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ANOTACIJA

Promocijas darba satur: anotacija (latviesu, anglu un krievu valoda), 9 nodalas, 91 lapas, 71 attels, 7
tabulas, 47 atsauces uz autoritatém.

Atslegas vardi: testa iestatiSanas dinamiska izturiba, konstrukcijas datoru simulacija, modala analize,
uz vibraciju balstits NDT, bojajumu indekss, konstrukcijas tehniska stavokla uzraudzibas sistéma

Promocijas darbs ir vérsts uz gaisa kuga pilna méroga komponentu un testéSanas aprikojuma
dinamisko 1paSibu novértéSanas, dinamiskas izturibas un Kkonstrukcijas tehniska stavokla
uzraudzibas problemam dazada veida stenda testa laika.

Tiek sniegts apskats par gaisa kugu struktiiras test€8anas problémam vésturiskaja, tehniskaja un
tehnologiskaja aspekta.

Pirmkart, tika nemtas veéra sarezgitas dinamiskas sisteémas pamatipasibas, tas strukturalo
komponentu mijiedarbiba, robeza nosacfjumu ietekme, ka arT adekvats sist€émas “lidaparats -
test€Sanas ierice” apraksts. VienkarSam struktiiras modelim un vispargja tipa elastigajai sisteémai tika
pievérsta uzmaniba. STs izpétes mérkis ir uzlabot testa aprikojuma parametru projektéSanas un
optimizacijas metodes, nemot véra dinamiskas izturibas prasibas.

Tika paradits, ka katrai liela méroga struktiiras modai ir atbilstoSa frekvencu josla, kur augstakas
modas modalas frekvences un modalas formas ir visjutigakas pret vietéjiem maza meroga
bojajumiem. Tiek piedavata efektiva aptuvena lokalo bojajumu simulacijas metode, lokala vienas
brivibas pakapes oscilatora veida.

Cits galvenais pétfjumu virziens ir versts uz testa kompleksa tehniska stavokla uzraudzibas
sistémas uzlaboSanu, jo pasi uz vibraciju nesagraujosas testéSanas metodes izmantoSanu. Tas ir
saistits ar §is metodes relativo vienkar§ibu un uzticamibu, tas dabisko pielagos$anas sp&ju pastavigi
kontrolét dinamiski izkrautu struktiiru normalas darbibas laika.

Tiek analiz€ts novatorisks analitisks risingjums relativi nelielu strukturalu bojajumu noteiksanai,
izmantojot darbibas ierosmi (OMA pieejas ietvaros). VienkarSotas skaitloSanas simulacijas pieejas,
ko plasi izmanto, lai novertetu dazada veida bojajumu ietekmi uz elastigas struktiiras dinamisko
reakciju (plaisa, robeznosacijumu mainiba, skriivju savienojumu atslabinasanas). Eksperimentalas
izmeklésanas laika izmantota pseido bojajumu tehnologija.

Tiek piedavats daudzsoloSs bojajumu indekss nelielu strukturalu bojajumu noteikSanai liela
meroga konstrukcijas elementa, izmantojot struktiiras dinamiskas frekvences reakcijas korelaciju.
Tika ieglti testa dati ipasa dinamiska testa ar pilnas skalas struktiiru (helikoptera astes bumu)
harmoniska ierosmé un izmantoti, lai analiz€tu uz vibracijam balstitas bojajumu noteikSanas
metodes efektivitati. L1dzigs tests ar amura trieciena ierosmi tika veikts arT ar otru pilna méroga
strukturalo komponentu

Tika veikts izstradata modela precizitates un ticamibas statistiskais novertgjums, ka art strukturalo
bojajumu noteik$anas varbiitibas novertgjums.

Tiek dots testa stenda izstrades piemers ar ta dinamiskas izturibas analizi un iebiiveta
nepartrauktas stenda un testa objekta tehniska stavokla uzraudzibas elementiem.



ANNOTATION
The doctoral Theses consists of; annotation (Latvian, English and Russian), 9 chapters, 91 pages, 71
figures, 7 tables, 47 references to authorities.

Key words: dynamic strength of test setup, computational simulation, modal analysis, vibration-
based NDT, damage index

The Doctoral Thesis is focused to the problems of dynamic properties estimation, dynamic
strength and structural health monitoring of the aircraft full-scale component and testing equipment
during of different types stand test.

There is given review of the problems of aircraft structure ground testing in historical, technical
and technological aspects.

First, the fundamental features of complex dynamic system, interaction of its structural
components, effect of boundary conditions and also adequate description of system 'test setup-
aircraft component' were considered for some simple model of structure and the elastic system of
general type. This investigation is aimed of improvement of designing and optimizing methods of
parameters of test equipment taking in account the requirements of dynamic strength.

There was showed that for each mode of large scale structure there is corresponding frequencies
band where the modal frequencies and modal shapes of higher modes are the most sensitive to local
small-scale damage. The effective approximate method of local damage simulation in the kind of
local, one degree of freedom oscillator is proposed.

Another main direction of research focuses on improving the system for monitoring the technical
condition of the test complex, in particular, on the use of vibration non-destructive testing. This is
due to the relative simplicity and reliability of the method, its natural adaptability for continuous
monitoring of a dynamically unloaded structure in the course of its normal functioning.

An innovative analytical solution for the detection of relatively small structural damage using
operational excitation (within the OMA approach) is analyzed. The simplified approaches of
computational simulation widely used for estimation of the effect of different kinds of damages to
dynamic response of elastic structure (crack, boundary condition varying, bolt-joints loosening). The
pseudo-damage technology used during experimental investigation.

A promising damage index is proposed for detecting small structural damage in a large structural
element using the correlation of the dynamic frequency response of the structure. Test data in
special dynamic test on the full-scale structure (tail boom of helicopter) at harmonic excitation was
obtained and used in analysis of efficiency of vibration-based method of damage detection. Similar
test with hammer-blow excitation was done on the other full-scale structural component

A statistical assessment of the accuracy and reliability of the developed model was carried out, as
well as an assessment of the probability of detecting structural damage.

An example of the development of a test bench with an analysis of its dynamic strength and
elements of built-in continuous monitoring of the technical state of the bench and the test object is
given.



AHHOTADMUA

JloKkTOpCKast quccepTanusi COCTOMT U3: aHHOTAalUK (Ha JIaTIIICKOM, aHIJTUICKOM U PyCCKOM
sA3bIKax), 9 rnas, 91 crpanuusbl, 71 pucyHka, 7 Tadmauil, 47 CCHUIOK HA aBTOPUTETHBIC HCTOYHUKH.

KiroueBsle crnoBa: QuUHaMUYecKass TPOYHOCTh MCIBITATENbHONM YCTaHOBKHM, KOMIIBIOTEPHOE
MOJICIMPOBAHUE, MOJAJbHBIA aHa M3, Hepa3pyLIAlOUIMKA KOHTPOJb Ha OCHOBE BHOpAIMM, MHICKC
MOBPEKCHUH, MOHUTOPUHT COCTOSIHUSL KOHCTPYKIMH.

JlokTopckast — aucceprainys —HOCBsIeHa NpoOieMaM  OLEHKH — JMHAMHUYECKUX  CBOMCTB,
JMHAMUAYECKOIl MPOYHOCTH K KOHTPOJS COCTOSHHMSA KOHCTPYKLUH HATYPHBIX KOMIIOHEHTOB U
UCTIBITATENIFHOrO 000pY/J0BaHMsI CaMOJIETa BO BPEMs CTEH/IOBBIX MCIIBITAHUN Pa3INYHBIX THUIIOB.

Jan o0030p mpoOireM Ha3eMHBIX WCHBITAHMH KOHCTPYKIHMH CaMoJieTa B HCTOPHYECKOM,
TEXHHUYCCKOM H TCXHOJIOTHMYECCKOM acCIICKTaX.

CHauana OBUIM pacCMOTPEHB (DyHIAMEHTAIbHBIE OCOOEHHOCTH CIOXKHOH AMHAMHUYECKOH
CHCTEMBI, B3aUMOJICHCTBUE €€ CTPYKTYPHBIX KOMIIOHEHTOB, BIUSHUE IPAaHUYHBIX YCIIOBUH, a TAKKe
aJIeKBaTHOE ONMCAaHHE CUCTEMBI «MCIBITATENIbHAS YCTAHOBKA - JJIEMEHT CaMOJIeTay JUIl HEKOTOPOH
MIPOCTON MOJENN KOHCTPYKIIMY M YIPYro# CHCTEMBI olmero Tuma. MccnenoBanne HampaBiIeHO Ha
COBEpPILICHCTBOBAHNE METOJIOB IIPOCKTUPOBAHMUSA M ONTHUMHU3ALUIO IapaMeTPOB MCIBITATEIBHOTO
000pyI0BaHUs C yUeTOM TpeOOBaHUIl TMHAMUYECKOH IPOYHOCTH.
beimo mokazaHo, uTO I8 KaXKAOM MOIBl KpYNMHOMAacmITaOHOIl CTPYKTyphl —CYIECTBYET
COOTBETCTBYIOIIAs MOJ0CA YaCTOT, I/Ie MOJANbHBIE YaCTOTHl U MOJANbHBIE (POPMBI OOJIee BHICOKHX
MOJ] HanboJiee TyBCTBUTEIBHBI K JIOKAJTBHBIM MEJIKOMAcIITAOHBIM TIOBPEKACHUSM.

IMpoananu3upoBaHO MHHOBALMOHHOE AaHAMTHUUYECKOE peLIeHHe Ul OOHApYKEHUSI OTHOCUTENBHO
HEOOJIBIINX CTPYKTYPHBIX MOBPEXKJCHUI C HCIOJIB30BAaHUEM OIEPAaTHBHOrO BO30YXJeHUS (B
pamkax mnoxaxona OMA). VYmopolueHHble NOAXOAbl KOMIIBIOTEPHOTO MOJEIHPOBAHUS IMPOKO
UCTIONB3YIOTCS Ul OLIGHKM BIIMSHHSA Pa3HOTO POJa MOBPEXKICHUH Ha JAWHAMHUYECKYIO PEaKIIHIO
yIOpyrod KOHCTPYKLUMM (TpelIMHA, W3MEHEHHE TIpPaHUYHBIX YCIOBUH, ocnabneHue OOITOBBIX
coenuHeHui).  TexHoimoruss  ICEBAO-NOBPESKACHMH,  HCHONB30BaHA  NPU  NPOBEICHUU
SKCIEPUMEHTANIbHBIX UCCIEJ0BaHUI Ha HATYPHO! KOHCTPYKIIMU.

[Ipennaraercss TNEpCHEKTUBHBIH HWHIEKC TOBPEXAEHHS Ul OOHApyXeHus HeOOJbIINX
CTPYKTYPHBIX MOBPEXJICHUN B KPYTHOM CTPYKTYPHOM 3JIEMEHTE C HCIIOJb30BAHHUEM KOPPEJALHUH
JMUHAMUYECKUX PEaKIMi TMOBPEXKICHHOW M 0a30BOW (HEMOBPEXICHHOW) KOHCTpYKIHii. [TomydeHs
JIAHHBIE B CIELHUANBHBIX JMHAMUYECKUX UCIBITAHUSAX HATYpHOM KOHCTPYKIMU (XBOCTOBOH Oanku
BEpTOJETa) IIPU TapMOHUYECKOM BO30YXKIEHUM, KOTOpBIE MCIIOJIB30BaHbl IIPU  aHAIU3e
3¢ peKTUBHOCTH BUOPAIMOHHOTO METOa OOHAPYKEHHS MOBPEXICHUI. AHAIOTHYHOE UCTIBITAHHUE C
BO30Yy)XJIEHHEM yIapoM MOJIOTKa OBUIO TPOBEICHO Ha APYrOM ITOJHOMACIITAOHOM CTPYKTYPHOM
JJIEMEHTE.

IMpoBeneHa craTucTHYECKasl OLIEHKA TOUYHOCTH U HAJEXKHOCTH pa3pabOTaHHOM MOJENH, a TaKkxke
OIICHKa BEPOSATHOCTH OOHAPYKEHHS NOBPEKAECHUH KOHCTPYKITUH.

[IpuBenen npumep pa3pabOTKM HCHBITATEIBHOTO CTEHJA C AHAIM30M €ro JAWHAMUYECKOU
MIPOYHOCTH M 2JIEMEHTaMH BCTPOEHHOTO HENPEPhIBHOTO MOHMTOPHUHIA TEXHUUYECKOI'O COCTOSHMSA
CTCH/Ia U OOBEKTA UCTIBITAHHM.
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1. Itroduction. The aim and main problems of research

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 komplex of aircraft
full-scale structural component and analisys of some version of the vibration-based system of
structural health monitoring (SHM) .

The main problems of research:

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 of NDT application for SHM in the full-scale test of
aircraft components

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

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

7. Estimation of accuracy and reliability of developed VBM

Scientific novelty and areas of application

1. Some general properties of the boundary conditions and their adequate description at the
structural dynamic analysis.

2. Asimplified model of the elastically supported beam for evaluation of the effect of elastic
constrains to the basic dynamic characteristics.
3. More complex general model of the body elastic attachment
4.  General problem of vibration-based method of NDT application 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. Pperspective damage index for detection small structural damage in the large structural component
using correlation of a structure dynamic frequency response

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 shall be oriented towards practical use in dynamic trials of
aviation techniques.
9. The variant developed by the vibration-based design condition monitoring system can be

interesting both for monitoring aviation designs and other industry structures and for their
operation



2. Review of the aviation equipment strength testing issue

From the dawn of aviation, there was a natural understanding of the necessity to ensure a sufficient level of
aircraft strength. Many attempts to take to the air at that time ended in accidents and disasters, and the
ratio of destructions due to the structure's inability to withstand flight loads was very high. On the
one hand, this situation was due to insufficient knowledge about flight loads in normal flight and the
inaccuracy of their theoretical assessment. On the other hand, the assessment of the structure's
bearing capacity was based on calculation methods developed in relation to the problems of other
branches of technology and construction and were far from perfect at that time. These problems
initiated the rapid progress of aviation science, the achievements of which were widely introduced
into practice. Such a situation clearly illustrates an example of a change in the concept of the
ultimate design load to be withstand by an aircraft. The design overload was taken as a measure of the
ultimate design load applicable for a wide class of aircraft, which limited the limiting value of the structure's
external load, which it should be able to withstand without destruction. The design overload value was
established mainly on the basis of experience analysis. The design overload was refined within accumulation
of the experimental data. In France, in 1911, the design overload value was set equal to 3, and the next year it
was revised upwards to 3.5, and with the outbreak of World War in 1914, it was adopted as 4.5 [1]. The same
situation was in Germany and Russia. When it comes to assessing the structure's bearing capacity, the aircraft
manufacturers quickly came to understand a radical way to test it: full-scale tests of a full-scale structure or
its most critical components.

Destructions of machines had place, because the first aircraft engineers did not know how to
calculate the structure, what safety factors to take, and could not determine features of the materials
used.

The first static tests of aircraft assemblies took place at the beginning of the 20s of the last century.
During testing, the structure was loaded with the concentrated forces or a ballast loading method
was used, when the loading was carried out with a load distributed over the surface using sand or
shot bags. An example of such tests is shown in the Figure below.

2.1.0. Figure. Testing of the 1-11 aircraft at the VEF factory (Latvia, 30s of the 20th century [54])



In the 1930s, the ballast method was replaced by loading with a lever system. With this method,
the distributed load acting on the structure is replaced by small concentrated forces, which are
reduced to one or more resultant forces by means of the system of levers and rods. The load is
created by special power exciters, the number of which is equal to the number of resultants. This
technique has significantly improved the loading accuracy. The design has become more open for
visual observation and installation of measuring devices on the product surface. Now it is possible to
instantly terminate the load and quickly remove it when the destruction is detected.

By the beginning of the 1940s, static tests had acquired decisive importance in assessing the
strength of aircraft structures. The main result during this period was to determine the structure's
actual strength by loading it to the design or even to the breaking load. Measurements of
deformations with the subsequent determination of the deformed and stressed state of the structure
are beginning to spread increasingly more.

In the late 1940s, application of wire strain gauges for static tests was started, which made it
possible to organize mass tensometry of the main aircraft units and significantly expand the
possibilities of studying and analyzing the actual stress state of the structure.

Today, the test complexes allow practically reproducing any given load affecting the aircraft.
Modern measuring systems allow to receive information about the state of the test object with high
accuracy.

Creation of the International Civil Aviation Organization (ICAO) had a great influence on the
aircraft development. This organization has adopted the Standards and Recommended Practices on a
number of issues affecting flight safety. In particular, the aircraft design and testing standards have
been introduced, and the concept of the aircraft airworthiness standards has been defined.

The International Civil Aviation Organization (ICAO) has established that ICAO member countries
should issue to their registered aircraft operated on the international flights a certificate that
guarantees compliance with the Aircraft Airworthiness Standards (AAS) and a specified safety
level. This rule was subsequently extended to aircraft operated within a single country. Each newly
created civil aircraft should receive the airworthiness certificate. This certificate allows operation of
an aircraft.

The Aircraft Airworthiness Standards and Recommended Practices were adopted by the Council on
March 1, 1949 in accordance with the provisions of Article 37 of the Convention on International
Civil Aviation (Chicago, 1944) and are designated as Annex 8 to the Convention.

It was recognized that the ICAO Aircraft Airworthiness Standards would not replace national
regulations and that the national aircraft airworthiness codes, containing the full scope and level of
detail deemed necessary by the individual states would be needed as a basis for certification of
individual aircraft.

It also retains the requirement that each Contracting State should either establish its own
comprehensive and detailed aircraft airworthiness code or select a comprehensive and detailed code
established by another Contracting State.
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The Council endorsed the above approach on March 15, 1972, which formed the basis of the
current ICAO aircraft airworthiness policy.

Aircraft certification is assessment of the aircraft compliance with the AAS. At the same time, the
aircraft airworthiness is controlled during the entire operation period of each aircraft. Experience
shows that civil aircraft certification is a powerful tool for achieving safety.

To ensure the aircraft certification, it is necessary to determine the following by the beginning of its
design:

- AAS applicable to the aircraft type and compliance determination methods;

- certification system that includes the rules for monitoring compliance and identifies the
organizations responsible for certification;

- work program to ensure the aircraft's compliance with the AAS and certification. The program
should include the necessary research, the creation of models, Facilities, modeling, bench and flight
tests, as well as evidentiary documentation.

Comparative assessment of the AAS of the countries with the most developed aviation industries
(USA, Russia, England and France) indicates that they determine almost the same level of civil
aircraft airworthiness. The most respected are the US (FAR) and European (JAR) airworthiness
standards, as well as Russian aviation regulations (AR).

2.1. Strength testing of aircraft structures and their classification

An important part of the aircraft creation works is strength provision. The main goal of these works
is to prevent destruction or irreversible changes and to limit the relative deformations (within certain
limits) of structural elements under the effect of loads arising from the aircraft operation. At the
same time, the aircraft should maintain the range of features specified by the technical requirements
during design.

The path of increasing the cross-sectional areas of structural elements to ensure strength leads to a
decrease in the aircraft flight efficiency, which is unacceptable. The problem of finding an optimal
solution that provides strength with a minimum weight is solved.

To successfully solve this problem, it is necessary to understand well what loads act on the aircraft,
affecting the strength features, to master the methods of theoretical and experimental study of the
aircraft elements for strength.

The types of strength tests of aircraft structures are a consequence of the type of loads affecting the
aircraft during its operation.

In fact, strength tests are a criterion of truth for designers.

Such tests are an opportunity to identify weak points in a design that need to be modified or

replaced.

11



2.1.1. Static strength testing

The loads experienced by the aircraft during its operation can be divided into two types: static
loads and dynamic loads.

Static load - constant or slowly changing over time. The time of its application to the structure is
much longer than one period of natural oscillations of the fundamental tone of the apparatus
structure. In this case, the load increases monotonically. If this load exceeds a certain value, then
destruction will occur. An increase in the load above a certain value entails irreversible changes
(permanent deformations). Residual deformations do not disappear after the load removal. In this
case, one loading cycle is sufficient. The loads at which destruction occurs are called estimated Pp.
The magnitude of these loads should be greater than the loads arising during the aircraft operation.
The maximum loads arising during the aircraft operation are called operational Pe. The Pp value
should be greater than the Pe value

Pp>Pe(2.1.1)

When designing, they are guided by the expression following from (2.1.1), specified in voltages

Op>0e(2.1.2)

Experimental verification of inequality (2.1.2) is mandatory and is carried out using brassboards
especially designed for a specific object. This type of test is called static strength test.

2.1.2. Fatigue strength testing

Damaging consequences can arise from loads of lesser magnitude, if they repeatedly affect the
structure. Structure may be destructed after exposure to not one, but a certain number of loading
cycles (the so-called fatigue loading). Such loads are called dynamic. Dynamic load (shock or
vibration) has a number of parameters. One of them is distinctive - the time of its application to the
structure is commensurate with the period of oscillations of the fundamental tone. The structure is
elastic and will perform elastic vibrations under the influence of time-varying external loads. These
vibrations will cause additional dynamic loads on the structure. The presence of load variable
component inevitably leads to the appearance of time-varying deformations of structural elements
and, as a consequence, to variable stresses in them. Therefore designers are often guided by the
following conditional inequality

Oep<0Ow.g,(2.13)
where O e.p - stresses acting in flight (determined by calculation);

G w.g - guaranteed endurance limit (values of alternating stresses
known from experience, at which the resource of structural elements will be
large enough).
Inequality (2.1.3) is intermediate, meaning only in design. The final criterion is resource value,
which is determined by the calculation and experimental method for the finished product using a
special brassboard. Tests of this type are called fatigue tests.
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Strength calculations are carried out taking into account the action of static and dynamic loads. The
combination of the required values of various types of strength (static and fatigue) that ensure the
structure's normal operation within the established limits and terms is called operational strength.

During operation, the structure's strength does not remain constant. Heavy loads can cause
permanent deformations in the structure. Small but repetitive loads cause the development of fatigue
cracks weakening the structure.

2.1.3. Periodic manufacturing quality control

In serial production, the main task of ensuring strength is to control the quality of serial products.
The main means of solving this problem is systematic testing of samples of serial products at the
Facilities. Such tests are called periodic. The number of samples sent for periodic testing is
determined according to special methods, taking into account the design features and criticality in
the overall supporting system. In this case, tests can be made both for static and fatigue strength.

2.1.4. ""Survivability" testing

""Survivability' tests are carried out for a more complete study of the aircraft structure.
"Structure's survivability” shall mean its ability to maintain its overall bearing capacity in case of
local destructions. In this case, “destruction” is introduced in the investigated structural element,
usually in the form of an artificial crack or violation of the structure's regularity. Then a cycle of
dynamic tests is carried out at a facility.

This method is illustrated in Figures 2.1.1-2.1.2.
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«Destruction» (an artificial crack) is introduced into the aircraft’s landing gear rod:

"2" mark position on the
rod mirror

coee g ———

& -
a)
b)
)
Rod fracture in the area with a slot: a - general view; b - slot view is enlarged with a p
fatigue crack section. The place with the greatest crack depth is indicated by an arrow. i

2.1.1. Figure. Hlustration of the "survivability" test method for the aircraft landing gear rod
«Destruction» (an artificial crack) is introduced into casing of the aircraft torsional box
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b)
2.1.2. Figure. Hlustration of the "survivability" test method for an aircraft wing [48]
2.1.2 a) Imitation of a crack in a structure
2.1.2 b) Control of crack growth during loading

These studies allow us to conclude that the object can be operated in the presence of a crack.
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2.1.5. Laboratory testing of material samples

Hooke's Law describes basic mechanics of elastic bodies. However, the use of this law was
impossible without establishing the physical constants of materials binding the force value with
elastic deformation. The constants themselves are the coefficient of elasticity and the transverse
deformation ratio.

It is impossible to calculate the strength, rigidity and stability of any structure without first
experimentally determining the longitudinal elasticity modulus

E (Young's modulus), shear modulus (G) and Poisson's ratio
(v) for the structure's material.

In addition, without preliminary experimental determination of the maximum stresses that a
material can withstand under tension, torsion, shear, it is impossible to formulate a strength
condition and select the structure's permissible load or safe dimensions.

Such experimental studies of material properties are carried out in
the specialized laboratories for testing materials that exist at the design bureaus of factories,
research and educational organizations.

The tests are carried out on samples made of metal and composite materials.

Test types: tensile, compression, shear, hardness, impact strength
Examples of Facilities illustrating the test types are shown in the next section.

2.2. Equipment for full-scale strength tests, control and measurement systems

It is difficult to describe the variety of Facilities designed in the global aviation industry in one
paper. This chapter shows examples of test Facilities that characterize the main types of aircraft
testing.

2.2.1. Facilities for static strength testing
2.2.1.1. Facilities for static strength testing of full-scale aircraft

Figures 2.2.2, 2.2.3, 2.2.4 show examples of objects when tested for static strength. The object
represents a full-size aircraft fuselage. Through the simulators, the chassis is fixed to the power
floor. Engines are also being replaced by imitators. In the passenger compartment, the
appropriate load is distributed to simulate the weight. Loading is carried out using hydraulic
cylinders, which are attached to the power frame. The power frame is part of the stand. The
power frame is important for loading, the loading accuracy depends on it. Usually the power
frame has a safety margin of at least 3. The force in the hydraulic cylinders is controlled by a
central computer with great accuracy. Places of application of force simulate the load in real
flight. When testing for static strength, as a rule, loading is carried out to a level of loads equal to
the operational ones. Next, load is carried out to the calculated level. Design loads are often
destructive.
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2.2.4. Figure. Facility for full-scale static tests of an aircraft [51]
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When testing the static strength of a full-size helicopter fuselage, similar stands are designed.
Helicopter static strength tests are more complex. When loading, the fuselage must be “balanced
by loads.” For this, special schemes are being developed to balance the fuselage. Loading is also
carried out using hydraulic cylinders. For example, Figure 2.2.5 shows a stand for testing a
helicopter fuselage for static strength.
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2.2.5. Figure. Facility for full-scale static tests of a helicopter [55]

2.2.1.2. Facilities for static tests of aircraft components

Static tests are also carried out for individual aircraft and helicopter components. In this case,
the correct fixing of the object to the stand is of fundamental importance. The place of
attachment should imitate the attachment of the object to the fuselage as accurately as possible
and have a sufficient margin of safety. This is achieved by preliminary calculation of the strength
of the test equipment. As well as for a full-sized fuselage, it is important to apply design loads to
the object. They can be "point" and "distributed". As a rule, tests are carried out for operational
loads and design loads. Figures 2.2.6 - 2.2.10 show examples of benches for testing individual
units.
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a) General form

tmnlllm“

St

b) Flap attachment compartment

2.2.6. Figure. Facility for static tests of A-380 aircraft wing torsion box [49]
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b) Destruction

2.2.7. Figure. Destruction test of a structure's component [48]

On this stand, the load on the object is applied to the “calculated” level. As a result, the object
may be destroyed.
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2.2.8. Figure. Testing of wing torsion box a) and engine mounts b) of A-380 aircraft [48]

Tests of individual nodes are often carried out together in one unit. It is logical to test the wing
box and the engine mount.
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2.2.9. Figure. Testing of the aircraft passenger cabin floor [51]

In this case, the floor of the passenger cabin is tested. To distribute the load, a system of
special lodgements is used.

2.2.10. Figure. Airframe wing static test [53]

To set the load when testing the glider wing, a system of lodgements was used. Each lodgment
is located along the power rib. A feature of the airframe wing test is its high bending flexibility
(compliance).
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2.2.2. Facilities for breaking testing

When testing for fatigue, stands are designed taking into account the fact that a load that is
repeated in time is applied to the test object. The test object is attached to the power frame or power
floor. The object is loaded using hydraulic cylinders. Sometimes the method of loading through a
kinematic mechanism using an electric motor is used. As a rule, tests are carried out for operational
loads.

2.2.2.1. Facilities for breaking testing of full-scale aircraft

Figure 2.2.11 shows the Boeing 787 Full-Scale Fatigue Fatigue Test Bench. This bench
implements a load application scheme that is as close as possible to a real flight. It is also possible to
load individual parts of the fuselage and wing in accordance with the test program.

2.2.11. Figure. Facility for full-scale breaking testing of Boeing 787 aircraft [52]

There is a separate type of helicopter testing when it is necessary to test the main gear, tail gear,
transmission and carrier system in operation. In this case, the helicopter is mounted on a specially
designed power frame. The power frame must ensure the fixed position of the fuselage in all engine
operating modes. The operation of the engines and the carrier system is controlled remotely from a
special control center. From the carrier system of the helicopter and transmission, dynamic loads are
transferred to the power frame. Therefore, special requirements are imposed on the strength of the
stand. Destruction of parts of the stand is unacceptable. Even slight changes in the rigidity of the
bench elements can lead to a deviation of the specified loads on the test object. The power frame
with the fuselage installed on it is calculated for dynamic strength. Diagnostic systems are used to
monitor the condition of the stand elements. An example of designing a similar stand is described in
Chapter?. Figure 2.2.12 —a) shows the stand for full-scale tests on the main gearbox, transmission
and carrier system of the Mi-26 helicopter [56]. Figure 2.2.12 - b) shows an example of a
“cyclogram” of a dynamic change in the angle of the main rotor blades. These dynamic angle
changes are the main source of vibration in the bench.
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2.2.12. Figure. Facility for full-scale breaking testing of the main gearbox, transmission and carrier
system of Mi-26 helicopter [56]
a) general view of the test bench
B) example: dynamic change in the angle of rotating blades

The problem of monitoring the state of the structure is especially important for helicopters. As you
know, there are especially many critical points in the design of a helicopter. There are examples of
using the built-in monitoring system for the Agusta-Bell AB139 helicopter [68]. The system is based
on load control in hazardous areas. If the value of a particular index reaches a dangerous level, the
system gives a signal.
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2.2.2.2. Facilities for breaking testing of aircraft elements

As well as for static tests, fatigue tests are carried out for individual components of the aircraft and
helicopter. Figures 2.2.13 - 2.2.16 show examples of benches for testing individual units for fatigue.

Figures 2.2.13 - 2.2.14 show benches for testing the aircraft wing box for fatigue. With such a test,
the aircraft fuselage is rigidly fixed to the power floor. The fuselage in this case is an element of the
stand.

2.2.13. Figure. Facility for breaking testing of Boeing 787 aircraft wing [50]

A feature of loading the wing box on this stand is that the loads from the hydraulic cylinders are
transmitted through special “lodgements”.
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2.2.14. Figure. Breaking testing of A-350 aircraft wing: a), b) c) - loading process [49]

On this bench, the loads from the hydraulic cylinders are transferred to the wing box through a
system of levers.
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2.2.15. Figure. Facility for tail boom and helicopter fin testing [57]

Figure 2.2.15 a) shows a bench for testing the keel and tail boom of a helicopter for fatigue.
With such a test, the helicopter fuselage is rigidly fixed to the power floor. The fuselage in this
case is an element of the stand.

Figure 2.2.15 B) shows an example of a “cyclogram” of loading. In this example, 5 loading
channels are used: in the keel and tail boom areas. Loading in the channels is carried out without
phase shift.
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2.2.16. Figure. Heliéopter fenestron testing facility [58]
Figure 2.2.16 shows a bench for testing the helicopter fenestron for fatigue. With such a test,

the fenestron of the helicopter is rigidly fixed to the power frame. The load is applied by a
hydraulic cylinder along the axis of the fenestron.
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2.2.3. Facilities for laboratory testing of material samples
For strength testing of material specimens, hydraulically driven equipment is usually used. Such
equipment today has a large range of loads and high accuracy of load control. This equipment
allows you to apply a load to the sample both in static mode and in dynamics.
Figure 2.3.1 shows the test material sample, which is fixed on the testing machine.

—

2.3.2. Figure. Control of crack growth in a sample. Numbers represents quantity of a sample
loading cycles [59]
Figure 2.3.2 shows a sample of a material under fatigue testing. When a crack appears, its
length is fixed. In this case, information on the number of loading cycles is installed on the
sample.
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2.3. Description of structural strength defects and assessment of their impact on
strength

In the course of strength tests, the test object is examined to determine destruction and
permanent deformations.

As indicated in the previous sections, there are static strength and breaking tests. During static
tests, the studied object is loaded once and the structure is inspected once as well. In breaking
tests, inspection is carried out many times after a certain number of loading cycles until the
moment.

If the object is destroyed as a result of inspection, then the destruction analysis will be
performed.

Fractures are cleaned after inspection. Fractures are inspected organoleptically and using the
optical flaw detection methods. As a rule, inspection is carried out with gradual transition and
increasing magnification.

Inspection helps to find the crack initiation place and determine its propagation rate.

Fractures are photographed under oblique illumination for the clearest transmission of the
fracture's structural features in the photograph. Crystalline breaks are photographed in a shaded
field to avoid glare. The magnification is selected so as not to reduce the image depth.

If there is a part with fatigue destruction among several destructed parts, it can be considered
that it was destructed first.

Material destruction during strength tests can be divided into two main types, corresponding to
two main types of tests: static strength and breaking.

Three main areas can be distinguished at the fracture area using breaking test:

- crack initiation area;

- fatigue growth area. In this case, the crack has already appeared, but the object can withstand
the load. When inspected, this area usually has a fine-grained structure;

- static rupture area. At the same time, the working section area has decreased to such an extent
that the object cannot withstand the acting load, which is equivalent to static loading. When
inspected, this area has a coarse-grained structure. An example of material fracture during
breaking tests is shown in Figure 2.3.3.

When tested for static strength, the fracture usually has a uniform coarse-grained structure. An
example of material failure during static strength tests is shown in Figure 2.3.4.

destruction of an object made of a composite material has a distinctive form associated with
the delamination of layers and the destruction of fibers. Destruction of an object made of
composite material is shown in Figure 2.3.5
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a) General view

™
a) Increased
1- crack initiation area
2 - fatigue growth area
3 - static rupture area.
2.3.3. Figure. Example of material destruction during breaking tests [60]
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2.3.4. Figure. Example of material destruction during static strength tests [60]

2.3.5. Figure. Destruction of fuselage skin made of composite material [61]

32



2.4. Methods and technologies for detecting structural strength defects,
equipment

With all the variety of defects arising in the aircraft structures, they are all united by a
common feature: they cause a noticeable change in the physical features of the material -
density, electrical conductivity, magnetic permeability, elastic properties, etc. In this case,
defects, which are various violations of the structure's continuity, cause a sharper change in the
material properties.

The study of changes in the physical features of the material and the detection of imperfections
in its structure - defects, - constitutes the physical basis of non-destructive testing methods.
Non-destructive testing is used in the manufacture of aircraft structures, subsequent operation
and during strength tests.

The energy of destruction dictates the need to create methods, the sensitivity of which can
ensure the detection of emerging cracks at the very initial stage of their development. The crack
propagation rate can be very high in parts made of high-strength materials subjected to
complex loading. In order to prevent danger, it is necessary to improve methods that allow
detecting the preliminary destruction areas.

Continuous improvement of the structure's state monitoring methods during testing of aircraft
structures contributes to the improvement of the quality of tests and helps to reduce their cost.
Non-destructive testing makes it possible to assess the state of an object without dismantling
and taking samples, which are quite expensive.

When testing aircraft structures, the non-destructive testing methods are used depending on the
physical principles at their basis:
visual-optical control - this method is the simplest, the least time consuming and relatively
inexpensive;
- magnetic - this method is based on the analysis of a magnetic field interaction with a
controlled object;
- electric - this method is based on recording the parameters of an electric field interacting
with a controlled object;
- eddy current - eddy current methods can be used during the inspection of electrically
conductive products when detecting defects, structural inhomogeneities and deviations from
the chemical composition. Eddy current methods are most effective in detecting defects
located near the product surface.
- optic;
- acoustic - this method is based on recording the parameters of elastic waves created in a
controlled object;
- penetrating substances - this method is based on the capillary penetration of substances
into the defect cavities of the controlled object.

Depending on the location of possible defects, they can be conditionally divided into surface,
subsurface with a depth of 0.5 to 1.0 mm and internal with a depth of more than 1.0 mm. All
methods are applicable to detect surface defects, but the most effective of them are visual-optic,
magnetic particle and capillary. To detect subsurface defects, ultrasonic, eddy current, and
magnetic particle are effective. To detect internal defects, it is better using ultrasonic methods.
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3. Analytical study and computer-aided simulation of dynamic

properties of aircraft component in full-scale test
The chapter is based on research presented in the article "On the Dynamic Response Prediction at
the Full-Scale Test of Aircraft Component™ [62].

3.1. On the 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
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3.1. Figure. 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 to 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) = C, cosh kx + C, sinh kx + C; coskx + C, sin kx, (3.1)
where k is a root of characteristic equation.
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The integration constants C;, C,, C5, 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'(D)=0, V") =0.

This creates a system of four linear homogeneous algebraic equations for determining the
integration constants C,, C,, Cs, C4. 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 klsinh kl — sin kl coshkl) + 1 = 0, (3.2)
where
8= 1/% is a relative compliance of the support;
) is a rotational compliance of the support;
D is a bending stiffness of the cantilever beam cross-section.
B The roots kil of the frequency equation
R S A N define the spectra of beam eigenfrequencies.
§ kD, |D
= —, 3.3
L fn anz \/; ( )
T —==aloa
—-—---3Imode where A A
— b —2mode m is a mass of the beam unit length,
3 n=1,2,.. is a number of the mode of
T ——1mode oscillations.
In Figure 3.2, the natural frequencies as
a the function of elastic compliance are
0 0> ! 13 Z presented for the first three modes. A
Relative compliance of support 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.

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

3.3. Dynamic Properties and Response of the Structure

Here is presented a general mathematical description 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
constraints are defined on the subbodies contact surfaces S;; = S; 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(X)it(x, ) = L(w) + p(x, t), (3.4)

where
L(w) is a linear operator of the displacement vector u(x, t);
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p(x,t) is an intensity of the excitation force;

x is a vector of coordinates of a point.
For example, the operator L(u) view of isotropic elastic body is
L(u) = A grad(divuw) + pAu, (3.5)
where

Aand p are Lame constants.
The equation (3.3) can be resolved by the separated variables method in the following form:

u(x,t) = U(x)0(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 (W00, (38)
k=1
where
0, (t) is a so-called normal function, which is a solution of the following ordinary
differential equation:
M8 (£) + Mywi; 0, (8) = @ (2), (3.9)
here
My = [[[ p(X)UZ (x)dV, @, (t) = [[[ p(x, t)U,(x)dV is a modal mass of the system

and a modal force respectively associated with the k-th mode of free oscillations.
The dynamic response u(x, t) at a harmonic excitation by the force p(x,t) = po(x)ei®t can be
expressed by the following series:

Uy (x)chO

u(x,t) =et y — - ——
£ My (wf — 0?)

(3.10)

where
Dro = [ Po(xX)U(x)dV and po(x) is an amplitude of modal force.
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4. Vibration-based detection of structural damage in full-scale test

The chapter is based on the research presented in the article "Vibration-Based Detection of Small
Damage in the Aircraft Large Component™ [63].

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). Because modal characteristics of a structure are directly related to physical properties of the
structure, (mass, stiffness, and damping) then 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 find 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 realising of the vibration-based damage detection.
Traditional is the experimental modal analysis (EMA) that allows more complete and accurate to
identify damage. However, the EMA requires the measurement of both the input and the output of
dynamically loaded structure. Other the operational modal analysis (OMA) uses output only, is
cheaper and faster than EMA and can be easily applied to large structure [14].

In the presented paper there are 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 focused to 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 vibration-based method of NDT application for SHM
based on some solution for a relatively small structural damage detection using operational low-
frequency excitation (OMA approach).

It is known, the direct modal analysis is or low sensitive or difficult for practical application in
operation. If the scale of damage is small in comparison with structure dimensions, then effect of
damage is significant only for higher modes of structure. For example, there are number of
analytical and experimental investigations of crack or additional small mass effect to dynamic
properties of the cantilever beam [31-36] those 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.
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Bet theoretically any response of linear dynamic system is a linear combination of all modes. The
principal question: is effect of damage sufficient for its detection of the available vibration-based
technique of NDT? Other question is associated with the fitness of this technique for
implementation in the SHM system. Some acceptable solution can be find, if its application will be a
priori restricted by some conditions. The main of them is restriction of dimensions of monitored
zone of structure. By other words the SHM system should be local. Second condition accepted in
this paper: 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 followed.

There is a large full-scale component of some structure. In 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 precise, 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 some approach of extraction
of damage features is detailed aim of presented paper.

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 to dynamic properties of a structure was estimated by general linear model
of structure with embedded small 1D oscillator. Latter one is simulated the local mass/stiffness
variation of structure parameters due to a damage. Finally, the dynamic response of linear system at
harmonic excitation can be presented in equation (4.3.1).

ulx,6) = Z U ()6, () (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 - &*)dy
[Mi (1 = @2) + m(§)u(§o)Ur(§0)](wfy — w?)
where M, and @y = [[[ Fo(§)U,(§)dW are the modal mass and modal force of the k** mode.
The modal frequency of damaged structure w?, is defined in equation (4).

m(&E)u(&)U -

W = wip [1+ W (4.3.4)
here u(&,) is a vector-amplitude of oscillation of main structure in a base of oscillator. Excitation
relative circular frequency  is given in respect to the natural frequency of oscillator.

Equations 3 and 4 define the effect of damage to modal frequency and amplitude of harmonically
forced vibration. From equation 4 it is seen that this effect can be appreciable only for mode with

modal and excitation frequencies close to the natural frequency of oscillator and at the condition that

Ar(w) = (43.3)
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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
conditions of formulated problem using only modal analysis of output signal. However, in 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. Obviously 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).

Below there is presented the results of a local modal analysis of small 0.5 mm thin-walled panel
of the tail beam. The cylindrical panel with 450 mm of curvature radius simulates a portion between
two frames (distance 372mm) and cover three stringers (figure 1, a). 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 a result, 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 figure 4.1 the CAD model of a panel, and its views with two types of pseudo-damage (PD) are
shown. More details description of PD is given below.

S~ ~
’ . . v
) ¥ I
a) b) o)

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

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

a) b) <)
4.2. Figure. 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 affect to local dynamic properties of some
small part of structure. It is seen also that such damage effect to general dynamic properties of a
structure is limited by the local changing of shape of the mode which natural frequency is closest to
local natural frequency of damaged zone.
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5. Experimental study and method validation
The chapter is based on the research presented in the article "Vibration-Based Detection of Small
Damage in the Aircraft Large Component™ [63] and on the research of the author of the tail boom of
the Ka-62 helicopter on a special stand in the "Aviatest" laboratory [67].

5.1. Full-scale comp used in the test
5.1.1. Study on 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 figure 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 Al2024-T3). A skin thickness is in
interval 0.5-0.8 mm. Stringers (total number 26 ones) of angular cross-section are connected to the
skin by spot-welding. The 17 frames are riveted to the skin. There are 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)
5.1. Figure. 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 on 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 Figure 5.3
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5.3. Figure. 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;

- a larger diameter of 1.05 m;

- smaller diameter 0.61 m.

The power set of the beam is a skin, spars, 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 stringer are located between the upper spars (Figure 5.4a). 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 (Figure 5.4b).
Composite panels are connected to the skin by rivets. The thickness of the plating package and
composite panel is 10 mm.

T'wo loungers

a) B)
5.4. Figure. Power beam set

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

_b)

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

To obtain a diagnostic test for 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 fusilage was imitated by a
bench plate. Figure 5.6 shows the places of weakness of bolted connections.

b)

5.6. Figure .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 flight
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5.2. The objective of test and equpment

5.2.1. The objectives of test
1) Measurement of the strain/stress state of some 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

Test setup contents 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 (figure 5.1, b).
In contrast to usual practice of vibration test, the strain gauge technique was used for the dynamic

5.7. Figure. A rosette of three strain gauges (a) and a strain gauge rosette with the small pseudo
damage (SPD) in zone 2 (b).
measurement. Two strain gauge rosettes were pasted in two zone of the outer surface of a skin. In
the Figure 5.7,a the rosette in the 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 testing
structure [19-21]. The small pseudo damage (SPD) was completed as row of eight 6x6x6mm steel
blocks (total mass 12 g) and placed in the zone 1 (figure 5.7, b). Two steel blocks (total mass 26 g)
were pasted in the zone 2 and qualified as large pseudo damage (LPD).

Dynamic strain was measured by the multichannel oscilloscope NI PXle-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 in 5s 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 test for excitation frequency 3.8 Hz is presented below. Using strain
measurement data, the components of plain stress state o, , 0,,, T,,, were defined in both zones. It is
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5.8. Figure. The components of stress state in the zone 1 as time functions (a) and spectrum
of stress component o, in the frequency band 0-400Hz in the zone 1 (b).
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5.9. Figure. Spectrum of stress component o, (a) and stress component z,,, in the frequency
band 0-400Hz in the 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 the figure 5.8,a for stress state in the zone 1. Fast
Fourier transform (FFT) was done for each of three stress components (figures 5.8b; 5.9 a, 5.9, b)
for intact and structure with a pseudo-damage. Similar results for zone 2 with LPD are presented in
figures 5.10. Spectral transform allows to define directly the resonance frequencies 3.9, 20.6, 38.6,
65.0 Hz that was confirmed also by the direct measurement in process of dynamic test. Significant
peaks of spectrum are also at frequencies 83.8, 121.2, 136.6 Hz. It can be seen that any shift of
mentioned resonance frequencies is not observed at presence of PD. In the frequency band 150-275
Hz the amplitude of spectrum is distributed with relatively small fluctuation. Amplitude of spectrum
sharply increases in the frequency band 275-400 Hz.
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The spectrum of all components of stress for structure with PD is close to corresponding
spectrum of the intact structure.
Interesting result is obtained for the spectrum of stress component o, (lateral direction): the
amplitude of spectrum is large practically in the frequency band 275-400 Hz only (figure 5.10, b).
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5.10. Figure. Spectrum of stress component g, (a) and stress component g, (b) in the frequency
band 0-400Hz in the 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 neighboring 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 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 test (figures 5.8-5.10). This can be explained by the presence of
a close spectrum of natural frequencies in the band 275-400 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].

CCD=1-cCC (5.1)
where
cov(x,
CC = ﬁ (5.2)
SxSy
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cov(x,y) is the covariance between two sample random vectors x and y those are the spectrum of
response of intact and damaged structures respectively in selected frequency band, and s,, 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 figure 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
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5.11. Figure. Effect of pseudo-damage to 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 of 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
The chapter is based on the research presented in the article "Statistical Estimation of Perspective
Damage Index for Vibration-Based Structural Health Monitoring" [65].

6.1. About Test Setup and Measurement Equipment

The helicopter Mi-8 tail beam structure was selected for experimental investigation (p.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 (figure 5.7). Dynamic strain was measured by the
multichannel oscilloscope NI PXle-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 in 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 below presented analysis 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 row of eight 6x6x6mm steel blocks (total mass 12 g) and placed in
the zone 2 (figure 5.7, b). Two steel blocks (total mass 26 g) were pasted in the zone 2 and qualified
as the large pseudo damage (LPD).

6.2. Some Important Results of Research
The dynamic response in frequency domain was obtained for each stress components (two
examples for g, and g, in the figure 6.1) for intact (solid) and structure with a pseudo-damage
(dash). It can see that in the frequency band 275-400 Hz there are observed multiple resonances.
The stress component g, spectrum 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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6.1. Figure. The dynamic response of stress component o, (a) and o, (b) in the frequency band 0-
400Hz in the zone 1
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6.3. Data Acquisition and Statistical Analysis

To obtain the test data for the statistical analysis there was carried out on 10 series of measuring of
dynamic strains at the checkpoints of the intact structure and in the presence of pseudo-damage.
Time record length was chosen to be 1 second at sampling frequency of 5000 points. Pre-processing
of each record includes signal centring 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. Example of this type outcome for the longitudinal strain gauge of zone 1 is presented in
figure 6.2.
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6.2. Figure. Frequency response of the strain gauge sgl after filtering and FFT (intact structure)

The data set for final statistical analysis contents two set 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) contents ten observations of the intact structure frequency response
measured by the strain gauge k, and the matrix B, (500,10) is the same for pseudo-damaged
structure.

The final statistical analysis consists 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 €\ = corrcoef(A.(:,n), Am(:,n)) between random variable
A, (:,n) and A,,(:,n) of observation (test option) n was calculated for intact structure, and
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similarly, for pseudo-damaged structure C,Efn) = corrcoef (By(:,n), By (:,n)). For strain gauges of
zonel k=1and m=2,3,andforzone2 k=4and m=5,6,n=12,..,10.
Outcome of this analysis is presented in the Table 6.1.

6.1. Table
The mean and minimum values of the correlation coefficient
State of Value of Ci, Ci3 Cys Cye
structure parameter
Mean 0,9999 0,9999 0,9999 0,9999
Intact 5 5 9 9
Minimu 0,9998 0,9998 0,9999 0,9999
m 4 4 1 1
Mean 0,9999 0,9999 0,9999 0,9999
Pseudo- 7 6 1 0
damage Minimu 0,9998 0,9999 0,9997 0,9997
m 9 0 5 2

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 to the dynamic response of a separate strain gauges
and the distribution law of CCD. The mean vectors of all observations for each strain gauge was
obtained for both intact and pseudo-damaged state of a structure.

10 10
A_k = Z Ak(:,n) Ek = Z Bk(:,n) (61)
n=1 n=1
The correlation coefficients
C,Eg) = corrcoef (A, (:,n), Ay) C,E;l) = corrcoef (B (:,n), By) 6.2)

and the correlation coefficient deviation (CCD)

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

6.2. Table
The mean values of the correlation coefficient deviation of dynamic response
State of
structure sgl sg2 sg3 sg4 sg5 sg6
Intact 0.04147 0.03588 0.06115 0.10023 0.04093 0.05373
Pseudo- 51150 010863  0.06877 013966  0.04489  0.05579
damaged
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Thus, estimates of the effect of load variation to CCD index were obtained for two states of
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: Features extraction. The damage index CCD corresponding to the strain gauge k
frequency response in the observation n is defined by equation (6.4)

ccp™ =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 B, (:,n) and A are from
the same continuous distribution was done using the two-sample Kolmogorov-Smirnov test. 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 a LPD. Effect of the
SPD to CCD is significantly weaker that bear witness to the effectiveness of the proposed index.

6.3. Table
Data set for CCD random variables of the strain gauges.

’\:JL;Tebsir sgl S92 sg3 sg4 sg5 Sg6
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
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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 mainly caused by a
pseudo-damage effect. It is seen that for all three strain gauges (sgl, sg2, and sg3) located in the
zone 1 the significant increment of CCD index is observed that 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 sgb), but effect of SPD is much less.
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6.3. Figure. The mean value of CCD indices of intact and pseudo-damaged structure
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7. An example of the test facility development with an analysis of its
dynamic strength and elements of built-in continuous monitoring of
the technical state of the test facility and object

The chapter is based on the author's research at the stand "Full-size stand of the Ka-62 helicopter"
[66].

Creating a stand model and a system for monitoring the state of the stand allows you to obtain the
dynamic characteristics of the stand in operating modes. This allows you to carry out the necessary
improvements to the stand to improve its characteristics. The bench state monitoring system is a
source of diagnostic signals during its operation.

7.1. Main priorities and stages of test facility creation
Regardless of the specific task of ground strength testing of full-size components of aircraft
structures, a typical test procedure includes the following main stages:

Study of the Customer's technical requirements.

Facility design.

Manufacturing and installation of facility components.

Test object installation on the facility.

Test mode debugging.

Testing.

. Processing of test results.

The example below focuses on describing those stages of actual tests that reflect the practical
implementation of the proposals specified in this work:

No a~wdE

1. Static and dynamic strength calculation of the test facility and object under all loading conditions
stipulated by the program. Weak points of the test complex were identified and design
improvements were recommended.

2. Modal analysis of the test complex in order to identify dangerous dynamic loading modes, as well
as creating a system for built-in continuous monitoring of technical state of the test facility and
object based on vibration analysis.

7.2. Facility creation purpose
A full-size facility (FF) is designed to test the drive system, the main and tail rotor of the helicopter,
including:

- main gearbox;

- tail gearbox;

- main shafts;

- tail shaft;

- main rotor hub;

- main rotor swashplate.
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7.3. Purpose of the main parts of the facility

Generally, the facility consists of the following main parts:

- power frame fixed to the power foundation;

- system for load application to the test object;

- facility measurement systems.

In this case, the facility includes:

- helicopter fuselage modified for attachment to the power frame;

- remote control system for starting, operating modes and shutdown of engines;
- remote control system of the main rotor, tail rotor and main rotor brake;

The power frame is designed for:

- installation of the test object in a fixed position for all test modes
stipulated by the test program;

- installation and maintenance of elements of the load application system
for power loading of the test object.

The load application system is designed to control the power loading process of the test object. The
system is controlled remotely according to a previously entered program from a computer of the
control system. The system has control and executive elements. It is usually fixed on a power frame

during the final assembly of the facility.

The facility measurement system is intended for fixing the test object parameters and facility
structure. At the moment, the systems based on obtaining information from strain gauges, vibration
and displacement sensors are often used in tests related to the object strength assessment. The

system has a computer with a corresponding data gathering program.

The helicopter fuselage is part of the test facility, since the main gearbox, the tail rotor drive system

and the carrier system are tested.
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7.4. Technical requirements for facility design

7.4.1. Helicopter

The helicopter fuselage was made for testing according to the design documentation. Additional
fasteners are installed on the fuselage at the connection points with the facility power frame.

The test object is installed on the fuselage, consisting of:

- main gearbox;

- tail gearbox;

- main shafts;

- tail shaft;

- main rotor hub;

- main rotor swashplate,

therefore, the fuselage is an integral part of the test facility.

7.4.2. Power frame

Particular attention in the Terms of Reference is given to the power frame.

In addition to the requirements related to the convenience of helicopter maintenance during
testing, the power frame should withstand the loads transmitted from the test object to the
helicopter. The Terms of Reference indicate the design cases of the facility structure loading (see
Table 7.4.1). When designing the power frame, the calculation of its strength and dynamic
properties was carried out for design cases according to Table 7.4.1.

7.4.1.Table

Design cases of the facility structure loading

Case name Loads* Safety factor

Effect of operational loads
1 | Maximum vertical thrust of the main rotor T = 8,500 kg K=4
2 | Maximum horizontal component of the main rotor thrust

directed forward 0.15T =

3 | Maximum horizontal component of the main rotor thrust 0.15T K—4
directed backward 1 L

4 l\_/laxmum horizontal component of the rotor thrust directed 0.075T, K4
sideward

5 | Maximum torque for the right (left) turn (effect of the tail Vo= 750 kg k=4
rotor thrust)

Loads during emergency operation of the facility
6 | The case of one rotor blade detachment: effect of the
centrifugal force in the main rotor rotation plane (at the Nemr = 27,870kg | K=2
nominal rotation speed of the main rotor shaft n,, = 305 rpm)
7 | The case of one tail rotor blade detachment: effect of the

centrifugal force in the main rotor rotation plane (at the Nesr = 2,540 kg K=2
nominal rotation speed of the tail rotor shaft ny, = 2,796 rpm)
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7.5. Calculation of the facility strength and dynamic parameters

7.5.1. Work purpose, initial information features and problem-solving method

7.5.1.1. Work purpose: assessment of the facility strength in cases of loading specified by the
Customer, as well as its modal analysis (determination of the lowest natural frequencies and
shapes).

7.5.1.2. Initial information features

General view of the computer model of the load-bearing part of the facility is shown in Figure
7.5.1.

The power frame consists of a base frame and a removable module. The removable module has
11 hinge-threaded supports to fasten the helicopter.

7.5.1. Figure. General view of the computer model of the load-bearing part of the facility.

w

7.5.2. Figure. Base frame model

56



7.5.3. Figure. Removable module model with a test object

The main material of the power frame is carbon steel. For some non-bearing components, S235
mild steel was also used. The rods of the pivotally threaded supports were designed from 40X
steel.

The removable module is bolted to the base frame after mounting in the helicopter fuselage
module.

In turn, the helicopter fuselage is rigidly fixed to the removable module at 11 points. The main
fuselage attachment points are 8 brackets specially made for the facility, fixed on two power
frames:

- 4 brackets in the cab ceiling area;

- 4 brackets at the cab floor.

The indicated brackets are attached to the module through the universal pivotally threaded
assemblies fixed on the module power elements (Figure 7.5.4).

Additional fuselage attachment points are the front and rear landing gear assemblies. Fastening
is carried out through the nodes identical to the main ones.

Fuselage attachment points are shown in Figure 7.5.5.

An example of anchoring in the tail support area is shown in Figure 7.5.6.

General view of the model with the test object is shown in Figure 7.5.7.

Fuselage mounting in a removable module is shown in Figure 7.5.8.

The power frame helicopter is shown in Figure 7.5.9.

The facility base frame rests on the inboard foundation. It is fixed with anchor bolts.
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Plate 2

Clamping washer 6 Ball stud 3

Ball nut 4

Clamping washer 5

7.5.4. Figure.Universal pivotally threaded assembly

= £

Fastening unit for 5th and 6th frames ~ Attachment to the front chassis support Alttachment to the rear chassis support bracket
bracket

Universal pivotally threaded
assembly

7.5.5. Figure. Fuselage attachment points
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7.5.6. Figure. Photo of fixation in the tail support area

7.5.7. Figure. General model view with the test object
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7.5.8. Figure. Fuselage assembly in a removable module

7.5.9. Figure. Helicopter on a power frame
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7.5.10. Figure. Facility remote control
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7.5.1.3. Problem solving method

Theoretically, the object fixing on the facility is statically indeterminate with a degree of static
indeterminacy of 21. This means that a completely adequate solution to the problem of strength
and stiffness can be obtained only with the presence of:

A) The corresponding object model, adapted to solve the problem of analyzing the stress-strain
state;

B) Dynamic feature of the system.

On the other hand, the "facility - object" system is very complex. For example, each of the
pivotally threaded supports is a very complex structure, so the stress analysis of the entire facility
together with the object requires very significant resources. Therefore, the entire system should
be simplified as much as possible.

Given these circumstances, the following problem-solving plan was adopted:

- Splitting the system into two simpler ones:

1) main facility structure without supports and

2) supports;

- Calculation of the main facility structure for strength and rigidity without

object simulator;

- Calculated determination of the elastic compliance of each support;

- Determination of loads on supports and assessment of their strength;

- Creation of an object simulator (OS);

- Strength assessment of the main facility structure with OS when it is fixed on the facility with
the system of virtual springs with compliance fully corresponding to the support flexibility;
- Modal analysis of the isolated main facility structure;

- Modal analysis of the facility with OS.
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7.5.2.Generalized results of strength assessment of the main facility structure without OS

It can be seen from Table 7.5.1 that the strength of the main facility structure meets the
requirements in all load cases, excluding all options of case 6 — detachment of one main rotor
blade. The safety factors for options 6.1-6.3 are especially low, and their value does not exceed
1. This means that the structure cannot withstand the design load. At the same time, the strength
is limited by the auxiliary facility elements. The connection of the lateral reinforcement frame
with the lower inclined rods should be destroyed.

There is a comparison of two calculation options with the same load below: the vertical force of
the main rotor and the horizontal force of inertia that occurs when one blade breaks off and is
directed forward.

In the first option (6.1), the facility has the original configuration, and in the second (6.7), the
side reinforcing frames are removed from the model, which simulates their destruction. There are
Figures of the safety factor distribution according to the Mises criterion. In the first option, the
maximum stresses arise in the specified area of the side reinforcing frame and they correspond to
the minimum safety factor (Figure 7.5.11). In the second option, after the side reinforcing frame
was removed, another place became critical - the connection of the right front column of the base
frame with the right horizontal beam of the frame, and the minimum safety factor increased to
1.39 (Figure 7.5.12). This is less than required, but in this case it is possible without great
difficulty to repair the weakened structure section and bring its strength to the required level.

It can also be seen that the removal of the side frame leads to an increase in the stresses in the
bearing elements, which, however, remain lower than the permissible ones.
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Generalized results of strength calculation

Option Equivalent Material
Load case maximum von yield Calculated Required
number Muises stresses, strength, safety factor | safety factor
MPa MPa
1 1.1 43.8 350 7.25 4
2.1 38.39 350 9.12 4
2 2.2 37.03 350 9.45 4
2.3 69.22 350 5.06 4
3.1 66.44 350 5.27 4
3 3.2 67.65 350 5.17 4
33 58.84 350 5.95 4
4 4.1 28.75 350 12.17 4
4.2 27.52 350 12.72 4
5 5.1 22.42 350 15.61 4
6.1 662 350 0.53 2.16
6.2 648 350 0.54 2.16
6.3 500.9 350 0.7 2.16
6.4 242.2 350 1.44 2.16
6.5 248.1 350 1.41 2.16
6 6.6 253 350 1.38 2.16
6.7 251.9 350 1.39 2.16
6.8 194.6 350 1.8 2.16
6.9 1924 350 1.82 2.16
7.1 93.61 350 3.74 2.16
7 7.2 83.99 350 4.17 2.16
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Type: Safety Factor
Unit: ul

2013.09.24., 11:19:00
15 Max > il

Type: Safety Factor
Unit: ul
2013.09.26., 15:59:08

7.5.12. Figure.
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Conclusions on the strength assessment of the main facility structure without OS:

1)

2)

3)

4)

In the initial configuration, the main facility structure has the required level of strength in
all standard loading cases (1-5), as well as in emergency 7 (separation of one tail rotor
blade).

In an abnormal case of loading 6 (separation of one rotor blade), the facility strength in
the initial configuration is insufficient and is limited by the strength of the side
reinforcing frames of the base frame carrier module

(loading options 6.1-6.3).

If the destruction of these facility components and their complete removal from the
design model are assumed, then the facility can withstand the loads of case 6, but with
safety factors less than required (load cases 6.4-6.9). In this configuration, the strength of
the main structure is less than required in some areas of the removable module, as well as
the front module of the base frame.

It seems that the marked critical points of the structure can be strengthened by installing
(welding) additional linings, without significant changes in the basic facility structure.
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7.5.3. Strength calculation of the main facility structure with installed object simulator
Object simulator

In order to completely assess the facility strength, and, mainly, its modal features, an object

model was created. This model reflects the object features to some extent.

The model reproduces:

- overall dimensions (length, distance to the main rotor rotation plane), -

- approximately, its shape and some layout details (cutouts for cargo hatches, doors, windows).

Model weight is 5,800 kg. In accordance with the general ideas about the structural scheme of

the object body, the shell structure thickness of the model was chosen. It is assumed that the

rigidity of such a model is slightly higher than the real object rigidity, in most cases.

It was carried out a modal analysis of a loose model. The first three natural frequencies are

equal, respectively: 22.08, 23.73, 32.98 Hz.

The first two vibration modes are mainly due to the stiffness of the tail rotor housing simulator,

and the third is the shell shape of the body rear part.

2740,00

12555,94

7.5.13. Figure. Object simulator model

This model is called the object simulator and is hereinafter referred to as OS.
OS was fixed on the facility using 11 virtual springs with compliance characteristics that similar
to these parameters of the pivotally threaded supports obtained in a separate section.
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Provision of calculation option

There are calculation results for load case 6.4 below: Separation of one rotor blade. Vertical
force 85 kN (thrust) and horizontal force of inertia (lateral 90° from right to left) 278.7 kN are
applied to the gearbox shaft. It is assumed that the side reinforcement frame has been destroyed
and removed from the model. There are three Figures Figure 7.5.14) in a generalized form
reflecting the distribution of equivalent von Mises stresses, displacements and safety factor. This
last parameter is the main one to assess strength.
In the first two Figures (7.5.14 a, b) one can see the maximum values of stresses and
displacements with location indication, and in the third (7.5.14 c) - the minimum value of the

safety factor.

Summarized results and conclusions with an installed object simulator.

7.5.2. Table

Generalized results of the facility strength calculation together with the object model

Equivalent
Option maximum Material
Load case stresses yield Calculated Required
number according strength, safety factor | safety factor
Mises, MPa MPa
6.4 217.2 (242.2) 350 1.61 (1.44) 2.16
6.6 252.1 (253) 350 1.39 (1.38) 2.16
6 6.7 253.6 (251.9) 350 1.38 (1.39) 2.16
6.9 172 (192.4) 350 2.03(1.82) 2.16

The values of the maximum von Mises stresses and safety factors obtained in the calculations of
an insulated facility without object model are given in brackets.

Conclusions:

1. The maximum equivalent von Mises stresses and safety factors are of the same order as
for an isolated facility without the object model. To a certain extent, this confirms the
reliability of calculations.

2. Calculations confirm that the facility structure withstands the design load without
destruction, but with a safety factor less than required in all options of an abnormal
loading case (separation of one main rotor blade).

3. The critical areas, in which the maximum equivalent stresses act in the considered
loading cases, unambiguously coincide for the two calculation models. Therefore,
recommendations for possible revision of the facility structure remain unchanged.
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Type: Displacement:

Unit: mm

2013.09.20,, 13:25:25
10.61 Max

Typa: Safety Factor

Unit: ol 5

2013.09.30,, 13:27:12 2 T—— :
15 Max ol

161 Mn

7.5.14. Figure
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7.5.4. Analysis of loading and strength of supports

The following problem-solving plan was adopted:

1) determination of compliance and stresses of insulated supports.

2) analysis of the loading and stress state of the supports in the working position in
in the estimated loading design cases.

7.5.4.1. Analysis of compliance and stress of insulated supports
The support numbering scheme is shown in Figure 7.5.14 (a, b).

7.5.14. Figure. Support numbering scheme

70



The pivotally threaded supports of the facility have a different installation configuration and
different transition assemblies for connection with the object body. Therefore, an analysis of the
compliance and stresses of the insulated supports is performed first.

Presentation of the calculation results for support 11 (front left) is shown below.

A) A unit force (1N) is applied in the direction of Ox axis to the lug for connection with the
corresponding bracket of the object. The maximum stresses in the support were obtained with the
indication of the place of their occurrence and displacement in the direction of Ox axis.

Unt; MPa L?: n:n :
2013.09.27., 11:40:30 27, 42
002192 Max i

1577004 Max

0.01754

1, $4e-004
0.01315 7 tes
0.00877 2661005
0.00438 -1 708005
0Mn 5. 078005 M
7.5.15. Figure.
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B) A unit force (1N) is applied in the direction of Oy axis to the lug for connection with the
corresponding bracket of the object. The maximum stresses in the support were obtained with the
indication of the place of their occurrence and displacement in the direction of Oy axis.

it mm
VT, 1185 - 2013.09.27., 113120

002073 Max 8.08%0-005 Max

00162 S.166e-0065
DO 2.244e-005
DIO0E) -6.765e-006
000415 3.601e-005
0 M +6.523e-005 Mn

7.5.16. Figure.
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C) A unit force (1N) is applied in the direction of Oz axis to the lug for connection with the
corresponding bracket of the object. The maximum stresses in the support were obtained with the
indication of the place of their occurrence and displacement in the direction of Oz axis.

Type: Von Mises Stress

Unit; MPa a’::enfmmm
2013603;;; ;::*26 2013.09.27., 11:56:13
RIS 7.076e-005 Max

0.00862

5.191e-005
0.00647 3.305e-005
0.00431 1.42e-005
0.00216 -4,657e-006
0 Min -2.351e-005 Min
7.5.17. Figure.

The flexibility of removable module was also determined at the support locations.
Similar calculations were performed for all other supports.
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7.5.4.2. Support strength analysis

The analysis was carried out using a design model of a rigid body on 11 elastic supports with
compliance that coincides with the compliance of pivotally threaded supports specified in the
previous paragraph.
The calculations were performed for all design loading cases, except for case 5.

7.5.3. Table
Summary calculation results for the loading and strength of supports
Option Equivalent Material Critical
Load case maximum von yield Calculated Required | support
number Mises stresses, | strength, | safety factor | safety factor | number
MPa MPa
1 1.1 66.63 350 5.25 4 3l
2 2.1 87.07 350 4.02 4 3l
3 3.1 90.37 350 3.87 4 6
4 4.1 87.17 350 4.02 4 3l
4.2 64.6 350 5.42 4 3r
5 4
6 6.1 1,420.36 350 0.25 2.16 3r
6.2 1,448.82 350 0.24 2.16 3r
7 7.1 691.5 350 0.51 2.16 6
7.2 390.79 350 0.90 2.16
Conclusions:

1. The design safety factor of the pivotally threaded facility supports is not lower than the
load required in standard cases 1, 2, 4, and in the standard case 3 (loading by the main
rotor thrust with a deviation of the thrust vector backwards), the calculated safety factor
is slightly less than the required one due to the rear support overload 6.

2. In emergency loading cases 6 and 7 (separation of one main rotor blade or TR), the
support strength is insufficient.
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7.5.5. Modal analysis of dynamic features of the facility
7.5.5.1. Modal analysis of an isolated main facility structure
The frequencies and shapes of 10 natural vibration modes are obtained. It is given the first basic

mode of the isolated facility for illustration (Figure 7.5.18):
frequency 15.47 Hz, intensive longitudinal movements of the upper part of the facility.
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7.5.18. Figure.

It can be concluded from the general analysis that the bearing part of the facility is intensely
excited at 1, 3, and 4 frequencies. In most cases, this excitation is due to the lower rigidity of the
secondary structural elements of the facility.

7.5.5.2. Modal analysis of the facility with OS

The frequencies and shapes of 10 natural vibration modes are obtained.

It is given the first main mode of the facility with OS for illustration (Figure 7.5.19).

The frequency is 7.03 Hz. Longitudinal vibrations of the OS body are similar to the rigid body. It
can be seen that the displacements of all OS points are almost the same. The facility is as of the
main elastic element and its deformations are significant.
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7.5.19. Figure.
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Conclusions:
From the standpoint of the dynamic strength of the facility, the most dangerous is the
main (first) mode with a natural frequency of 7.03 Hz. Estimates show that taking into
account the differences between OS and object, the imperfect boundary conditions and
other factors that are difficult to model, the true fundamental (first) natural frequency
should not differ from the obtained value by more than 10%. Apparently, this frequency
may turn out to be the most significant in assessing the dynamic properties of the entire
system and planning the commissioning procedure.
First of all, the second mode with a frequency of 14.66 Hz deserves attention of the
higher modes, since it is associated with a possible intense resonance of the object tail
boom. Most likely that this frequency is lower for the object, but it can be refined as a
result of relatively simple experiments after the object is installed on the facility.
. The third mode (frequency 17.74 Hz), approximately corresponding to the plane-parallel
motion of the OS as a rigid body in the horizontal plane (a combination of translational
movement in the lateral direction and rotation around the vertical axis) poses danger to
the removable module of the facility.
. Vibration modes associated with the excitation of the tail rotor casing (frequencies 18.43,
26.18, 30.70 Hz) have only a qualitative value for assessing possible dynamic reactions,
since the differences between this part of OS and object are apparently the most
significant.
. Vibration modes (frequencies 18.41, 27.81, 32.07 Hz) demonstrate different options of
the probable dynamic mutual influence of the object and the facility in the operating
modes.
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7.6. Receiving signals from the Facility Measurement System and their
processing

In order to monitor technical condition of the facility during tests, the signals were recorded
from the accelerometers installed on the power frame and the fuselage of the helicopter.

The sensors are installed in the following locations (Figure 7.6.1):

- upper part of the main gearbox, measurement was made along OX, OY, OZ axes.
- tail boom, measurement was made along OZ, OY axes;

- power frame.

Measured parameters are synchronized in time:

- rpm of the main rotor of the helicopter;
- position and movement of the helicopter controls;

[TPL)

- vibration (vibration acceleration in “g” units).

7.6.1. Figure. Diagram of accelerometer Installation on the facility frame
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7.6.1. Type of applied accelerometers

BC 110 accelerometer with the operation principle under the piezoelectric effect (external view
is shown in Figure 7.6.2).
Measured frequency range: 0.5 ... 10,000 Hz

7.6.2. Figure. External view of the BC 110 accelerometer

The accelerometers were mounted using magnetic cubes to install the AM51 accelerometers
(Figure 7.6.3).

7.6.3. Figure. Magnetic cube to install accelerometers
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7.6.2. Signal format received from the accelerometer

Signals from accelerometers are synchronized in time with the position of the helicopter
controls:

- total blade pitch;

- longitudinal control handle;

- transverse control handle;

- tail rotor pitch.

Example of vibration signal parameters (sampling frequency 19,200 Hz) in EXEL format:

CATMAN TEST FILE
PATH=D:\CatmanWork\CatmanDataFiles

Job name=Jobl

Data file with path=D:\CatmanWork\CatmanDataFiles\XXX Jobl 2015 09 22 16 20 28.bin
Data file=HC762_Job1_2015 09 22 _16_20_28.bin
File comment=

Operator=

Departement=

Comment=

Default sample rate=300 Hz

Slow sample rate=5 Hz

Fast sample rate=19200 Hz

Storage mode=Fast Stream

Start mode=Manual

Start time=22.09.2015 16:20:28

Stop mode=Manual

Stop time=22.09.2015 16:20:53

catmanEasy/AP version=4.0.3.87

Numerical precision=8 Byte Float
DATAFILE=C:\Users\User\...\Ch1.XLS
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7.6.3. Examples of recorded accelerometer signals from the helicopter testing

There are examples of recorded signals during testing in Figures 7.6.4-7.6.4 below.

Vibration signals were recorded for all sensors at the testing start in various modes. It was made
a decision on critical areas: vibration level on the main gearbox and some of the power frame
sensors are considered to be control sensors. The initial signals from these sensors are designated
as the "initial vibration portrait of the object".

It was made the decision: the deviation of vibration acceleration values for these sensors by an
amount greater than the specified one should be considered an emergency. In this case, the tests
should be stopped and the object and the facility should be examined.

Figure 7.6.8 shows an example of the engineer's display with the current position of controls
and signals from the measurement system during testing.

Figure 7.6.9 shows an example of the engineer's display with the output of signal graphs from
the measurement system.
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Position of the controls of the helicopter carrier system.
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7.6.4. Figure. An example of recording the position signals of controls
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An example of signals from accelerometers (vibration acceleration in “g” units).
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7.6.5. Figure. An example of recording vibration acceleration signals from sensors located on the

load frame
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7.6.6. Figure. An example of recording vibration acceleration signals from sensors located on the

tail boom
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7.6.7. Figure. An example of recording vibration acceleration signals from sensors located on the

main gearbox
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7.6.8. Figure. An example of the engineer's display with the current position of controls and signals
from the measurement system
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7.6.9. Figure. An example of the engineer's display with the output of signal graphs from the
measurement system
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8. Conclusions

8.1. 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.

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

8.3. 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.

8.4. 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. Those, the SHM
system must be local. The second condition shown in this work, the SHM system should be
objectively oriented. This means that the type of damage, its location, the size to be determined,
must be known.

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

8.5. 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.

8.6. An approach to 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.

8.7. 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.

8.8. 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.

8.9. The paper shows an example of developing a test bench with an analysis of its dynamic strength
and elements of built-in continuous monitoring of the technical state of the bench and the test object.
The practical application of the results of the analysis of the vibration signal is shown on the
example of a stand for testing the main gearbox and transmission of a helicopter. This made it
possible to reliably monitor the state of the system: helicopter-power frame.
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