BUCOKI TEXHOJIOTTI B MAILIMHOBY IYBAHHI

8PAXYBAHHSL Yb02O (haKmopa 30iTbuye Mpusaicmos pooim Ha Micsayi. 3a napamempudnozo 3a0anHs 3MIHA PO3PAXYHKOBUX
oobnacmeti NPOBOOUMbCS NPAKMUYHO MUMMEBO. Y pobomi Ha 0cHO8i 6308020 iHCMpyMeHmapito meopii R-gyuxyiu i yunino-
PpUHHUX, chepuyHUX, enincoidatbHUX, KOHYCOIOATbHUX ONOPHUX (PYHKYIU noOYO008ano bazamonapamempuyne pieHIHHI NoGep-
XHI Makema Kocmiunozo kopabasi muny «Cowoz-Anonion». Pao onopuux @ynkyiti 6y8 HOpManizoeanull 3a 3a2aibHoro Gopmy-
JI010, WO 0A0 MOJICTUBICTING NPOLTIOCMPY8AMU HOBULL NIOXIO 00 N00Y006U MPUBUMIDHUX DIBHAHL NOBEPXOHL 3A0AHOT MOBUJUHU.

Knrouoei cnosa: R-gpynxyii, 6yxeeni napamempu, cmanOapmHi npUMImueu, makem xocmiynozo xkopaousi «Corosz-

Anonnoun».
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Introduction

Operation of structures in high temperature conditions and aggressive environments leads to such phe-
nomena as corrosion and material damage. Corrosion leads to a reduction in structural cross-section and, con-
sequently, an increase in stresses. As to material damage, namely, the appearance of micro-cracks and voids
resulting from inelastic creep strain, it leads to a deterioration of physical characteristics (for example, the elas-
tic modulus) and a sharp decrease in the stress values at which structural failure occurs. The first kinetic models
of changes in material damage were proposed by L. M. Kachanov [1, 2] and Yu. N. Rabotnov [3]. In the first
model, a change in material damage is characterized by a continuity parameter, varying from 1 in the initial
state to 0 at the moment of structural failure. In the second model, the damage value ®, varying from O to 1, is
taken to be a variable parameter. Other modifications of Yu. N. Rabotnov’s model are considered, for example,
in J. Lemaitre’s and J. L. Chaboche’s works [4, 5]. Using the principle of "separability” and introducing the
parameter of normalized time, depending on stress, the above models (in the case of one-dimensional tensile
stresses) were modernized in V. P. Golub’s work [6]. A new approach to determining structural damage is il-
lustrated by static and cyclic loads. An original damage model was also proposed by L. A. Sosnovsky and
S. S. Shcherbakov [7]. A review of studies in this direction was carried out in [8, 9].

The problems of optimizing structures operated in conditions of material damage are the subjects of the
works of A. Kostyuk [10], M. Reitman [11], V. Prager [12], Yu. Nemirovsky [13, 14], M. Zhichkovsky [15], etc.
The optimization of structural elements under corrosion conditions is considered in [16-20].

This paper is a continuation of the research in the field of optimal design of structures operating in
high temperature conditions, aggressive environment, etc. that contribute to the appearance therein of corro-
sion and material damage (a similar problem, on the example of the optimization of bendable rectangular-
section elements, is presented in [20]).

It discusses the optimization of the lengthwise thickness of flanges of a bendable I-section element,
using the same principle of equal damage as in [20]. It is assumed that the flange width and the web height of
an I-beam are fixed. Since, during bending, mainly I-beam flanges work (their moment of inertia is 85% of
the moment of inertia of the entire cross-section), the beam web is not taken into account in the calculation.

Problem Formulation

As the equation of corrosion, V. M. Dolinsky’ model [21] is < : {
adopted, taking into account the influence of the stress state on the 0, b —
corrosion wear of a structure (Fig. 1) *é Hi2

(=]
B o+ Blo - o 7 Y
dt n H2
where o and B are constant coefficients; s, and s are the initial and cur- g P
rent thicknesses of I-section element flanges; 0,,,x are the maximum L
stresses in the current cross-section. B=const

It is assumed that the upper and lower faces of the cross-
section are subject to corrosion, and to the same extent (by taking the | Fig. I. Cross-section of a bendable I-
maximum stress modulo), as evidenced by coefficient 2 in (1). section element

As the kinetic equation describing the change (from O to 1) of the material damage parameter ®,
Yu. N. Rabotnov’s model [3] is adopted (as in [20])

b,

do Goux )

—=a | =, )
dt 1-®

where a, and bk are constants.

When determining stresses in an I-beam, both the effect of creep and the factor of high temperatures
are taken into account. The law of creep is adopted in the form [3]

E=A0", 3)
where 4, and n are constant values at a given temperature.

With n=1, we obtain the distribution of stresses in the elastic element, with n — oo, in the element of
perfectly plastic material. In practice, the value of n usually does not exceed 12.
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Taking into account the hypothesis of flat cross-sections € = xz , from (3) we find
o=kt =k(iz)"", @)

where k =1/A;"; x is the rate of change of the curvature of the neutral layer.
We write the expression for the bending moment in a cross-section x for an arbitrary time moment ¢

H,+S \1/n
M(0)=[z0dA=k(x)"" 2B [*"/"dz KO oBlH, + s - ],
5 2+1/n
where H,=H/2.
This yields
Un M(2+1/n)
(1) =— 2+1/n 2+ in ]
2B|(H, + 5" —H "
Substituting this expression into (4), for z=H,+s, we have
3 M(2+l/n)(Hn+s)“" . Mm 5)
max 241/n  yr2+l/n| " 2+1/n ’
2Bl(Hn+S) Hn J 2B (Hn+s)2— Hn y
(H,+s)"

where m=2+1/n.
Since at high temperatures the quantity n>3, it is correct to make the following simplifications in ex-
pression (5):

2+1/n 2+1/n
Hn - Hn 2

= =H
(Hn + S)l/n Hrll/n n

s

(H,+s)—H2=2H,s+s*=2H,s.
Finally, we get
Mm

Cux = . 6
"™ 4BH,s ©
In this case, equations (1) and (2) (with account taken of (6)) have the form
ds =2 o+ BM_m , (7
dt 4BH s
Mm
dm 4BH s
—=aq L 8
d | 1-® ®)

Solving Equations of Corrosion and Material Damage
Due to the independence of the corrosion process, as in [20], we first solve equation (7).
Separate the variables in equation (7) and integrate both sides

s ds T
— 1 - t
J. BMm OLJ. a,
+— 0
4BH ,os,
where T'is the lifetime of the structure.
After integration, we have
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BMm
S+ ———
BMm 4BH 0.
In BMm
4BH o 5, +
4BH 0

s,—Ss+ =20T . )

To solve equation (8), we separate the variables and, substituting the expression dt from (7), we inte-
grate both sides
by s

1
I(l—m)bkdm= L _ a"(MmJ j ds, : (10)
! bt 2004BH, ) 5 (|, Bam

4BH ,0is,

Optimization Problem. General case
In the general case, the optimization problem is presented as follows. As an objective function, the
volume V of the structure is chosen. The vector of the variable parameters of a bendable I-beam is taken to

be X ={H 0> By» So }T . The goal of the optimization problem is to find the optimal construction vector X op

for which
V—min, ®(x) <1,
where the structure volume is

L
v:szO(x) B, (x) s, (x) dx . (11)
0

This problem of nonlinear mathematical programming can be solved, for example, using the random
search algorithm [22]. In short, the algorithm for this solution is as follows. Given arbitrary (within specified
limits) values of Hy and B,, according to the methodology below, the optimal flange lengthwise-thickness
values so(x) are found. After that, using formula (11), the structure volume is found and another attempt is
made to specify new H, and B, parameters, in this case, with finding the corresponding (optimal) sy(x) val-
ues. The beam volume is again determined, etc. The procedure is repeated until the optimal parameters /1,
and B,, are found, giving the minimum volume of the structure.

Optimization Problem. Special case

Let us dwell on an optimization sub-problem. It is assumed that the flange width and the web height
of an I-section element are fixed (as shown in Fig. 1). The optimization of the lengthwise thickness of
flanges of the bendable I-section element is considered using the obtained solutions of equations of corrosion
and material damage. By virtue of the assumptions made, two equations (9) and (10) with two unknowns s
and s, are obtained. Solving them together for each fixed value of x, from the principle of equal damage at
the final moment of the structure's life (for @=1), the optimal distribution of the lengthwise thickness of
flanges of the bendable I-section element sp(x), which gives the minimum mass of the structure, is deter-
mined. The last statement is true due to the dependence

L L
V= jA(x)dx = 2Bj s (x)dx . (12)
0 0
Special Solution Cases

The obtained integral expression of metal damage (10), as in [20], can be simplified in two particular
cases. So, for bk:2 we have

L BMm_
8BBH, 4BH o5
=In .
3a,Mm 1+ pMm
4BH ,dis,

Hence,
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s,BMm
= 4BH 0. (13)
8BH, BMm 8BH,
s,lexp——"—1|+ exp
3a,Mm 4BH o 3a,Mm
For b,=3 we get
BMm
2B*BH, BMm (1 1 *T4BH o s
L= —— |-In—F-""—+Inh—. (14)
Mmoa, 4BH,o\s s, s 4+ pMm s,
’ 4BH o
As an example, consider the optimization of a cantilever beam with a force 4
P at the end (Fig. 2). In this case, M=Px. Proceeding to dimensionless quantities, *
2 2 P
denoting T*ZSTBHnOL E=x/L. S=4BHn(x s 0:4soBHnOc’ Co 8BBH, ’ ) I \
BPLm BPLm BPLm 3a, PLm
2 Fig. 2. Design diagram
= % , we have the following transformations of equations (9), (13) and (14): of the beam
k
s+&
SO—S+?';lns +§=T*, (15)
0
= Si% , (16)
c c
So(exp—1J+§exp
g g
peg Lo L] g1 S*+8 ey S (17)
S S, Sy +¢& So

Let us first dwell on the solution to the problem in the case of b =2.

Substituting the expression for the value of S (16) into (15), we obtain a transcendental equation with
one unknown Sy. Given 0<E<I, its solution is found using the random search algorithm [22].
In the case of bk:3, combining equations (15) and (17), we have

1 1 S
D+T, =8 ——— |+&ln—+S,-S . 18
(1-L)egnt s "

0 0
Since 0<S/SO<1, we can use the following expansion:

S 2
oW
mo S _p|A20
So 2
Substituting it into (18), after simple transformations, we obtain the third-degree equation:

S*+51S*+nS+r=0,

So

2
where rlz%—mo, r,=2D,S21E+2ES, +383—2821E, 1, =—2ES;, D,=D+T..

We find its solution by applying the Cardano formula to its reduced form

y3+py+q:0,
3, -1 2
where y=S+1r/3, p:%, g= 2’"; _”1;2 .
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it D, =(p/3f +(q/2F >0, then y=u+v, where u=3-g/2+D, , v=3/-q/2-D .

If D, <0, then y:23\/7005((p/3), where r=+—p’/27, cos@=—q/2r.

After the dependence between S, and S is found, given 0<E<1, we solve equation (18), as in the pre-
vious case, using the random search method. As a result, in both cases (for »,=2 and 5,=3), we have the op-
timal values of the thickness of flanges of the I-section element of a cantilever beam of minimum weight
(with account taken of (12)).

Numerical Results
As a numerical illustration, we consider the following calculation options: for =2, a) T* =1, Da=0.5,

and b) T#,=0.8, D,=0.4; for b,=3, ¢) T*=1, D,=0.375 and d) T*,=0.8, D,,=0.3. We conditionally assume that
options b and d correspond to an elastic element (n=1, m=6), and options a and ¢ correspond to an element of

perfectly plastic material(n— oo; m=4). There- s, 5.
fore, T*,/T*,=D/D,=T% /T* =D, /D,. = &
The selection of the coefficients D, 25 . b
with respect to the coefficients D in the corre- 2 L-u%% o5
sponding options can be carried out as follows. 15 %‘?&&;‘ —_——  d
Since D,/D=3/4*PB/a, taking P/a=1, we have el
D=0.75D. | oy
The optimal values of the initial thick- B I ’3’3$:==3 e gl
ness of cantilever [-beam flanges Sy(§) as well 1 09 08 07 06 05 04 03 02 0.1 ;O e
as at the moment of destruction S«(&) for all
options are shown in Fig. 3. Fig. 3. Optimization results for I-beam element flanges
Conclusions

The problem of optimum design of bendable I-section elements, used in conditions of corrosion and
material damage, has been posed and solved.

From the results obtained (Fig. 3), it is seen that in all optimal projects, S7{(0)=0 and So(0)=T*. The
first equality indicates that there is no overspending of the material in the cross-section with a zero stress. In
turn, the inequality to zero, Sy(0), is explained by the fact that corrosion also acts in the unstressed section,
and its value follows directly from equation (14) with S;=0 and £—0.

Comparing the optimal projects a and c, respectively, with projects b and d, we can conclude that
taking into account creep gives an increase in the initial thickness of flanges of the cantilever I-beam, in this
case, by an average of 12% with an increase in the stress value at which fracture occurs, as evidenced by the
parameter S7(&).

In conclusion, it should be noted that the proposed approach to solving the problems of optimal de-
sign of structures operating under conditions of corrosion and damage to the material can be used to solve
similar problems by applying both analytical solutions and numerical methods.

References

1. Kachanov, L. M. (1974). Osnovy mekhaniki razrusheniya [Fundamentals of fracture mechanics]. Moscow:
Nauka, 308 p. (in Russian).

2. Kachanov, L. M. (1985). O vremeni razrusheniya v usloviyakh polzuchesti [On the time of fracture under creep
conditions]. Izv. AN SSSR. Otd. tekhn. nauk — Proceedings of the USSR Academy of Sciences. Department of
Technical Sciences, no. 8, pp. 26-31 (in Russian).

3. Rabotnov, Yu. N. (1966). Polzuchest elementov konstruktsiy [Creep of structural elements]. Moscow: Nauka,
752 p. (in Russian).

4. Lemaitre, J. (1984). How to use damage mechanics. Nuclear Engineering and Design, vol. 80, iss. 2, pp. 233-245.
https://doi.org/10.1016/0029-5493(84)90169-9.

5. Chaboche, J.-L. (1981). Continuous damage mechanics — a tool to describe phenomena before crack initiation.
Nuclear Engineering and Design, vol. 64, iss. 2, pp. 233-247. https://doi.org/10.1016/0029-5493(81)90007-8.

6. Golub, V. P. (1996). Non-linear one-dimensional continuum damage theory. International Journal of Mechani-
cal Sciences, vol. 38, iss. 10, pp. 1139-1150. https://doi.org/10.1016/0020-7403(95)00106-9.

ISSN 0131-2928. Journal of Mechanical Engineering, 2020, vol. 23, no. 3 65



BUCOKI TEXHOJIOTTI B MAILIMHOBY IYBAHHI

7. Sosnovskiy, L. A. & Shcherbakov, S. S. (2011). Kontseptsii povrezhdennosti materialov [Concepts of material
damage]. Vestnik TNTU — Scientific journal of TNTU, Special Issue (1), pp. 14-23 (in Russian).

8. Travin, V. Yu. (2014). Otsenka povrezhdennosti materiala pri raschete prochnosti i dolgovechnosti elementov kor-
pusnykh konstruktsiy [Assessment of material damage in calculating the strength and durability of elements of hull
structures]. Izv. Tul. un-ta. Tekhn. nauki — Izvestiya Tula State University. Series: Technical science, iss. 10, part 1,
pp- 128-132 (in Russian).

9. Volegov, P. S., Gribov, D. S., & Trusov, P. V. (2017). Damage and fracture: Classical continuum theories.
Physical Mesomechanics, vol. 20, iss. 2, pp. 157-173. https://doi.org/10.1134/S1029959917020060.

10. Kostyuk, A. G. (1953). Opredeleniye profilya vrashchayushchegosya diska v usloviyakh polzuchesti [Determina-
tion of the profile of a rotating disk under creep conditions]. Prikl. matematika i mekhanika — Journal of Applied
Mathematics and Mechanics, vol. 17, iss. 5, pp. 615-618 (in Russian).

11.Reitman, M. I. (1967). Theory of the optimum design of plastics structures with allowance for the time factor.
Polymer Mechanics, vol. 3, iss. 2, pp. 243-244. https://doi.org/10.1007/BF00858872.

12. Prager, W. (1968). Optimal structural design for given stiffness in stationary creep. Journal of Applied Mathe-
matics and Physics (ZAMP), vol. 19, iss. 2, pp. 252-256. https://doi.org/10.1007/BF01601470.

13. Nemirovskii, Yu. V. (1971). Design of optimum disks in relation to creep. Strength of Materials, vol. 3, iss. 8,
pp. 891-894. https://doi.org/10.1007/BF01527642.

14. Nemirovsky, Yu. V. (2014). Creep of clamped plates with different reinforcement structures. J. Appl. Mechanics
and Techn. Physics, vol. 55, pp. 147-153. https://doi.org/10.1134/S0021894414010179.

15. Zyczkowski, M. (1971). Optimal structural design in theology. Journal of Applied Mechanics, vol. 38, iss. 1, pp. 39-46.
https://doi.org/10.1115/1.3408764.

16. Pochtman, Yu. M. & Fridman, M. M. (1997). Metody rascheta nadezhnosti i optimalnogo proyektirovaniya kon-
struktsiy, funktsioniruyushchikh v ekstremalnykh usloviyakh [Methods for calculating the reliability and optimal de-
sign of structures operating in extreme conditions]. Dnepropetrovsk: Nauka i obrazovaniye, 134 p. (in Russian).

17. Fridman, M. M. & Zyczkowski, M. (2001). Structural optimization of elastic columns under stress corrosion conditions.
Structural and Multidisciplinary Optimization, vol. 21, iss. 3, pp. 218-228. https://doi.org/10.1007/s001580050186.

18. Fridman, M. M. & Elishakoff, I. (2015). Design of bars in tension or compression exposed to a corrosive envi-
ronment. Ocean Systems Engineering, vol. 5, iss. 1, pp. 21-30. https://doi.org/10.12989/0se.2015.5.1.021.

19. Fridman, M. M. (2016). Optimalnoye proyektirovaniye trubchatykh sterzhnevykh konstruktsiy, podverzhennykh
korrozii [Optimal design of tubular bar structures subject to corrosion]. Problemy mashinostroyeniya — Journal
of Mechanical Engineering, vol. 19, no. 3, pp. 37-42 (in Russian). https://doi.org/10.15407/pmach2016.03.037.

20. Fridman, M. M. (2019). Optimal Design of Bending Elements in Conditions of Corrosion and Material Damage.
Journal of Mechanical Engineering, vol. 22, no. 3, pp. 63—69. https://doi.org/10.15407/pmach2019.03.063.

21. Dolinskii, V. M. (1967). Calculations on loaded tubes exposed to corrosion. Chemical and Petroleum Engineering,
vol. 3, iss. 2, pp. 96-97. https://doi.org/10.1007/BF01150056.

22. Gurvich, I. B., Zakharchenko, B. G., & Pochtman, Yu. M. (1979). Randomized algorithm to solve problems of
nonlinear programming. Izvestiya Akademii nauk SSSR. Tekhnicheskaya kibernetika — Bulletin of the USSR
Academy of Sciences. Engineering Cybernetics, no. 5, pp. 15-17 (in Russian).

Received 10 March 2020

OnTumizanis 3ruHHUX eJIEMEHTIB JBOTABPOBOIO Nepepisy
B YMOBAX KOPO3il i MOIIKOIkeHHSI MaTepiaay

M. M. ®pigman

KpuBopi3bkuii Metanypriitauii incTutyT HarionanbHoi MetanypriitHoi akagemii YKpainy,
50006, Ykpaina, [lainporeTpoBchka 00:1., M. Kpusnii Pir, Byn. Crenana Tineru, 5

Excnnyamayis koncmpykyiii 8 yMo8ax 8UCoKoi memnepamypu i azpecusHozo cepedosuiya npu3eo0ums 00 noasu 8
HUX MAKUX A6UlY, K KOPO3is i NOWKOOJNCeHICmb Mamepiany. B pezynomami Kopo3ii 3MeHuyemvbcs nepepisz KOHCmpyKyii, i,
5K HACTIOOK, 8 Hill 30inbuyomuscs Hanpysicenus. LLlo cmocyembcsa nowKoOxiceHHs Mmamepiany, a came, Nosagu 8 HbOMY MiK-
pompiwun i NOPoICHeY, 8 pe3yIbmami HenpyicHoi depopmayii (nog3yyocmi), mo 60Ha NPU3BOOUMb 00 NOSIPueHHs Pizuy-
HUX XapaKxmepucmux (Hanpuxiao, Mooyis NPY#CHOCMI) i Pi3K020 3HUNCEHHS 8eIUYUH HANPYIHCEHb, 3d AKUX 8i00Y8aEmbCA
PYUHYy8anHa KOHcmpyKyii. [lana poboma € npoooexceHHAM 00CNiOHCeHHs 8 00ACmi ONMUMATIbHO20 NPOEKMYBAHHSL KOHC-
MPYKYitl, Wo npayroioms 8 yMoeax, AKi CHpusAoms NoAasi 8 HUX KOpPo3ii i NOWKOONCeH s Mamepiany (8uUcoka memnepamypa,
aepecuste cepeoosuwye i m.o.). Ilonepeous poboma 6 yiti obnacmi 6y1a NPUCEIUeHa ONMUMI3AYIT 32UHHUX eeMEeHMI8 Npsi-
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MOKymHo20 nepepizy. ¥ yii cmammi po3eniaoaemvcs, ORMuMI3ayis moguuHY NOaUYb 32UHHO20 080MABPOBO20 Nepepisy No
11020 Q0BIICUMHI, BUKOPUCTIOBYEMBCS TMOU Jice NPUHYUN PIGHONOWKOOIHCEHOCMI, SIKUIL 0)6 3ACMOCO8aHUL N0 Yac OnmuMisa-
Yii' 32UHHUX eNleMeHmi6 NPAMOKYMHO20 nepepisy. Tlputivaemvcs, wo wupuHa nOIUYsb i GUCOMaA CMIHOK eeMeHma 080mas-
Posoeo nepepizy @ikcosai. OCKinbKu nio yac eueuHy NPayoOms, 8 0CHOGHOMY, NOJIKU 080maepa (ix momenm inepyii 00csi-
eae 85% 6i0 momenmy iHepyii 6cbo2o nepepizy), mo 1020 CMiHKa 68 pO3PAXYHKY He bepembcs 00 yeazu. AK pieHsHHs KOpOo3il
nputimaemscsi mooenv B. M. JlonunceKkoeo, wo 8paxogye 6nau HanpylceHb Ha KOPO3IHULL 3HOC KOHCMPYKYil. Ax Kinemuy-
He DIGHAHHA, WO ONUCYE 3MIHY NOWKOOJICeHHs mamepiany, nputimacmucsi modens 0. M. Pabommnosa, Oe sk 3minioganuil
napamemp RpUHAMA GeIUUUHA NOWKOOJCeHHs, wjo 8apitoembcs 6i0 0 0o 1. Kpumepiem onmumansHocmi npuiiMaemocs
MIHIMYM Macu KoHempykyii. Hanpukinyi pobomu HagedeHo aneopumm po3e’si3anHs OLibul NosHoI 3adaui onmumizayii na-
pamempig 32UHHUX efeMeHmi8 080Maspogoco nepepizy, a came, GUCOMU CMIHKU | WUPUHU NOJUYL, 3 BUKOPUCMAHHAM
OMPUMAHUX AHATIMUYHUX BUPA3IG, WO BUSHAYAIOMb ONMUMATLHUL PO3NOOLT MOBWUHU NOJUYL NO O0BICUHT KOHCIPYKYI.

Knrouosi cnosa: kopo3sis, noukoOdceHicms Mmamepiany, onmumizayis.
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