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Summary

This article describes finite element model fracture analysis for lever mechanism structures. In
indeterminate structures exhaust of bearing capacity of one of its elements does not lead to its destruction,
since the rest elements form an invariable system. The structure will reach its limit state only in case of
bearing capacity is exhausted in as many elements as it is required for provision of its geometrical shape
stability. This idea is taken as a basis for the below analysis and is explained with an example of
excavator bucket calculation. Consideration of elastic-plastic strains provides more efficient use of
structure integrity resources and material saving.

Fracture analysis is performed by means of steady external load increase from zero and until the

structure released from a number of links due to formation of plastic hinges becomes a geometric one and
this corresponds to bearing capacity exhaust. The structure kinematics should be considered in release
from links. Geometrical stability does not result from static indeterminacy. A system with zero or
negative mobility may appear to be a stable one. Therefore, in model preparing and further calculations it
should be taken into account that:

1. Although in general lever mechanism design may be characterized by multiple statistical
indeterminabilities, their geometric stability is not always obvious. Although construction linkage may
be, in general, many times of redundancy their geometric invariability not always obvious. According to
their purpose these structures are mechanisms, that is they are geometrically unstable systems and their
immobility in the calculation via finite element method is provided only by the availability of a driving
link fixed in any calculated position.

2. In elastic-plastic analysis of lever mechanism design via finite element method only nonlinear
behavior of the subsidiary elements dependent on the main rods movement transmitting the motion of the
structure in general should be considered.
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1. Introduction. This idea is behind the Gvozdev’s theory taken as a basis for calculation Ref. [1].
Elastic-plastic strain theory offers the challenge for more efficient use of structure integrity resources and
material saving. The figure below illustrates that lever mechanisms have multiple uncertainty (Figure 1,
2).

Figure 1 — Lifting mechanism
VSHD-6:

a) W = 6%8-5%13 = -17, b) W = 3*5-
2%7 = 1

Figure 2 — Class III Bucket Grab: a) W =3*9-2*13 =1, b) W = 6*11-5*17 =-19

Fracture analysis is performed by means of steady external load increase from zero and until the structure
released from a number of links due to formation of plastic hinges becomes a geometric one and this
corresponds to bearing capacity exhaust. THE STRUCTURE KINEMATICS SHOULD BE
CONSIDERED IN RELEASE FROM LINKS.

T X

Figure 3 — a) statically determinate and geometrically stable girder,



b) statically indeterminate and geometrically unstable girder

Geometrical stability does not result from static indeterminacy. A system with zero or negative mobi-
lity may appear to be a stable one. An example is shown in Figure 3. Therefore, in model preparing and
further calculations it should be taken into account that:

1. Although in general lever mechanism design may be characterized by multiple statistical indeter-
minabilities, their geometric stability is not always obvious. According to their purpose these structures are
mechanisms, that is they are geometrically unstable systems and their immobility in the calculation via
finite element method (FEM) is provided only by the availability of a driving link fixed in any calculated
position.

2. In elastic-plastic analysis of lever mechanism design via finite element method only nonlinear
beha-vior of the subsidiary elements dependent on the main rods movement transmitting the motion of
the structure in general should be considered.

2. Model mechanisms. Calculations are made with the computer-aided design system “Lira” Ref. [2].
Simulation of the structure materials physical nonlinearity is made with physically nonlinear finite
elements receiving information from the developed Library of Material Strain Laws. The Library of
Material Strain Laws allows considering almost any physically nonlinear material properties. In the
example under consideration a piecewise linear dependence between stress and deformation is analyzed.
Stiffness matrix of the linearized physically nonlinear system is formed on the basis of the variable
integral stiffness, calculated at the points of the finite element integration in solving of the elastic problem
for the particular step. The finite element numerical integration scheme and a set of the rigidities used are
determined by the type of the finite element. In order to obtain a corresponding set of integral rigidities
the cross section of the finite element at the points of integration is divided into a number of the
elementary sub-regions. New values of the physical and mechanical characteristics of the material are
determined in the centers of these sub-areas in accordance with the prescribed strain pattern. At each step
the linearized problem with formation of a tangent modulus displacement vectors, loads, and new integral
rigidities for the next step is solved.

3. Example. Let us take the calculations for a single-bucket hydraulic excavator as an example. Let’s
assume that the structural elements of the bucket are made of steel St3. The elastic limit is 220 MPa. The
yield strength is 223 MPa. The yield line voltage is 223.2 MPa. The tensile strength is 400 MPa. Thus, the
strain law will consist of four sites, two per the stretched and compressed zones, since different signs
voltages occur in the elements of the mechanisms and this should be considered in non-linear
calculations. The stress-strain of state of each non-linear finite element is evaluated at each step of the
iterative process. It is analyzed for the rod finite elements on the basis of the rod cross-sections at the
points of division. In the present case five elementary rings and 16 elementary sectors are considered. It is
assumed that the elements of the mechanism are made of tubes with an outer diameter of 4 cm and an inner
diameter - 3.6 cm.

Let’s consider the nonlinear behavior of the excavator bucket, excluding the remaining elements
bringing the bucket into a predetermined position (Figure 4a shows the bucket as the chain — 1-2-3-4).
The bucket is modeled by the system of rod elements fitting the bucket stiffener, since these elements
bear main workload. The scheme of the drive with bucket for the lowest position is shown in Figure 4a.



Figure 4 — a) Kinematic scheme of the bucket with the drive;

b) Diagrams of bending moments in the elements of the bucket model

Two options of bucket loading are considered in calculations first - at the time of load lifting (the load
is at the bottom of the bucket, and this corresponds to loading of the units 2, 6, 7) and at the time of the
capture of the load (concentrated forces are applied in the upper left unit of the bucket - unit 1). Only
option 1 is desxcribed in this paper. Option 1 (load lifting). Linear calculation of the bucket shows that it
works similar to the frames. Longitudinal forces, shear forces and bending moments (Figure 4b) occur in
the bucket elements. The greatest bending moments occur in elements 3 and 14, i.e. these elements
determine the carrying capacity of the bucket as a whole in elastic finite element calculations. Nonlinear
calculation of the bucket (Figure 5) shows that the initial plastic hinge develops in the element 3, when
total load reaches 3.86 tons Then the plastic hinge develops in element 14 at total load of 4.56 tons, in
element 7 - at total load of 4.5 tons, in the element 11 - at a load of 5.84 tons and at the load of 6.16 tons
the structure fails. Thus, from the time of formation of the first plastic hinge to the complete destruction
of the structure the external load increases 4.56 tons to 6.16 tons, i.e. by 35%. The form of the bucket at
the moment of fracture is shown in Figure 5.

a) b)

Figure 5. a) A non-linear calculation of the bucket, b) Deformed bucket scheme at the time of destruction

4. Conclusion. The above calculations of the lever mechanism structures finite-element models
destruction show that consideration of elastic-plastic strains provides better use the structure integrity
resources and material saving.
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Pe3iome

Epbon Caoyaxacynvr Temipbexos

(AnMaTBl TEXHOJOTHSUTBIK YHUBEPCUTETI, AJIMATHI K. )

INBIHKBIPJIbI TETIK K¥PbBIUJIBIMbBIHBIH

CEPIIMAI TNTACTUKAJIBIK TAJIZIAYBI

IIeIHKBIpABl  TETIK KYPBUIBIMBIHBIH COHFBI 3JIEMEHTTIK YITICIHIH Kupay ecebi OasHIaiFaH.
AHBIKTaIMaFaH KYPBUIBIMHBIH Oip 2JIEMEHTIHIH TachIMalaylibl KaOiMeTiHIH >KOUBUTYBI, ©3TepMEUTIiH
XKYHeHiH KupayblHa acep erneiai. KypelmsIMabl Mexeni jkaFaiira HeMece KYHTe JKeTKi3y YLIH KaXeTTi
3JIEMEHTTEPIH TaChIMaJIayIlibl KaOLIeTTepl KYPhUIBIMHBIH I€OMETPHSIIBIK TYPAKTHUIBIFBIH KaMTaMachi3
eTyi Tmic. bynm wmaes ecenTeyniH Heri3i peTiHAe albIHFaH JXOHE SKCKOBAaTOp IIOMIlliHIH eceliHze
kepcetinreH. CepmiMai MIacTUKAIBIK JTedopMaiust ecebiHAe KypbUIBIMHBIH OCpiKTiINIK MYMKIHIIUIITH
TOJIBIFBIMEH Maliaany MaTepUalIbIH YHEMIUTITIH apTThIpajbl. MTepalusiblk 9[iCIIEH eCenTey apKbUIbl
CBIPTKBI JKYKTEMEHiI HOIACH KaKeTTI >Karfaiifa >KeTKi3y, KYpbUIBIMHBIH OipHelle OaiiaHbICTaphl
00CaThUTYBIHBIH apKaChIHJa IUIACTHKAJIBIK TOICara alHalybl, TCOMETPHUSIIBIK €MECTIrl TachIMaJIayIbl
KaOlleTiHIH >KOWBLIYbIHA OKEJiN COKThIpanbl. baiinmaneicTapapl 0Oocary Ke3iHAE KYPBUIBIMHBIH
KMHEMAaTHUKAChlH €CKepy KakeT. [ €OMETpHUSIBIK ©3repMEeyIIiIiK CTATHKAIBIK aHBIKTAIMAaYyIIbIIBIKKA
Tikenel OarpiHOANIBI. JKyleHIH HONIIK HeMece Tepic KO3FallbIChl T€OMETPHUSUIBIK e3repMeri OOoIrybl
MyMKiH. COHJIBIKTaH YJIT1 JaifbIH/Iay/1a )KOHE OHBI €CeIITeY/Ie TOMCH/IET KaF[aiiap/ibl €CKepy KaxKeT:

1. XKanmel >kaFgalia IBIHXBIPIB TETIK KYPBUIBIMBI CTATHKAIIBIK aHBIKTaIMaraH OOJIFaHMEH, OHBIH
TEOMETPHUA-JIBIK ©3TepIMIUIITT TYpakThl eMec. byn TeTikrep — o31epiHiH MakcarTapsl OOHBIHIIA
TEOMETPUSIIBIK ©3TepMelli JKyie KoHE ONaplblH KO3FAIBICCHI3IBIFBI COHFBI AJIEMEHTTEPAIH OAICTEpiH
ecenrey/ie OenTieHreH KeTeKI OybIHHBIH JKaFTaibl ecKepiiei.

2. IIBIHXKBIpIBI TETIKTEp KYPBUIBIMBIHAA COHFBI JJEMEHTTEDP OMICIMEH CepHiMIl INIACTUKAIBIK
ecernTeyne KOMEK-IIi 3JIEMEHTTEPAIH CBI3BIKTHI eMec OarbIThIH €CKepy KepeK, KO3FallbIC HETi3rl ecTep
KO3FaJIbIChl apKbLIbl KYPBUILIMFA OEpilIeTiH KO3FalIbICKa OaiIaHbICTHI.

Ty#inai ce3nep: TeTiK, KYPbUIBIM, CEPITIM/II TUITACTHKANIBIK AedopMarius.



Pe3iome

Temupbexos Epbon Cadyaxacosuy

(ANMaTHHCKHH TEXHOJIOTHYECKUHA YHUBEPCHUTET, T. AJTMaTHI)

VIIPYTOIUIACTUYECKUI AHAJIN3

KOHCTPYKIIUI PEIYAXKHBIX MEXAHHU3MOB

Wznoxen pacueT paspylieHUs KOHEYHO-3JEMEHTHBIX MOJEIEM KOHCTPYKLUMH  pBIYaKHBIX
MEXaHHU3MOB. B craTtmdecku HeonpenearMbIX KOHCTPYKIMSIX HCUYepIaHue Hecymiei
CIIOCOOHOCTH OIHOTO W3 AJICMEHTOB HE BBI3BIBACT €€ PA3PyLICHUs, TaK KaK OCTAIbHBIC 3JIEMCHTHI
00pa3yloT Heu3MeHseMylo cuctemy. l[IpenenbHoe cocTosiHME Bceil KOHCTPYKUMH OyHeT AOCTUTHYTO
TOJIBKO TOTJa, KOT'ZIa UCUEPIAETCs HECYIIas CIIOCOOHOCTh CTONBKHUX 3JIEMEHTOB, CKOJIBKO TpeOyeTcs IUis
obecrieyeHNs ee reOMeTPHUECKO HEeM3MEHAEeMOCTH. JTa Uesl B3ATa 32 OCHOBY pacueTa M MOoKa3aHa Ha
OpUMepe pacueTa KOBIIA SKCKaBaTOpa. Y4YeT yIpYrolulacTU4eckux nedopmanuii OGonee MOIHO
UCTIOJIB3YET PECypChl MPOYHOCTH KOHCTPYKLUMHM M NPUBOJUT K IKOHOMUHM MaTepHuaia. Pacuer Bemercs
WUTEPAllMOHHBIM METOAOM IIyTeM YBEJIMYEHHUS BHEIIHEH Harpy3ku OT HyIs A0 TexX I[op, IoKa
KOHCTPYKIHSI, OCBOOOXKIEHHAsh OT psijAa CBA3eH H3-3a 00pa30oBaHUsl IUIACTHYECKHUX INAPHUPOB, HE
OKa)XeTCsl TEOMETPHUYECKH, YTO COOTBETCTBYET MCUEPIAaHUIO Hecylled crocobHoctu. Heobxoaumo mpu
OCBOOOKAECHUM OT CBSI3€H yUMTHIBaTb KMHEMAaTHKYy KOHCTpyKuuil. ['eomerprueckas HEH3MEHSIEMOCThb
HETIOCPE/ICTBEHHO HE CJeQyeT U3 CTaTU4ecKoW HeompenenumocTH. Cucrema, UMEOIIas HYJIEBYIO HIIH
OTPHUILIATEIbHYI0 TOABMKHOCTb, MOXKET OKa3aTbCid TeOMETpU-deckH u3MeHseMol. IloaTtomy mpu
MOJATrOTOBKE MOJIENU M IIPU pacueTe HeOOXOUMO YUUTHIBATh, YTO:

1. XOTS KOHCTPYKIIMH PHIYaKHBIX MEXaHU3MOB MOTYT OBITh, B O0IIIEM CITydae, MHOTO pa3 CTaTHYECKU
HEOIl-peleIMMBIMH, UX TEOMETPUUECKasi HeM3MEHsIeMOCTh He Bceraa oueBuaHa. 11o cBoeMy Ha3HaueHHIO
— 3TO MEXaHM3-MbI, T.€. T€OMETPUYECKH HM3MEHAEMbIe CHUCTEMBI M WX HEIMOJBHXXHOCTh NPU pacdere
METOAOM KOHEUYHBIX 3JIEMEHTOB O0ECIEYMBAETCS TOJIBKO HAIM4YMeM (UKCHUPOBAHHOTO B KaXKIOM

pacy€THOM IIOJIOKCHUHN BEAYIIETO 3BCHA.

2. Tlpu ympyromimacTUYeCKOM pacueTe KOHCTPYKIUU PBIYAKHBIX MEXaHHU3MOB METOJOM KOHEUHBIX
3JIEMEHTOB YUYUTHIBAIOT HENMHEMHOE IOBEICHUE JIMIIb BCIOMOTATENIBbHBIX 3JEMEHTOB, ABMKCHHE
KOTOPBIX 3aBUCHUT OT ABUKCHUSI OCHOBHBIX CTEP>KHEH, MepeJaloluX TBUKEHUE KOHCTPYKLIUU B LIETIOM.

KimoueBble ciioBa: MEXaHU3M, KOHCTPYKIH, YIIPYTOIUIaCTUYICCKasa ,[[C(i)OpMaLII/Iﬂ.
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