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AN ESTIMATION OF RESIDUAL LIFETIME OF SPATIAL
STRUCTURAL ELEMENTS UNDER CONTINUAL FRACTURE
CONDITION

The techniques of modeling of continual fracture process for space circular and prismatic
bodies under prolonged load condition and some results of determining of the estimated lifetime
(up to local loss of material bearing capacity) and the residual (additional) lifetime (time of
continual fracture zone growth) is presented in this paper. The Kachanov-Rabotnov’s scalar
damage parameter to describe the continual fracture of the material and the semianalytic finite
element method (SFEM) as numerical method of boudary problem solution is used. It‘s shown,
that the value of residual lifetime could be differ significantly for different loading condition and
object configuration.
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Introduction. Structural elements of responsible objects function often
under long-term static or cyclic force loading. The process of creep or fatigue,
accompanied by the gradual accumulation of scattered damage, the formation
and growth of macroscopic defects (fracture zones) under these conditions
there are occurs. Its consideration is necessary for a reliable analysis of long-
term strength and lifetime estimation.

A description of this processes, which took the name «continual fracture»
based on widely known concept of continual damage accumulation process,
which set out the works of V.Bolotin, L. Kachanov and Yu. Rabotnov and used
phenomenological damage parameter. It is developed and implemented for
different loading conditions in the publication of M.Bobyr, V.Golub, G.Lvov,
Yu.Shevchenko [1-4] and in other publication of Ukrainian and many foreign
scientists. However, as noted in [5], the one is actual problem is the
determining the residual lifetime - time of fracture zone growth after the local
loss of the material bearing capacity because of reaching the damage parameter
critical values. Solving this problem in the spatial stating have not reflected
enough in scientific publications. On the other hand, such as highlighted in [6],
the residual lifetime value can various significantly for different objects and
may be up to half of the total time of structure element operation.

© Bazhenov V.A., Gulyar O.1., Pyskunov S.O.



ISSN 0132-1471. Onip matepiaxnis i Teopis cnopyx. 2014. Ne 92 51

The purpose of this paper is to highlight the main provisions of the
developed technique for modelling of continual fracture zone growth of spatial
bodies and presentation of the results of residual lifetime determination for
critical structural elements under different loading conditions.

1. Semianalytic finite element method (SFEM). The solution of
evolutionary problems of spatial bodies deformation process requires
significant computational cost and special algorithms for damaged
accumulation process and fracture zones growth simulation. It is not always
possible to solve these problems using modern powerful finite element
software systems (ANSYS, ABAQUIS, etc.).

The semianalytic finite element method (SFEM) is an effective instrument
for finite element modeling of stress-strain state and deformation process of
canonical form spatial bodies - inhomogeneous circle and prismatic bodies.
Being based SFEM, a discrete calculation model suggests the finite element
mesh in the cross section of the examined object, and one finite element (FE)
to be used in the orthogonal towards the cross sectional plane (along the

forming, i.e. z> coordinates ), thus the FE size in the z°> direction is the same
as the body one. The term "inhomogeneous" is used in the sense of the
variability of the physical, mechanical properties and geometrical dimensions
of the body along the forming. SFEM can significantly reduce the
computational expenses for solving the problem, particularly on the stages of
stiffness matrix calculating and FEM linear equations systems solving. The
efficiency and accuracy of the method is shown for a wide range of linear and
nonlinear problems in mechanics [7-9], where readers can also find a more
detailed description of the method features, its implementation and links to
additional author’s publications.

Fig. 1. Circle (a) and prismatic (b) inhomogenious body
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2. Continuum fracture mechanics relations and algorithms for
damaged parameter determining. The damage accumulation process
described with kinetic equations, which associated an augment of
phenomenological damage parameter (DP) © to the stress, strength, or
deformation parameters. Herewith DP changed in time from w(t=0)=wm,=0 to
o(t*)=1, where ¢* — is the time of the local loss of material bearing capacity.

The next view of kinetic equation for DP calculation is most simply for the
multi-cyclic force loading [10]:

do _ o !
AN _A[GB(l—O))J : M

where 4 and n — experimentally determined constants; o, — tensile strength

of the material.

It is expected, that under multi-cyclic loading condition process of material
deforms elastically and the loading process can be carried out with variable
parameters of the cycle (mean middle stress and amplitude). Therefore, it is
provided for construction of DP value determining algorithm, that load process
must be divided into a number of steps - steps for problem solving - S*. Within
each stage s (s=1, 2....S*-1, §*) load means constant stress c,, and constant

amplitude o, during the some quantity of cycles N, . Using this assumption,

s
the DP value by previous load history (up Ng cycles, Ng=)> N,) is
s=1
determined by a formula which obtained in [10] as a closed form solution of
equation (1):

A S n
0¢=1-0+) | ] -———— c N, . 2
S \/ (I’l+1)0% é( as) K ( )

A DP value description under long-term static loading condition (when a
creep process presence) conducted using the follow expression [2]:

do ™ 1 B

am _ 1- 3

dt C[Ge/( ® ):| (l_o))q o (3)
where C, m, ¢, r, p — experimentally determined material constants, which are
functions of temperature, 6, — equivalent stresses calculated according to the

chosen strength criterion.

Creep problem solution considering damage accumulation process is
performed by the algorithm based on the use of the implicit integration over the
time scheme with help of Newton-Kantorovich iterative procedure. When
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starting each iteration n of a time interval m, stress values o, are calculated

considering creep deformation process by the formula:
(G[j ) :§8U (G[j Yo () “4)
Components of stress tensor 6 are defined in compliance with the Hook’s

law considering an increment of total deformation:
— m m e m
(55), :("z/)n—lJf(A"i/)n ,
while the components of stress deviator (s” ), relate to an increment in creep

deformation Asf/- :

—\m

e = an, () =[s7) Gy, )

n

m . Sy .
where (g;] )n =%[§‘ J ! ( ! )" — components of creep deformation rate tensor;

c_de
ai - dt

The DP values addition (A®),, and accumulated DP values ®,, on a time

; G,=E/(1-2p) — elastic consatnts; At,,— time interval value.

interval m calculated with next relation:

®, =0, +(A0) =0, +(%) At,, . (6)

The criterion of local loss of the material bearing capacity is ®(t*)>w*,
where o* =1 — critical DP value. It’s fulfillment in the some point of studied

object K with coordinates (z' ' Ve = 2 ={ zlv*,zzy*,zy*} , indicates the transition
of the scattered damages accumulation process, which accounted integrally
using DP, to occurrence of macroscopic defects — initial areas of continual
fracture. This points in time determining the value of the estimated lifetime of
studied object.

3. Algorithm for modeling of continual fracture zone growth. To
simulate the initial macroscopic defects occurrence at the point K the area with
volume ¥} introduced there at the time point ¢ = t*+At (Fig. 2, a). The size of

this area in plane z" —z%is the same of size of FE, in which condition ®>o*

reached, and its size Az’ in the 2 direction defined as the sum of half the
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distance from the point K to neighboring integration points in FE (named as K-

-1 and K+1, AZ> =i G

7t Fig. 2,b). Values of stress and elastic modulus of

the material taken as being equal to zero within a specified area:
o, (t=t*+At, z;=z,;*)=0, E(zl- =zl-*):0 . @)

Volume ¥, the value of which is caused by the discrete model parameters,
defines the minimum increment of the characteristic size of the fracture zone in

the course of its growth.
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Fig. 2. Procedure of modeling of continual fracture zone growth (a,c)
and special finite element ()
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Implementation of (7) is carried out using special finite elements with
adjusted values of physical and mechanical constants. The stress-strain state
parameters and DP values determine by (3) - (6) during following point of
time. This is accompanied by a gradual increase of fracture zone by acceding to
it of new volume V,, at time intervals ¢,, after fulfillment of condition w>w*

in appropriate points. The procedure of continual fracture zone growth

modeling is performed to achieve a zone of critical size (volume) v
(Fig. 2,c). The appropriate time interval (number of cycles) determines residual
lifetime (vitality) of the object after the of fracture zones occurrence.

4. Results of finite-element modeling of continual fracture zone growth
and residual lifetime definition. The allowed approaches being spent to
solving of practical problems of residual lifetime definition of responsible
structure element — the connecting union under multi-cyclic loading condition
and the blade of a gas turbine under creep.

The connecting union (choke) of valve settings for high pressure
polyethylene synthesis is a massive circle (cylindrical) body loaded with cyclic
internal pressure. The initial defect is available on the inner surface of the
choke - an weakened area of degraded material physical and mechanical
properties. General view of the object and the FE discrete model, used for
solving and describing the defect presence, shown in Fig. 3. The initial elastic
stresses distribution in the absence of defect is uniform on choke’s height and
variable along the it’s radius.

Fig. 3. The connecting union with initial defect
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The description of the damage accumulation process performed with eq. (2)
using &, =1300MPa, A=1.5495x 102 and 7=4267. The degradation of

material mechanical properties within the defect area performed with linearly
change of n in the range 4,267-4,4 (increase of the value n indicates more
intensive damage accumulation at the same level of stress). Estimated lifetime
of the choke (until the local loss of the material bearing capacity) in the

absence of the defect was 4.9x10° cycles, and N*=3.89x10° for defect
presence. The obtained DP values rapidly decreases at choke wall thickness
with distance from the inner surface and at the distance of 3 mm DP value is
less then 0,1. Thus, after the local loss of the material bearing capacity on the
inner surface the wall remains virtually intact and the choke may be used stay
in operation.

The simulation of fracture zone growth was conducted in axisimmetrical
and spatial statement. Finite element model is shown on Fig. 4,a. Time for
zone growth in the radial direction (of the wall thickness) to depth 1-5 mm,
which obtained in axisymmetrical statement, is half less than one obtained in
spatial statement. This difference gradually decreases and at a zone depth
12 mm (corresponding to half of the wall thickness) it is only near 5%. But in
any case, the magnitude of the residual life after the fracture zone growth is
almost an order greater than the time to zone occurres. Wherein, it should be
noted, that during all of time of the fracture zone growth the detail keeps tight
and relevant performance properties [9] (Fig. 4,b).

Stationary gas turbine blade is a spatial body of complicated shape. The
blade is swirled at the vertical axis, has a variable at height cross-sectional
area. It is influenced by centrifugal forces in a heterogeneous, both in height
and in cross-section, temperature field. Based on results of elastic deformation
modeling of blade based on three-dimensional FEM, a dangerous cross section
R, was chosen. This section characterized with combination of average strain
oy and average temperature 7 , which leads to the most intensive creep process
and damage accumulation. Listed values (o, and Tj) are used further to
describe the design scheme and the results of the problem solving. Creep
deformation process modeling is made for a blade fragment with size 0,94 R,
<R<1,06 R,. Fragment is loaded with its own centrifugal load p. The simulation
of the upper part of blade in section R=1,06 R, implemented with unevenly

distributed load qzq(zlv,zzy) that meets strain values, been applicated in this

cross-section (Fig. 5,b).
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Fig. 4. SFEM discreet model connecting pipe with defects (@),
configuration of continual fracture zone after different number of cycles ()

The description of creep and damage accumulation processes of the blade
material is carried out with the following equation:
n m
de._ Bo" @:C(L) . )
I-o (1-0)’

dt  (1-w) dt
where B = B(T), C = C(T), m = m(T), n = n(T), r = n(T), g = q(c, T) — material
constants, 7 — temperature.

The location of initial fracture zone within the fragment corresponding to
the maximum value damage parameter (Fig. 5,c) was determined due to
modeling of blade deformation under creep. Its location is aligned with the
zone of maximum values of the DP at height of blade fragment (Fig. 5,d). It
was required to use a finite element models with a significant number of nodes
in a cross-section to determine of fracture zone’s size and shape in the process
of it’s growth (Fig. 5,e). The fracture zone growth modeling results up to
complete loss of bearing capacity showed, that the proposed facility value of
residual lifetime is low and is about 5% of the estimated lifetime (Fig. 6). This
suggests that the actual value of the blade lifetime is determined by local loss
of bearing capacity in fact.
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initial fracture zone (c), DP distribution in different moment of time at the height of blade fragment
(d), cross-sections of used SFEM discreet models been used for fracture zone growth(e)
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Conclusions. Developed in this paper
methods for modeling of continual fracture
process and fracture zone growth allows to
determine of estimated and residual lifetime
values for responsible structural elements that
work under long-term static and high-cycle
loading condition. It is shown that for
different objects and loading conditions values
of residual lifetime may differ significantly.
Thus, it’s need to study a problem of
extending of details operation time after local
loss of bearing capacity in each individual
case.
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baoswcenos B.A., I'vasp O.1., [Tuckynoe C.O.
BU3HAYEHHSI JOJATKOBOI'O PECYPCY IIPOCTOPOBUX EJEMEHTIB
KOHCTPYKIII B YMOBAX KOHTUHYAJIbHOI'O PYIHYBAHHS

IIpencTaBieHO METOANKY MOJISIIIOBAHHS IIPOLECIB KOHTHHYAIIBHOTO PYHHYBaHHS KPYTOBHUX Ta
NPU3MATHYHUX TUT CKIamHOl (OpMH B yMOBaX TPHUBAJIOrO0 CTaTHYHOrO i 0araTOLMKIOBOIO
HAaBAaHTAXXEGHHS Ta pe3yJbTaTH BH3HAYEHHS JOJATKOBOIO pecypcy (4acy 3pOCTaHHS 30HU
KOHTHHYAJIbHOTO pyiiHyBaHHs). J{Js Omucy mpoliecy KOHTHHYaJIbHOTO PYHHYBaHHS BUKOPUCTAHO
CKNApHHI mapamerp HomKoKeHocTi KadanoBaPaGoTHOBa, MIs YHCENBHOTO MOAETIOBAHHS
IIPOCTOPOBOTO  HAIPYKEHO-Ie(QOPMOBAHOTO CTaHY BHKOPHCTAaHO HAIiBAHATITUYHHN MeETOJ
ckinuennx enementie (HMCE). IToka3zaHo, 110 BEMMYUHU J0JATKOBOTO PECYpCy MOXKYTh CYTTEBO
BIAIPI3HATHCH AJIS PI3HUX 00 €KTIB 1 YMOB HaBaHTAXKCHHS.

Kai4oBi cjoBa: mMoB3yd4icTh, LUKJIIYHE HABAHTAXKCHHS, MOUIKOKCHICTh, KOHTHHYaJIbHE
pyliHyBaHHS, pecypc, HPOCTOpOBa 3ajada, HaliBaHAMITHYHUNA METOJ CKIHYCHHHX CJIEMCHTIB
(HMCE).
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baowcenos B.A., ['vasp A.H., Iuckynos C.O.
ONPEAEJIEHUE JONOJIHUTEJIBHOI'O PECYPCA NPOCTPAHCTBEHHBIX
3JEMEHTOB KOHCTPYKIUI B YMOBAX KOHTUHY AJIbHOT'O PA3PYIIIEHUS

IpencTaBieHa MeTOAMKA MOJIEIMPOBAHUS IIPOLIECCOB KOHTHHYAILHOTO Pa3pyIIEHUs] KPYrOBBIX
N TPU3MATHUECKHX Tel CIOKHOH (OPMBI B  YCIOBHSAX JUINTEIBHOIO CTaTUYECKOrO U
MHOTOLMIKJIOBOT'O HATPY)KEHUSI ¥ Pe3yJIbTaThl ONPEIeIeHNUs JOMOIHUTEIFHOIO pecypca (BpeMeH!
pocTta 30HBI KOHTHHYAJIbHOrO paspyuieHus). Jlius onucaHus IHporecca KOHTHHYaJIbHOTIO
paspylleHUs] UCIOJIb30BaH CKAJSIPHBIA mapamerp nospexjaaemoctd KauanoaPaGorHoBa, [uis
YHUCIEHHOTO MOJEIHPOBAHUS HMPOCTPAHCTBEHHOIO HAINPSHKEHHO-1e(DOPMUPOBAHHOIO COCTOSHHS
HCIOJIb30BAaH IIONyaHATUTHYSCKHH MeToj KoHeuHbIX syeMentoB (IIMKD). Iloxazano, uto
BEJIMUMHBI JOMOJHUTENIBHOIO PECypca MOI'YT CYLIECTBEHHO OTIMYAThCS JJISI Pa3HBIX OOBEKTOB U
YCIIOBUI Harpy:KeHHUsl.

KaroueBble  cjoBa:  Moi3ydecTb,  LUKIMUECKOE  HarpykeHue,  MOBPEKIAEMOCTb,
KOHTHHYaJIbHOE pa3pylIeHHe, Pecypc, MPOCTPaHCTBEHHAs 3ajaya, MOJyaHAJUTUYECKHHA MeTo[
KoHewHbIX dreMenToB (IIMKD).



