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Introduction

Due to their advantages of stiffness and strength over conventional materials, composite materials are
finding increasing use in a variety of engineering application such as aircraft, automobiles, sporting
goods and electronics. On the other hand, the mechanical properties in composites may degrade
severely in the presence of damage which may grow as a combination of such failure modes as matrix
cracking, fiber pullout, fiber fracture, fiber-matrix debonding and delamination between plies. Damage
in structure may cause failure leading to tragic consequences and therefore structural health
monitoring and damage detection in civil, mechanical and aerospace engineering constructions has
become one of the most important keys in maintaining the integrity and safety of a structure.

During the last decades vibration-based damage detection methods have attracted most attention due to
their simplicity for implementation. These methods are based on the fact that the dynamic
characteristics, i.e., the modal frequencies, mode shapes, and modal damping are directly related to the
stiffness of the structure. Therefore, a change in natural frequencies or a change in mode shapes will
indicate a loss of the stiffness. Valuable reviews of the state of art in the methods for detecting,
localizing, and characterizing damage by examining the changes in the measured vibration parameters
can be found in [1,2]. Many studies have investigated the effects of damage on mode shapes [3-5] and
corresponding mode shape curvatures [6-8]. These papers show that mode shape curvatures are highly
sensitive to damage and can be used to localize it. However, the major drawback of those methods is a
need for the data of the healthy structure which sometimes could be difficult to obtain or even
impossible. To overcome this issue Gapped Smoothing Techniques [9-11] were introduced which
allow the damage detection in a structure without prior knowledge on the healthy state. The basic idea
of the methods is that the mode shape curvature of the healthy structure has a smooth surface, and it
can be approximated by a polynomial. The square of the difference between the measured curvature
and the smoothed polynomial is defined as damage index and maximum value indicates the location
and size of the damage.

In this paper the method which uses the mode shape curvature squares determined from only the
damaged state of the structure for the damage detection in a laminated composite beam is described
and compared with other relevant damage detection methods referenced in literature. The experimental
modal frequencies and the corresponding mode shapes obtained by using a scanning laser vibrometer
with a PZT actuator are used for illustration of the proposed method. In addition damage extent is
identified via the modal frequencies by using a mixed numerical-experimental technique.

Damage detection algorithms
By the virtue of the fact that the mode shape curvature squares are derived from mode shapes and also

for a better illustration of the proposed method, it was decided to compare the present method with
other relevant damage detection methods which employ mode shape information.
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Mode shape (MS) damage index

The simplest one is the mode shape damage index. It represents the difference between the mode
shapes of the healthy and the damaged structures [3]
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where v;and v; are mode shapes of the damaged and the healthy state of a structure, respectively, and
i denotes the node number or measured point.

The experimentally measured mode shapes are inevitably corrupted by measurement noise. This noise
introduces local perturbations to the mode shape which can lead to peaks in the mode shape slope,
curvature and curvature square profiles. These peaks could be mistakenly interpreted as damage or
they could mask the peaks induced by real damage in a beam and lead to false or missed detection of
damage. To overcome this problem, it is proposed to average the sum of damage indices from each
mode. To summarize the results for all modes, the index is proposed as

|
M =— > (Av), (2)
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where N is the total number of modes to be considered.

Mode shape slope (MSS) damage index

This algorithm uses the change in the mode shape slope

Av; =l —v; 3)
The central difference approximation is used to derive the mode shape slope from the mode shape

V= (Vis1 = vi1) (4)

' 2h
where /4 is the distance between two successive nodes or measured points.
If more than one mode is used, the index is given by
1
MSS =— > (Av,- )n 5

n=1
Mode shape curvature (MSC) damage index

In this algorithm the location of damage is assessed by the difference in the mode shape curvature
between the healthy and the damaged case [6]

(6)

The mode shape curvatures is computed from experimentally measured or numerically calculated
mode shapes using the central difference approximation
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The average sum of the damage indexes from each mode is defined by
13
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Mode shape curvature square (MSCS) damage index

This damage index is defined by [3]

awi? =y -2 )
For more than one mode used, the index is
1Y w
mscs =13 (a?) 10
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All the aforementioned methods assess the location of the damage by the largest computed absolute
difference between the mode shape function of the damaged and the healthy state of a structure.
However, the major drawback of those methods is a need for the data of the healthy structure which
sometimes could be difficult to obtain or even impossible. To overcome this issue it was proposed to
use the mode shape curvature squares from only the damaged state of the beam as a damage index.

Mode shape curvature square magnitude (MSCSM) damage index

The vibration strain energy (U;) associated with the particular mode shape at a point is given by

U; = % [E1(67) ax (11)
X

where v; is the mode shape curvature and EI is the flexural stiffness of the structure. The idea of the
proposed method is based on the relationship between the mode shape curvature square and the
flexural stiffness of a structure. Damage induced reduction of the flexural stiffness of the structure
subsequently causes an increase in the magnitude of the mode shape curvature square. The increase of
the magnitude of the curvature square is local in nature, thus the mode shape curvature square may be
considered as an indicator for the damage location. The location of the damage is assessed by the
largest magnitude of the mode shape curvature square. The summarized damage index for all modes is
proposed as

1

MSCSM = % g: (v'."’ 2 )n (12)

n=1
Laminated composite beams

Two laminated composite beams considered in this study are cut out from a carbon/epoxy composite
plate (Fig.1.). The laminate lay-up for the plate is (0/90/+45/-45)s. The ply thickness ¢ = 0.3 mm, thus
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thickness of the plate is 2.4 mm. Experimentally determined material properties of the plate are as
follows:

E, =54.5GPa; Ey =31.04GPa; ny =7.09GPa;

G,, =65GPa; v, =03  p=13649kg/m’

Dimensions of the beams are as follows: Beam [ - length L = 550 mm, width B = 35 mm and
thickness H= 2.4 mm; Beam 2 - L =350, B=35 mm, H=2.4 mm.

______

530

Fig.1. Geometry and dimensions of the test beams

Low-velocity impact testing

Impact tests were performed on INSTRON Dynatup 9250 HV drop tower. By varying the drop height,
different impact energies and velocities were obtained. The beams were fixed by using pneumatic
clamps. The impactor had a hemispherical nose of 20 mm in diameter. Re-strike of the crosshead was

prevented by pneumatic rebound brakes. For the Beam 1 the impact energy of 15 J were selected,
location of impact is set at the distance L; = 345 mm. For the Beam 2 — 10 J at the distance L;= 175

mm (Fig. 2.).
S
e

Fig.2. Low-velocity impact testing
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Numerical analysis

To validate the effectiveness of the damage algorithms introduced above, the numerical modal
analysis based on the finite element (FE) method was performed. The numerical analysis was carried
out by using the commercial FE software ANSYS 11.0. Finite element models for the laminated
composite beams consist of two dimensional beam elements. Each node has three degrees of freedom,
namely translations along the X and Y axes and rotation along the Z axis. Finite element length of 10
mm is considered, thus the Beam 1 is constructed by means of 55 equal length elements (=56 nodes)
and the Beam 2 -35 elements (i=36 nodes). For the healthy beam, a constant stiffness £/ is assumed for
all elements, while the damaged beam is modelled by reducing stiffness of the selected elements.
Reduction of stiffness is achieved by decreasing the elastic modulus of elements in the damaged
region of the beam. The modal frequencies and corresponding mode shapes for the first 15 flexural
modes of both the healthy and the damaged beams were calculated.

Vibration experiment set-up

Modal frequencies of the test beams were measured by employing the POLYTEC PSV-400-B
scanning laser vibrometer (SLV). General experiment set-up consists of the PSV-1-400 LR optical
scanning head equipped with the highly sensitivity vibrometer sensor (OFV-505), OFV-5000
controller, PSV-E-400 junction box, the amplifier Bruel&Kjaer type 2732, and the computer system
with data acquisition board and PSV Software (Figure 2). The system requires defining geometry of
the object and set up scanning grid. To match the finite element model 56 equally spaced scanning
points have been taken to cover the Beam I along its length and 30 scanning points were set for the
Beam 2. The free-free (all edges free) boundary conditions have been simulated during experiment by
hanging up the beam with two thin threads. In order to simulate the clamped-clamped (two ends fixed)
boundary conditions experimentally, two vices have been used to fix ends of the beam (5 mm from
both sides) with the clamped torque equal 20 Nm. The beam has then been excited by an input
periodic chirp signal generated by the internal generator with a 4800 Hz bandwidth through a
piezoelectric actuator (PZT). The excitation with small piezoelectric discs works via the radial
expansion of the disc causing a bending moment to the beam surface. As a result of this excitation the
beam starts to vibrate within the frequency band of the input signal. After the measurement is
performed in one point, the vibrometer automatically moves the laser beam to another point of the
scan grid, measures the response using the Doppler principle and validates the measurement with the
signal-to-noise ratio. The procedure is repeated until all scan points have been measured. The modal
frequencies and corresponding mode shapes are obtained by taking the Fast Fourier Transform of the
response signal.
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Fig.3. Scheme of vibration experiment set-up

Results of damage detection

Results of the mode shape based damage detection methods are given in Figures 3 and 4. For
comparison purposes the damage indexes are also calculated employing the mode shape information
obtained via the finite element simulations. From the results presented in Figure 3 (beams with the
free-free boundary conditions) it is seen that MSC and MSCS damage index methods as well as the
proposed MSCSM damage index method succeeded in pointing out the location of low-velocity
impact introduced damage. Size of the damage is assessed between two (the first and the last) of the
largest peaks. In order to realize the effect of the boundary conditions on mode shape information, it
was decided to test the same beams with the clamped-clamped (CL) boundary conditions. Again, two
out of four methods included in the investigation for comparison purposes as well as the proposed
MSCSM damage index method were capable of indicating the location and size of the damage. MSCS
and MSCSM damage index plots for the beams with the CL boundary conditions are presented in
Figure 4.
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right.

Identification of damage extent

Once the location and size of the damage was determined the following interest was to identify
damage extent or reduction of stiffness caused by low-velocity impact. The extent of the damage was
identified via modal frequencies by using a mixed numerical-experimental technique. The method is
based on the minimization of the discrepancy between the numerically calculated and experimentally
measured frequencies. For this the first 10 flexural frequencies of the beams with the free-free
boundary conditions have been used. The free-free boundary conditions were selected because of the
best correlation between the numerically calculated and experimentally measured modal frequencies.
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It was proposed to introduce damage extent coefficient K, which will be used for the modelling of the
damage in the finite element models of the beams. Damage in the beams is modelled by reducing
flexural stiffness EI of the selected elements, thus for the healthy beam flexural stiffness E/*K (K=1)
is assumed for all elements, while for the damaged beam reduced stiftness E/*K (K<1) is used for the
damaged elements. Now the damage extent coefficient K is selected as the parameter to be identified.
From the MSCSM damage index plots given in Figures 3 and 4 it is assumed that the beginning of the
damaged region for the Beam 1 is located at the distance of L; = 320 mm and ending of it at the
distance of L, = 370 mm. Damage is assumed to be uniform through out the whole region and
therefore constant damage extent coefficient K for whole damage region is selected. Since only the
flexural modes were considered in this study then mainly the longitudinal Young’s modulus E, has an
effect on modal frequencies and thus in the damaged region flexural stiffness is modelled by reducing
the longitudinal Young’s modulus E, by the damage extent coefficient K (E,* = E,*K).

For the Beam 2 the beginning of the damaged region is located at the distance of L, = 150 mm and
ending of it at the distance of L, = 200 mm. Again, damage is assumed to be uniform through out the
whole region and employing previously described assumptions, flexural stiffness in the damaged
region is modelled by reducing the longitudinal Young’s modulus E, by the damage extent coefficient
K (E = E,*K).

The domain of interest for damage extent coefficient K for the Beam I was selected as follows

0.55<K <0.75 (13)
And for the Beam 2
0.7<K<09 (14)

Step of 0.1 was selected for the damage extent coefficient K and the finite element calculations in this
domain were performed. Then employing the response surface approach the obtained data were used
to build the approximating functions (second order polynomial functions) for all 10 flexural
frequencies. These approximating functions represent the relationship between the modal frequencies
w; and the damage extent coefficient K of the damage elements. For the identification of the damage
extent two identification functionals were proposed. The first one uses modal frequencies from both,
the healthy and the damaged states of the beam and is defined by

- 12

;2

h o @ipxp ( d )2

[wiFEM ol J ~\@iFEM (K)
i EXP
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where “’iZXP and a)l-‘éXP are the experimentally measured modal frequencies of the healthy and the

damaged states of the beams, respectively. w; }}E 4, are numerically calculated modal frequencies of the

healthy state of the beams and a)[féEM (K) are approximating functions representing the relationship

between the modal frequencies and the damage extent. [/ is the number of frequencies used in the

functional. The idea of this functional is based on the assumption that the numerical frequency ratio

h

d . h d
@ ppy | @iy Should be close to the experimental one w; vy / @; 5 yp -

The second proposed identification functional uses modal frequencies only from the damaged state of
the beam and is given as
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The damage extent coefficient K is obtained by solving the minimization problem

min ®(K) 17)
K

Subjected to

KMin < g < g max (18)

where K™" and K™ are the lower and upper bounds of identification parameter.

Minimizing the first identification functional (15), the following damage extent coefficient K were
obtained: for the Beam [ - K = 0.628 mm, for the Beam 2 - K = 0.768 mm. Employing the second
functional (16): for the Beam 1 - K = 0.636 mm, for the Beam 2 - K = 0.772 mm. Now, when the
damage extent coefficient was obtained, it was of interest to evaluate the accuracy of the identification.
Verification of the obtained results was performed by numerically calculating modal frequencies in the
point of optimum (using the identified damage extent coefficient K). In Tables 1 and 2 modal
frequencies for the first 10 flexural modes for both, the healthy and damaged state of the beams with
the free-free boundary conditions, have been listed. Residuals characterizing differences between
experimental and numerical frequencies were calculated by the expression

ol EM _ o, EXP

A= X100 (19)
‘ wEXP

According to the results given in Tables 1 and 2, the frequency residuals between the numerically
calculated and experimentally measured frequencies for the healthy beams are very small, which
indicate that the finite element model has been constructed correctly. On the other hand, frequency
residuals for the damaged beams are larger indicating that the damage representation in finite element
model has some imperfections. This is explained by the fact that the damage introduced by low-
velocity impact is not uniform through out the damage region (as it is assumed in this study for the
simplicity of calculations) and therefore should be modelled using approximating functions
representing changes of stiffness of the damaged elements through out the damage region.
Additionally for the identification of damage extent torsional mode shapes should be taken in account
thus allowing reduction of other elastic constants (transverse Young’s modulus and shear modulus) of
structure giving a possibility for better characterization of damage.
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Table 1

Flexural frequencies and residuals for the Beam [ with FF boundary conditions

Beam 1
Healthy Damaged
Mode o) o w4 w[?:EM wicﬁi‘EM
(g;{)p (’ Iﬁf)” A; (%) (g;{)P (K=0.628) | Ai (%) | (k=0.636) | Ai (%)
(Hz) (Hz)
1 51.55 52.25 1.34 50.25 48.94 2.68 49.02 2.50
2 142.10 | 142.50 | 0.28 | 137.50 137.04 0.34 137.19 0.23
3 278.55 | 278.00 | 0.20 | 268.50 276.75 2.98 276.81 3.00
4 460.42 | 463.75 | 0.72 | 447.25 442.88 0.99 443.36 0.88
5 687.72 | 699.25 | 1.65 | 650.75 675.20 3.62 675.56 3.67
6 960.44 | 959.50 | 0.10 | 898.75 940.86 4.48 941.44 4.53
7 1278.54 | 1258.25 | 1.61 | 1192.50 | 1243.68 | 4.12 1244.56 | 4.18
8 1642.01 | 1627.50 | 0.89 | 1574.00 | 1606.07 | 2.00 1607.24 | 2.07
9 2050.82 | 2042.25 | 0.42 | 1903.50 | 2004.11 5.02 | 2005.36 | 5.08
10 | 2504.94 | 2517.00 | 0.48 | 2448.50 | 2448.67 | 0.01 2450.24 | 0.07
Aver. 0.77 2.62 2.62
Table 2
Flexural frequencies and residuals for the Beam 2 with FF boundary conditions
Beam 2
Healthy Damaged
Mode o . .4 a)i;irEM wij'iTEM
(gj)” (I_i’;f A; (%) (gj)” (K=0.628) | & (%) | (k=0.636) | Ai (%)
(Hz) (Hz)
1 95.75 95.73 0.02 93.25 91.31 2.12 91.41 2.01
2 262.25 | 263.87 | 0.62 | 251.00 263.49 4.74 263.51 4.75
3 515.25 | 517.21 | 0.38 | 509.00 503.08 1.18 503.39 1.12
4 857.50 | 854.82 | 0.31 | 826.50 847.33 2.46 847.55 2.48
5 1301.00 | 1276.68 | 1.87 | 1265.00 | 1251.81 1.05 1252.34 1.01
6 1793.75 | 1782.72 | 0.61 | 1736.25 | 1753.70 1.00 1754.45 1.04
7 2399.00 | 2372.86 | 1.09 | 2284.00 | 2340.46 | 2.41 2341.20 | 2.44
8 3039.75 | 3047.03 | 0.24 | 3021.00 | 2985.42 1.19 | 2986.89 1.14
9 3793.50 | 3805.17 | 0.31 | 3712.50 | 3759.96 1.26 | 3761.09 1.29
10 | 4565.25 | 4647.26 | 1.80 | 4499.25 | 4554.94 1.22 | 4557.02 1.27
Aver. 0.72 1.86 1.86
Conclusions

The present study focuses on the identification of low-velocity impact introduced damage location,
size and extent in laminated composite beams by extracting dynamic characteristics obtained from
vibration experiments. It was proposed to use the magnitude of the mode shape curvature square for
the detection of the damage location and size. Compared to the existing damage detection methods
such as MSC and MSCS damage index methods, the advantage of the proposed method is that it
requires mode shape information only from the damaged state of the structure. In order to reduce the
influence of measurement noise on the damage detection from the experimentally measured mode
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shape information it was proposed to use the average sum of the mode shape curvature squares for all
modes. Effectiveness and robustness of the present method is demonstrated by two composite beams
subjected to different low-velocity impact energy introduced damage at different locations. In order to
realize the effect of the boundary conditions on mode shape information, it was decided to test the
beams with both the free-free and the clamped-clamped boundary conditions. Obtained results showed
that both boundary conditions are eligible for the detection of the damage location and size. The extent
of the damage has been identified via modal frequencies by using a mixed numerical-experimental
technique. The proposed method is based on the minimization of the discrepancy between the
numerically calculated and experimentally measured frequencies. For the simplicity of calculations it
was assumed that damage is uniform through out the whole region and therefore constant damage
extent coefficient K for whole damage region was selected. From obtained results it can be concluded
that both identification functionals were capable to identify the damage extent, which suggests that the
damage location, size and extent in the beam structure can be obtained without prior knowledge of the
healthy state of structure.
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S. Rudevskis, M. Wesolowski un A. Cate. Bojajumu identifikacija slapaina kompozitmateriala sijas
izmantojot svarstibu parametrus

Piedavatas bojajumu identifikacijas metodes pamat ideja ir tada, ka bojajums ka dazdadu veidu materiala
sagrisanas formu kombindcija izraisa konstrukcijas stinguma samazindsanos un tadejadi ietekme tds
dinamiskos raksturlielumos, tadus ka svarstibu frekvences, svarstibu formas un svarstibu dzisanas koeficents.
Lidz sim ir piedavatas daudzas bojajumu identifikdacijas metodes, kas izmanto dinamiskos raksturlielumos
bojajumu noteiksanai, tomér lielakajai dajai no tam ir nepieciesami nesagrautas konstrukcijas raksturlielumi to
realizdacijai. Dotaja darba tiek piedavata bojajumu identifikdacijas metode, kas izmanto konstrukcijas svarstibu
parametrus iegiitus tikai no bojatas konstrukcijas. Piedavatas metodes efektivitate un robustums ir pierdadits,
izmantojot divas kompozitmateriala sijas, kas paklautas dazadiem zema atruma triecieniem dazadas to vietas.
Pirmas 10 eksperimentalas svarstibu frekvences un atbilstosas svarstibu formas tika nomeéritas, izmantojot
lazera vibrometru un pjezoelektrisko svarstibu ierosinataju . Talak no svarstibu formam, izmantojot centralo
diferencésanas metodi, tika iegiti svarstibu formu izliekumi Lai izskaustu nevelamo mérijumu troksni, ka art
maldinosos bojajumu noteikSanas indeksus, tika piedavats lietot katras svarstibu formas izliekuma kvadratu
vidéjo sveérto vértibu summu. Ar kompozitmateriala sijam, kam pieméroti gan brivi, gan iespiléti robeznoteikumi,
tika pieradits, ka svarstibu formas izliekuma kvadrati var tikt izmantoti bojajumu noteiksanai. Trieciena izraisito
bojajumu pakapes noteikSanai tika izmantotas svarstibu frekvences un skaitliska-eksperimentala metode. Metode
ir balstita uz identifikacijas funkcionala, kas raksturo starpibu starp eksperimentali noméritajam un skaitliski
aprékinatajam svarstibu frekvencém, minimizesanu. Skaitliski svarstibu frekvences tika aprékinatas, izmantojot
galigo elementu modeli, kas ietver trieciena rezultata radito bojajumu. Sekojosi atbildes virsmas metodes
aproksimdcijas tika izmantotas, lai bivetu apgrieztas sakaribas (otras pakdapes polinomus) starp svarstibu
frekvencem un bojajumu pakapes koeficentu. Bojajumu pakapes koeficents tika iegiits minimizéjot identifikacijas
funkcionali.

S. Rucevskis, M. Wesolowski and A. Chate. Vibration-based damage identification in laminated composite
beams

The basic idea of the proposed vibration-based damage detection method is that a damage as a combination of
different failure modes in the form of loss of local stiffness in the structure alters its dynamic characteristics, i.e.,
the modal frequencies, mode shapes, and modal damping values. A great variety of methods have been proposed
for damage detection by using dynamic structure parameters, however, most of them require modal data of the
healthy state of structure as a reference. In this paper a vibration-based damage detection method which uses
the mode shape information determined from only the damaged state of the structure is proposed. Effectiveness
and robustness of the proposed method is demonstrated by two composite beams subjected to different low-
velocity impact energy introduced damage at different locations. The experimental modal frequencies and the
corresponding mode shapes for the first 10 flexural modes are obtained by using a scanning laser vibrometer
with a PZT actuator. From the mode shapes, mode shape curvatures are obtained by using a central difference
approximation. In order to exclude the influence of measurement noise on the modal data and misleading
damage indices, it is proposed to use the average sum of mode shape curvature squares for each mode. With the
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example of the beams with free-free and clamped boundary conditions, it is shown that the mode shape
curvature squares can be used to detect damage in the structures. The extent of low-velocity impact introduced
damage is identified via the modal frequencies by using mixed numerical-experimental technique. The method is
based on the minimization of the discrepancy between the numerically calculated and the experimentally
measured frequencies. The numerical frequencies are calculated by employing a finite-element model for beam
with introduced damage. Further, by using the response surface approach, a relationship (second-order
polynomial function) between the modal frequencies and the damage extent is constructed. The damage extent is
obtained by solving the minimization problem.

C. PyueBckuc, M. BecostoBcku u A. Yate. BuOpannoHHblii MeTo/ onpesieJieHUs1 OBPeKICHUS
MHOT'0CJIONHHON KOMIIO3UTHOMH 0aJKn

OcHosnas udes npeonoNcenHo2o UOPayUOHHO20 Memooa OOHAPYHCEHUS NOBPeXHCOeHUs AGIAEHCA KOMNIEKC
PA3IUYHBIX POPM paA3pyuieHus Mamepuana 8 guoe nomepu JOKAILHOU HCeCMKOCU KOHCIMPYKYUU U U3MeHeHue
ee OUHAMUYECKUX XAPAKMeEPUCIUK, MO eCMb MOOATbHBIX YaAcmom, opm u cmenenu samyxanus. borvuuncmeo
CYWecmayrouux Memooos 0OHAPYHCEHUS. NOBPEHCOEHUSA UCNONL3YIOM OUHAMUYECKUE NAPAMEMPybl CIMPYKNYDbI.
O0Hako MHocue u3 HuUX mpeGylom NepeoHAYANbHble OAHHble MOOATbHBIX NAPAMEMPO8 He NOBPEeHCOEHHOU
KOHCmpyKyuu. B daunoii cmamve 6ubpayuonusill Memoo 0OHAPYIHCeHUs NOBPENHCOeHUsT UCNOAb3Yen OAHHbLE
Gopm Konebanuu NONYUEHHblE U3 HOBPEHCOEHHOU KOHCmpyKyuu. OpexmusHocmv u  HAOEHCHOCMb
NPEeONONCEHHO20 ~ Memooa — OeMOHCIPUPYemcs. Ha — npumepe  08YX  KOMHOZUMHLIX — OANOK,  KOmopule
npeosapumenbino Ovliu  NOOGepeHymbl  YOapHOMy 6030eiicmeuto 8 pasiudnvlx mecmax. C  nomowyvio
CKaHupyloujezo 1azepHo20 UOPOMempa u Nbe3021eKmpuiecko20 8030y0umeis, noay4eHsl IKCHepUMEHMATbHbLE
MoOanbHble uacmomsl U coomeemcmeyiowue um @opmul Konebanuti nepgvix 10 useubnvix ¢popm. U3
NOJYUeHHbIX opmM  KoaeOanull, onpedensiomcs useubHvle @opmul Koaebanuti Ougppepenyuposaruem
yenmpanvnou pasnocmu. IIpeonazaemcs ucnonvsogams keadpam cpedHell Cymmbl u3UOHbLIX POpM Korebanul
071 Kaxcooul (popmul Koebarutl, Ymoodwvl UCKIIOUUMb 0OMAHYUBLIE NOBPENHCOCHUS U NOMEXU 3aMePd MOOANbHbIX
Oannuvix. Ilokaszana s¢hpexmusnocms keadpama cpedHell cymMmbl U32UOHbIX hopm Koaebanuti 01 onpedenenus
NOBPENCOEHUs KOHCIMPYKYUU HA npumepe 08YX KOMNOZUMHBIX OANOK ¢ PA3TUYHLIMU SPAHUYHBIMU YCAOBUSMU.
Benuuuna nogpexcoenus om yoapHoeo 6030elicmeus, Onpeoeniemcsi ¢ HOMOWbI) MOOAIbHBIX HACMOM,
UCNOL3YA YUCTEHHO-IKCEPUMEHMATbHBIU MemoO. [anHblii Memoo 0CHOBAH HA MUHUMUZAYUU PASHUYbL MEHCOY
YUCTICHHbIMU U IKCNEPUMEHMANbHbIMU  yacmomamy. Pacuemuvie uacmomvl cobcmeeHHbIX  KonebaHuil
N0BPEANCOEHHOU OANKU, ONPedessIIOMCsL U3 KOHEUHO-IIeMeHMHOU Mooenu. Ucnonv3ys mMemoo no8epxHoCmHO20
OMKNUKA, CMPOUMCS 3A8UCUMOCb (PYHKYUA ROTUHOMA 8MOPOTl CMENeHl) MeXCOy MOOATbHBIMU YACMOMAMU U
8eaUdUHOU nogpexcoenus. Beauuuna nogpexcoenus ebryuciaemcs 3a0a4eil MUHUMU3ayuu.
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