KhGНNМА steel, we used a material model
with the following mechanical characteristics:
E = 2.1 ∙ 1011 Pa; µ = 0.3; ρ = 7820 kg/m3.
Fig. 1 shows time averaging holographic
interferograms for the blade’s natural (resonance)
vibration modes together with vibration amplitude
fields obtained using the FEM. The Figure also
shows experimental and calculated values of natural
vibration frequencies. In total, 25 vibration modes
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Fig. 1. Determined vibration modes and frequencies of the propeller blade:
а – Fexp = 77 Hz; b – Fnum = 77 Hz; c – Fexp = 234 Hz; d – Fnum = 259 Hz; e – Fexp = 1170 Hz;
f – Fnum = 1177 Hz; g – Fexp = 4430 Hz; h – Fnum = 4289 Гц
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and the corresponding frequencies were determined (Fig. 2). It is worth reminding that in the
applied method nodal lines correspond to areas
where interference fringes of the induced raster
are maintained at resonance vibrations. It is
known that standard vibration modes of a rectangular plate can be identified by the number of
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Fig. 2. Comparison of the blade model’s natural
vibration frequencies and modes:
– experimental data;
– calculation data

nodal lines parallel to its two adjacent sides. In
other words, each mode of this kind corresponds
to the pair of numbers (m, n) equal to the number of specified nodal lines. In the analysed object, one of these lines a priori coincides with the
boundary of rigid fixing, or attachment. Assuming
that nodal lines parallel to the attachment correspond to the first index m, we have m ≥ 1. Thus,
the first bending mode of the plate’s vibrations
will be designated as (1, 0), and the first torsion
mode – as (1, 1), etc.
For more reliable identification of vibration modes, we recorded blade vibration interferograms at the determined natural frequencies
using the time averaging method. When restoring
the obtained interferograms, the nodal lines, in
this case, will correspond to the brightest fringes,
while vibration amplitude values are calculated
at random points, depending on the orders of interference fringes passing through such points in
accordance with the following formula
 4πZ 
,
I = J 02 
 λ 

where J0 – Bessel function of the first kind of
zero order;
Z – vibration amplitude;
λ – laser radiation wavelength.
This circumstance allows, in particular, to
estimate the relative difference of vibration amplitudes in areas of mutually spaced antinodes.
This is important for comparing the stress-strain
state recorded by experimental and calculation
methods.
Comparison of experimental data and
calculation results shows very good consistency
between them in terms of the behaviour of amplitude displacement fields for the analysed natural
vibration modes and in terms of values of natural
frequencies. Values of the first 15 vibration frequencies are given in Table 1.
The degree of correlation of the obtained
results is shown in Fig. 2. In Fig. 2, the abscissa
axis represents numbers of vibration modes and
the ordinate axis – the corresponding vibration
frequencies. It can be seen that the obtained results are practically identical (see Fig. 2). On
average, the difference in frequency values does
not exceed 4 %. The illustrated distribution does
not give evidence of any noticeable trend, while
Table 1
Values of experimental and calculated vibration
frequencies of the propeller blade model
Natural frequency
No.
1
2
3
4
5
6
7
8
9
10
11
12
13

Fexp, Hz

Fnum, Hz

77
234
500
611
790
980
1170
1760
2700
3660
3950
4430
4950

77
259
500
602
806
1050
1177
1748
2823
3620
3905
4289
4715

14

5180

4968

15

5370

5530
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the spread of points in the diagrams shown in
Fig. 2 is non-systematic, i.e. it may be caused by
inevitable random errors only.
Therefore, the analysis of mechanical and
mathematical models of the propeller blades
showed a high degree of mutual adequacy of experimental and calculation data. In this respect,
the obtained results provide strong evidence that,
on the one hand, experimental simulation of the
sample is correct (in compliance with the required
geometry, boundary conditions and excitation
conditions); on the other hand, they prove that holographic interferometry methods allow to acquire
accurate and reliable data indicating the vibration
behaviour of structural elements.
Simulation of a structural element
with a structural defect
A structural element with a structural defect was
simulated by applying the substructuring method.
According to the method, we will analyse the
propeller blade as the main structure along with
the area with a structural defect assumed to be
the substructure element. In this case, the substructure is the blade surface element represented
in the form of a rectangular plate with a squareshaped defect. Fig. 3, a, shows the geometric
characteristics of the object under study.
To conduct numerical calculation, we developed a local FE model of the structure area

consisting of flat finite elements. The damage
development process was represented as a set of
FE models describing the stress-strain state of the
object at particular time intervals. Fig. 3, b, shows
a selection of computational models: on the left –
the FE model of the initial (undamaged) structure,
on the right – the model having a structural defect
(shown in the box).
During numerical studies, we determined na
tural frequency values in the range of 0…26,000 Hz
and simultaneously identified the respective na
tural vibration modes by the positions of nodal
lines on the object surface, along which vibration
amplitudes were equal to zero.
According to the analysis of vibration frequencies, we may conclude that the presence of
a defect does not have any considerable effect on
natural vibration frequencies of the objects under
study. Therefore, further analysis of the obtained
results was basically aimed at vibration modes and
estimation of the stress-strain state of the object
under study. In the case under analysis, since the
sample is quite simple in terms of development of
its mathematical model, the calculated values of
natural frequencies may be considered true values.
In total, 25 resonance vibration modes of
the object under study were found.
Fig. 4 shows the results of calculations of the
initial structure and the structure with a structural

Defect area

b

Fig. 3. Geometric dimensions and local FE models of the structure
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defect represented in pairs, in the form of vibration amplitude isolines. As noted above, the fringe
patterns recorded, for example, at excitation frequencies of up to 11,500 Hz comply with standard
vibration modes. Along with that, fringe pattens
recorded at frequencies over 11,500 Hz visualize
natural vibration modes, to which the standard
identification is inapplicable.
By comparing the obtained results we found
out that the presence of a defect in the material
structure caused a distortion of vibration modes of
the object under study. A defect affects vibration
modes in such a way that only nodal lines are distorted at frequencies of 0…5200 Hz (Fig. 4, a, b),
while at higher frequencies natural resonance
modes of vibrations are observed in the area with
a structural defect (Fig. 4 c, d).
Thus, the conducted analysis of a structural
element with a structural defect proves the damage

can be identified by variation in natural vibration
modes of the object under study.
Simulation of progressive damage
development process
It is worth reminding that within the scope of the
study, the dynamic process of damage development in the material structure is represented as
three typical stages:
1) initial undamaged state of the object;
2) appearance of a small-size defect –
selection of the damaged area and geometric cha
racteristics of the defect;
3) progressive growth of the defect – gra
dual increase in defect sizes.
To conduct numerical calculations, we
selected three typical dimensions of a defect
(parameter Ld is an opening in the centre of the
defect) represented at different stages of damage
development (Fig. 5). In the figure, the abscissa

b

с

d

Fig. 4. Nature of the defect impact on structural element vibration modes:
а – mode 1; b – mode 2; c – mode 11; d – mode 14
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Height Ld, mm

axis represents the length and width of the damaged
area, and the ordinate axis – the defect opening.
Since we analysed a square-shaped defect in this
study, values displayed on the ordinate axis for
the length and width were equal. If we formulate

Table 2
Values of vibration frequencies (Hz)
of the structural element under study
at different stages of damage development
Natural
frequency No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

.
.
.
.

Length/width, mm

Fig. 5. Geometric characteristics of defect at different
stages of damage development:
– Ld = 0;
– Ld = 0.5;
– Ld = 1.5

,
,
Frequency, Hz

the problem in a more general form, the proposed
method allows to determine the characteristics of
a free-form defect. In this case, respectively, we
have to plot at least two graphs that allow to exactly
determine the geometry of the damaged area.
To estimate the stress-strain state of objects and structures exposed to vibration loads,
we conducted a series of numerical calculations
of the stage-by-stage development of progressive
damage.
To ease the analysis of the obtained results
(Table 2 and Fig. 6), we selected three typical
stress-strain states of structural elements: initial
state, small-size defect, progressive damage –
a gradual increase in the defect size (one of the
stages is shown in the figure).
Estimating a variation in the deformation
behaviour of the object under study while a defect
is growing, we can notice that at low frequencies
and respective vibration modes, the defect size has
a minor effect that comes down to distortion of
lines in the initial pattern of displacement fields.
This phenomenon is likely to be associated with
a minor local variation in the structural stiffness
characteristics in comparison with the total stiffness of the object under study.
At high resonance frequencies over 11,400 Hz
and at modes starting from the 10th and higher,

Computational model
Ld = 0
Ld = 0.5
Ld = 1.5
1455
1436
1440
2918
2913
2913
4425
4410
4411
5273
5222
5248
5809
5809
5841
8173
8150
8156
8623
8572
8577
9244
9175
9240
10,680
10,668
10,678
11,425
11,414
11,466
12,830
12,692
12,787
12,938
12,932
12,961
15,616
15,527
15,535
15,907
15,798
15,831
16,066
15,986
15,995
17,401
17,383
17,414
17,924
17,760
17,786
19,456
19,315
19,310
20,119
19,952
20,111
20,710
20,663
20,715
22,528
21,598
22,519
24,013
22,458
23,299
24,472
23,988
23,349
25,005
24,193
23,566
25,901
24,456
23,589

,
,
,
,

Vibration mode

Fig. 6. Comparison of vibration frequencies
of the structural element at different stages
of damage development:
– Ld = 0;
– Ld = 0.5;
– Ld = 1.5
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we can observe an increase in the influence of
the defect size on the fringe pattern (Fig. 7, a).
In particular, with the number of nodal lines
unchanged, the peaks in areas with maximum
peak excursions are displaced. Along with that,
the peaks are displaced towards the area where
the damage occurs and is growing. We should note
that the concentration intensity and the value of
maximum displacements directly depend on the
defect size – as the defect size increases, this leads
to an increase in fringe distortion, accompanied
by a change in the stress-strain behaviour and the
appearance of displacement concentration in the
damaged area (Fig. 7, b).
In case of transition to higher frequencies
(from the 14th mode and higher), the appearance
of resonance vibrations is observed in the defect
area. As the frequency increases, the vibration
amplitudes of the object under study and the damaged area are superimposed (Fig. 7, c). Then, the
vibration caused by the defect becomes prevailing
in terms of both value and intensity of displacements (Fig. 7, d).
Based on the result analysis, it is safe to say
that a change in the geometric characteristics of

the damaged area causes a similar change in the
stress-strain state of the structure represented as
a change in the pattern of displacement fields.
Based on the above, we can solve the inverse
problem: if the stress-strain state of the structure is known, we can detect a damaged element
and identify its location and sizes with tolerable
accuracy.
For estimating the possibility to detect a defect using vibratory excitation of the object, it is
worth mentioning that in areas where nodal lines
pass, at any frequencies for any vibration modes
and defect sizes, there are no displacements in the
defect area. This means that the number of modes,
which are really important for damage detection
and identification, is significantly smaller than
the number of modes to be determined during
study. The descriptiveness and accuracy of results
obtained can be increased by displacing the da
maged area relative to the centre of symmetry of
the object under study.
Thus, using the proposed method of estimation of the stress-strain and vibratory states of
objects and structures with structural defects allows to conduct a comprehensive analysis, that,

b

c

d
Fig. 7. Estimation of defect impact on vibration modes:
а – mode 4; b – mode 13; c – mode 19; d – mode 22
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in its turn, allows to successfully solve the problem of structural defect detection, as well as to estimate the influence of a defect on the stress-strain
and vibratory states of the structure.
Conclusions
Reviewing the study results, we can make the
following conclusions:
1) holographic interferometry methods are
suitable for determining vibration characteristics
of structures with complex geometric shapes;
using these methods, we acquired highly accurate and reliable data indicating natural vibration
modes and frequencies of the object under study
similar to a propeller blade in design;
2) comparison of the obtained results
showed a high degree of mutual adequacy of experimental and calculation data, proving the possibility to apply the combined research methods
in order to increase the descriptiveness of tests;
3) vibration modes of structural elements
are more susceptible to the presence of internal
defects in comparison with natural (resonance)
frequencies. In this respect, when solving problems of defect detection and geometric identification in the structure of the object under study, it is
a change in vibration modes that should be given
special attention;
4) the completed study of the stress-strain
and vibratory states of objects with structural defects shows the possibility not only to successfully

solve the problem of defect detection in structures
and their elements, but also to estimate the influence of a structural defect on stress-strain and
vibratory characteristics of the structure.
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Исследование вибрационного состояния конструкции со структурным
дефектом на этапах развития прогрессирующего повреждения
Изложена усовершенствованная методика экспериментально-расчетного исследования вибрационного
состояния композитных конструкций со структурными дефектами типа локальных расслоений. С помощью предложенного подхода можно определить влияние размера дефекта на собственные формы и
частоты колебаний конструкции. Продемонстрировано практическое применение методики на примере
исследования вибрационных характеристик лопасти флюгерно-реверсивного воздушного винта-вентилятора с дефектом структуры материала.
Ключевые слова: дефект, повреждение, вибрационное поведение, метод конечных элементов.
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