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IN ROD ELEMENTS OF CORRODING STRUCTURES

Abstract. The paper considers the problem of polynomial approximation of the "force - time" de-
pendencies in the elements of corroding hinged-rod structures from the point of view of the in-
fluence of the degree of the polynomial on the error in calculating their durability. A method for
determining the coefficients of approximating polynomials is proposed, which is based on the
use of a numerical-analytical algorithm for solving a system of differential equations describing
the corrosion process. The results of numerical experiments are presented, illustrating for various
constructions the dependence of the error in solving the problem on the degree of approximating
polynomials.
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Problem statement. Many structural elements of machines and units, primar-
ily those used in the chemical and mechanical industries, are exposed during opera-
tions to the process environment that are corrosive to metal. This leads to its corro-
sive wear — the destruction of the subsurface layer of the metal, a change in the ini-
tial geometric characteristics of the structure, a decrease in the bearing capacity and,
as a result, premature, often emergency, failure of the structural element. In the
general case of corrosion interaction mechanical stresses accelerate the corrosion
process.

The system of differential equations (SDE), which describes the corrosion proc-

ess taking into account the influence of mechanical stresses, has the form:

%:VO'q)(O-j(g)); 5i|t:0:0; i=1L,K. (1)

Here 0, - is the depth of corrosion damage (damage parameter); v, — is the cor-

rosion rate in the absence of stress; @ - is the known stress function; t — is time; K
— the number of damage parameters that uniquely determine the shape and dimen-
sions of the structural element (SDE dimension).
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To calculate the stresses that are included in the right parts of the SDE (1), a
system of equations of mechanics is used: equations of equilibrium and compatibil-
ity of deformations, Cauchy relations and physical relations (for elastic bodies —
Hooke’s law). Since the stress functions on the right side of (1) have the form of
computational algorithm, only a numerical solution of system is possible (1).

When solving the problem of optimal design of corroding structures, the calcu-
lation of constraint functions (CF) involves the calculation of the stress state of the
structure at a given point in time, taking into account the corrosion process occur-
ring in it. The scheme for solving the optimization problem is a two-loop scheme
(Fig. 1), where OF - is the module for calculating the objective function, CF - is the
module for calculating the constraint function, SDE - is the module for solving the
system of differential equations, SSS - is the module for solving the problem of me-
chanics, NLP - is the module for solving the problem of optimal design.
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Figure 1 — Scheme for solving the optimization problem

The presence of feedback significantly increases the computational cost of
solving the optimization problem and increases its sensitivity to errors that arise
when calculating the constraint function.

Consider the error problem, which always arises when the parameter is the
numerical solution of system (1) does not change in the process of solving the opti-
mization problem. Let us assume that for some vector of variable parameters (VVP)

X’ a numerical solution was obtained for the parameter h with an error &*, which is
in the neighborhood of its maximum allowable value&*®, set by customer:

e —¢ *‘ < §. For the new VVP x**' the error of the numerical solution &**', ob-

tained with the same parameter h, will differ from &°.
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Thus, the entire feasible set of solutions can be represented as the union of
three subsets:

D=DuD,UD,. (2)

Here D, - is a subset of solution whose error is higher than the maximum al-

lowable, so any solution from this subset cannot be considered satisfactory; D, — a

subset of solutions, the error of which is less than the maximum allowable; obtain-

ing any of these solutions is inefficient in terms of computational costs; D, — a sub-

set of solutions, the error of which lies in a certain neighborhood of the maximum
allowable; any solution from this subset is optimal in terms of the efficiency of the
numerical method.

Obviously, when using the traditional approach to solving the problem, the
cardinality of the subset D, is incomparably less, than that of the other two. The ra-

tio of the cardinalities of the subsets D, u D, depends on the choice of the parame-

ter of the numerical solution of the SDE (1).
Increasing the accuracy and efficiency of numerical methods for solving the
problems of calculating durability and optimal design of corroding structures in-

volves increasing the cardinality of a subset D, in the ideal case - to the cardinality

of the entire feasible set of solutions. To solve this problem, new approaches to
modeling the process of corrosion deformation are needed, using methods of com-
putational intelligence [1]. When building such models, the problem of polynomial
approximation becomes very relevant.

Analysis of recent research and publications. In [2], apparently for the first
time, an algorithm was proposed for controlling the accuracy of a numerical solution
of an SDE of the form (1) using neural networks (NNs). It assumed the presence of
several NNs, each of which made it possible to determine the parameter of the nu-
merical solution for a given vector of variable parameters for a specific value of the
error margin. Later, this algorithm was modified - is used a single NN, one of the in-
put values of which was the value of the error margin [3]. The disadvantage of these
algorithms was ignoring the change in internal forces in the elements of corroding
structures when obtaining a training sample, as a result of which the real value of
the error in solving the problem did not always coincide with the predicted one.

In [4], a correction functions method was proposed, in which the correction
function (the error of the approximate solution of the SDE) was approximated by a
neural network. Its input values were, among other things, the coefficients of the
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polynomial describing the change in time of internal forces in the elements of the
hinged rod structure. The polynomial coefficients were determined at the stage of
obtaining an approximate solution. Thus, the accuracy of solving the problem as a
whole depended on the accuracy of the polynomial approximation.

Research objective. This paper proposes a research of the influence of the de-
gree of polynomials approximating the dependence «force — time» in the elements of
corroding hinged-rod structures, and the method of constructing them on the accu-
racy of calculating durability.

Presentation of the research main material. The solution of the problem of
durability of a corroding hinged-rod structure (HRS) will be sought in the form:

t*(x,5.¢,h) = 1(x,5,¢)- ¢, (v,c,@) k=1K, (3)
where 7()_6, v, E) — approximate solution obtained with minimal computational
costs, @, ()7,5 72 ) — correction function, which is the error of the approximate solu-
tion; x — vector of variable construction parameters; y - vector of constant design

parameters; ¢ — vector of process environment parameters; & — vector of parame-
ters determined in the process of obtaining an approximate solution; h — parameter
of the numerical solution of the SDE; K — the number of correction functions re-
quired to solve the problem.

In our case & is a vector of polynomial coefficients approximating the depend-
ence of internal forces in the rod elements of the structure on time. It is obvious that
the degree of the approximating polynomial and the way it is constructed will sig-
nificantly affect the value of the correction function and the accuracy of solving the
problem as a whole. In this case, the values of the coefficients must be determined
when implementing the algorithm for obtaining an approximate solution to the du-
rability problem.

To obtain an approximate solution, it is proposed to use a numerical-analytical
method for solving SDEs of the form (1), which is quite fully described in [5].

For the corroding element of the HRC, an analytical formula is known that al-
lows you to determine the time during which the stress in it increases from o, to o

at a constant value of axial force Q:

. _, _ 2kO 2a6 - P, 1A
t* ., =1 —v0-|d| arctg—|d| + arctg |d| , 4)
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Here A,, F, - area and perimeter of the section at the initial moment of time;

*

k - coefficient of influence of stress on corrosion rate; #, = —; a - section shape
\%
0

factor; c =4, + kQ; d = ‘POZ —4ac|, (d#0); 5 — depth of corrosion wear cor-

responding to the limit state of the element.

In well-known numerical-analytical algorithms, it is proposed to use a uniform

o|l-o
step by stress Ao = []—0 = const (Fig. 2), and the corresponding value At de-
n
termine by formula (4).
It is obvious that the accuracy of the numerical-analytical algorithm will de-

pend on the number of splitting points of the interval (0'0 ; [G]).

A 5-rod statically indeterminate HRC was taken as a model design (Fig. 3). The
parameters of the HRC and the process environment were assumed to be known: L =
200 cm; E = 2,1x10° MPa; [o] = 240 MPa; v, = 0,1 cm/year, k = 0,003 MPa '; external
load value P = 250 kN.
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Figure 2 — Graphic illustration of the method Figure 3 — Design scheme HRC

All rods had sections corresponding to standard shaped profiles (channel, I-
beam, equal and unequal angles) of various standard sizes. Numerical experiments
were carried out with various parameters of the rods, which were chosen randomly.
For each option, a reference solution of the durability problem was obtained. In this
case, system (1) was solved numerically using the Runge-Kutta method of the 2nd
order of accuracy. The numerical solution parameter was taken equal to

At =0,005-¢%*,
where *=min{t*, t*,, t*;, t*,, t*;} — element durability value calculated from

the formula (4) and determining the durability of the structure as a whole. Internal
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forces and stresses in HRC elements were determined by the finite element method
(FEM).

Two HRCs were selected for further research, differing only in the parameters
of the rod elements. Their durability was determined by the durability of the ele-
ments: element (2), working in compression (construction (A), ¢ ,* = 2,688 year), and
anemeHTOM element (3), working in tension (construction (B), 7,*=2,126 year).
Changes in internal forces over time in these elements are shown in Fig. 4 (solid and
dashed lines, respectively). For clarity, the values of time and force are given in di-

mensionless quantities:

T = r . Q _ Q_Qo
= o YT (5)
t Qt - QO
Here 0, = Q‘t:O; 0, = Q‘t:t* .
The choice of structures was determined by the nature of the changes in the
forces. For construction (A) function graph O, (t) has points of maximum and in-
flection; for construction (B) it is a smooth curve. Obviously, the polynomial ap-

proximation O, (t) is a more difficult problem than the approximation Q, (t)
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Figure 4 — Change in internal forces over time

Formula (4) makes it possible to obtain an exact solution of the durability prob-
lem only in the case when the internal forces in the rod elements of the structure
remain constant throughout the entire period of its operation, i.e. for a statically de-
fined construct. On the other hand, if the element number is known m, the durability
of which determines the durability of the structure as a whole, and the law of change
in the force in it, then the solution of a single differential equation of the form:
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@VO@[ 0,(1) ]

dt A —P°5 + 45>

will coincide with the solution of the system (1).

(6)

Let approximate the dependence Q,, (l‘) by a polynomial of degree n:

Qm(f)=Pn(t)=kfak i (7)
=0

To determine the coefficients of the polynomial, information is needed on the
stress-strain state of the HRC at (n+1) nodal points, including the initial time t = 0.
The application of the numerical-analytical method will make it possible to obtain

ab approximate solution ?()_c, v, E) with minimal computational costs (the number

of calls to the FEM procedure is determined by the order of the polynomial (7)) and,
at the same time, determine the number of the element that determines the durabil-
ity of the structure and the values of the polynomial coefficients.

Thus, the method for calculating the coefficients of polynomial (7) is deter-
mined by the method of obtaining an approximate solution. Next, it is necessary to
determine the degree of the polynomial, which provides the required accuracy of the
calculation.

When obtaining reference solutions to the durability problem, tabular values of
the functions Q, (t) and Q, (t) were obtained. We will use these functions in the

numerical solution of the differential equation (6). In this case, the results will coin-
cide with the corresponding reference solutions of the durability problem for struc-
tures (A) and (B). If approximating polynomials (7) are used in the numerical solu-
tion of (6), then the divergence between the results will depend only on their degree.
As a criterion for the quality of the polynomial approximation, we take the relative
error of the numerical solution (6) using (7).

Some research results are shown in the Table. 1.

Table 1

Construction (A) Construction (B)

P(¢) t,*=2,688 year t5*=2,126 year
t,,years E,% t,,years E,%
2 2.871 6,809 2.215 4,191
3 2.775 3,244 2.148 1,032
4 2.727 1,434 2.239 0,533
5 2.713 0,922 2.209 0,391
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As follows from the above results, an increase in the degree of approximating
polynomials does not lead to a significant increase in the accuracy of calculations.

Conclusions. The study made it possible to substantiate the parameters of
polynomial approximation when using the method of correction functions for solv-
ing problems of durability and optimal design of corroding hinge-rod systems. Since
the correction functions are neural networks, the presence of several matrices of
synaptic weights obtained for polynomials of different degrees will allow you to con-
trol the accuracy of calculating the constraint functions in the process of solving the
optimization problem. This approach is consistent with the strategy of the sliding
tolerance method and can significantly reduce computational costs.
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ZocnionceHHs noniHomianbHoi anpokcumauii 3ycune
8 cImepcHeBUX eJleMeHMax KopooyloUuux KOHCmpyKuiti

V pobomi po3sznsdaemocs npobiema noJaiHOMIANBHOI anpokcuMayii 3anexcHocmeti
«3YCULIL — 4ac» 8 eNleMeHMax UWlApHipHO-CMmepHcHe8UX KOHCMPYKYill 3 mouku 30py
8NJIUBY CMyneMsl NOJIHOMY Ha NOXUOKY o0uucieHHs ix doszosiuHocmi. IIpoyec Kopo3ii 6
KOHCMPYKYIX ONUCYEMBCS CUCMEMOK OupepeHUIliHUX PiBHSIHD i3 8PAXYBAHHAM MEXAHI-
UHUX HANPYMHEHb, IKA MOxce Oymu po38’13aHa MinbKu 3 8UKOPUCMAHHIM UUCEIbHUX
memodie. Aneopumm po36’si3aHHs 3a0aui ONMUMAaibHO020 NPOEKMYBAHHS KOPOOYUUX
KOHCMpYKUiil sumazae oduucneHHs GyHKUiti oOmexceHn, ki nepedbauaroms 00UUCTEHHS
HANpyxceHozo cmaHy KOHCMPYKYii 8 nesHutli momeHm uacy. HaseHicms 380pOmH020
38’93Ky 8 daHomy anzopummi 30i1bULyE 00UUCNIOBANbHI uMpamu ma yymaugicmes 0o
noxu6ok. OcmaHHi 00CNiOHCeHHS NPONOHYIOMb BUKOPUCMAHHSL HEUPOHHUX Mepexc O0Js
KOHMPOJII0 MOUHOCMI YUCeIbHUX PO38°A3Ki8 cucmem dugepeHyiliHuX pieHsIHb, 00HAK Ui
anzopummu i2zHopyms 3MiHy 8HYMPIUIHIX 3YCUIb Y KOpoOyouux KoHcmpykuisx. ITi3Hiwe
0y8 3anponoHo8aHuli memood KopuzyeaivHux (yHKyiti, de KopuzysaivHa GyHKkuis 6yna
anpoxcuMo8aHa HetipoHHOK Mepexcero 3 BUKOPUCMAHHIM KoeiyieHmie nosiHoma, siKull
oOnucye 3MiHU BHYmMpiwHix 3ycunv 3 uacom. Koegiuienmu noniiHoMy 6U3Hauaiucs Ha
emani OMpuMaHHs HabJIUMEH020 PO38°3KY, MAKUM YUHOM MOUYHICMb P038°a3KY 3adaui
8 YiziomMy 3anexaia 8id mouHocmi noniHoMianvHoi anpoxkcumauii. Memorw pobomu € do-
CNLiO}HEeHHSt 8NJIUBY CMYyNeHsl NOJIIHOMI8, SIKI AnNpPOKCUMYHOMb 3AJNEHCHICMb «3YCUMLISL —
uac» 8 eJleMeHmax Kopooyruux KOHCmMpYKuitl, ma cnocody ix ompumaHHs Ha MoOYHicCmMo
obuucneHHs 008208iuHOCMI. B pobomi 3anponoHo8aHo cnocib 8usHaueHHs KoepiyicHmis
anpoKCuMyouux noJliHOMI8, SIKUllL TPYHMYEMbCI HA BUKOPUCMAHHI  YUCENbHO-
AHANIMUYH020 A120pummy p038’sI3aHHs cucmemu JugepeHyitiHux pigHIHb, U0 ONUCY-
toms Kopo3itiHuii npoyec. HagedeHo pe3yibmamu uuceIbHUX eKChepumMeHmis, wo inoc-
mpyroms 0 pi3HUX KOHCMPYKUITi 3aiexcHicmb noXubKu po3e’sa3Ky 3adaui 8i0 cmyneHs
anpokcumyouux noyiHomis. HasedeHuti nioxio y32001#yemubcs 3i cmpamezier Hexcopcm-
K020 0onycKy i d0360J15€ Cymmeao 3HU3UMU 00UUCII08ANIbHI BUMpamu.
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3enennoB JIMmutpo 'ereMOHOBMY — TOKTOp TEXHIUHMX HAYK, Mpodecop, 3aBigyBayd
Kadenpi iHpopmaluiiiHux cucteMm, YKpaiHChbKUIT dep>kaBHUI XiMiKO-TeXHOIOTTUHMI1
YHiBepCcuTeT.

BpuukoBcbkuit Osekcit IMuUuTpoBuUY — aciipadT Kadeapu iHbopmalliitHUX cuc-

TeM, YKpPalHCbKUIA IepsKaBHUI XiMiKO-TeXHOJIOTiUHUI YHIBEepCUTET.
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