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Anomauia. Cmamms npucesiuena supiuleHH npooaemu 8UHAYEHHA 3aTUUKOBO20 pecypcy mpybonpogo-
018. OCHOBHUM HE2AMUBHUM YUHHUKOM, WO OOCTIONCYEMbCSL A 6NAUBAE HA PECYPC eKCHIYamayii, 00paHo
epO3IlUHI-KOPO3IUHI  HOWKO0OJCeHHs. 30Kpema, epositiHO-KOPO3iliHe NOWKOOMNCEHH MUny 6upaskogol
«NIMMUH2080I KOPO3iiy, Wo € 0OHUM i3 HAUOIIbW CepUO3HUX Ma NowupeHux udie xoposii. Lle asuwe
MOdice Npu3Becmu 00 CYMMEBO20 3HUNCEHHS PeCypCy eKCHIyamayii mexHivHux o6 'ekmie ma niosuuyenHs
sUmMpam Ha ix 00CIY208Y8aHHs, PEMOHM MA 3AMIHY. 34 UIHAYATLHUL NAPAMEMD 0OPAHO 3ATUUKO8Y MO-
BUUHY CMIHKU mpyou. [ 8UKOHAHHA OYIHKU 00 EKMUBHO20 MEXHIYHO20 CMAHY Ma NPOSHO3YBAHHSA 3a-
JUWKOBO20 pecypcy 6KA3AHUX KOHCMPYKYIU, 3 8i0CYMHOCMI 3HAYHOI CIAMUCMUKY 8I10M08, BUKOPUCTO-
8YEMbCS UMOGIDHICHO-(Ii3uuHUl NIOXI0. B 0CHOBI nidx00y wo0o OyiHKU 008208IMHOCIE KOHCIPYKYIl Jie-
AHCUMB IMOBIPHICHA MoOdenb i3 3acmocyeanusim DM-po3nodiny éiomos. Lleii po3nodin cneyianvho ¢hopma-
JII308AHULL HA OCHOBI MAPKOBCLKO20 UNAOKOB020 Hpoyecy Oughy3itinoco muny 3 nOCMIitiHOW WEUOKICIIO.
DM-po3nodin natibinbi mouHo 6UPIEHIOE CMAMMUCIMUYHE OAHT NPO 8IOMOBU MEXAHIYHUX 00 €KMIB, AKUMU €
mpyobonposoou pizHo2o npusHavenHs. [yoce yinno, wo napamempu Mooeni, KA SUKOPUCTNOBYEMbCH,
Mawomy y C80ill OCHOGI (PI3UUHY iHmMepnpemayi, wo 00380158€ OYIHIO8AMU NAPAMEMPU MOOEI 8 YMOBAX
gidcymHocmi cmamucmuky 8iomos. B ocnosi ananizy nexcams 08a Knowosi napamempu: cepeoHs ueuo-
KICMb 3MIHU SUSHAYANBHO20 NAPAMempa — Kpumepiio npaye30amuocmi ma koegiyicum sapiayii’ y3aeaiv-
HeHoeo npoyecy dezpadayii. Y pobomi nagedeno npuxiao, y KoMy 6CMAaHOBIEHO UMOGIPHICHO-Qi3udHUM
MemoOOM 3ANUWKOBULL pecypc OLIAHKU mpyoonpoeody. Ompumari npu po3paxyHKax pe3yibmamu nopie-
HIOIOMbCAL 3 Pe3yIbmamamil, sIKi OMpUMaHoO THWUM MPAOUYitiHUM MemoooM. YMoOuHeHHs OYIHKY 3a1ull-
K0B020 pecypcy OLIsiHKY mpyoonpoeody 003801UmMb ONMUMIZYEAMU eKCHIYAMAYiiHi 6Umpamu 3a paxyHox
3MEHUIEHHA MIJICDEMOHMHUX ITHIMEPBais.

Knrouoei cnosa: 3anuukosutl pecypc, Mooeiv HAOIUHOCHI, Mpyoonposoou.

Abstract. The article is devoted to solving the problem of determining the residual resource of pipelines.
Erosion and corrosion damage was selected as the main negative factor that is being investigated and
affects the service life. In particular, it is the erosion-corrosion damage of the “pitting corrosion” type
which is one of the most serious and widespread types of corrosion that can cause a significant shortening
of the service life of technical objects and an increase in the cost of their maintenance, repair, and re-
placement. The residual thickness of the pipeline wall was chosen as the defining parameter. In case there
are no significant failure statistics, a probabilistic-physical approach is used to assess the objective tech-
nical condition and predict the residual resource of the specified structures. The approach to durability
assessment is based on a probabilistic model and uses the DM failure distribution that is specially formal-
ized on the basis of a Markov random process of the diffusion type with a constant rate. The DM distribu-
tion most accurately aligns statistical data on failures of mechanical objects, which are pipelines for vari-
ous purposes. It is very valuable that the parameters of the used model are based on a physical interpreta-
tion, which allows for estimating the parameters of the model when there are no failure statistics.
The analysis is based on two key parameters: the average rate of change of the defining parameter change
(the performance criterion) and the coefficient of variation of the generalized degradation process.
The paper provides an example in which the residual resource of a pipeline section is determined with the
help of the probabilistic-physical method. The results obtained during the calculations are compared with
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the results obtained by another traditional method. Refining the assessment of the residual resource of the
pipeline section will allow for optimizing the operating costs by reducing the intervals between repairs.
Keywords: residual resource, reliability model, pipelines.
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1. Introduction

When assessing the residual life of pipelines with erosion-corrosion wear (ECW), various meth-
ods are used and each of which has its advantages and disadvantages. Some methods are over-
simplified, others are intended mainly for assessing the service life of pipelines damaged by rela-
tively uniform corrosion, and others are extremely difficult for practical use. For the widespread
implementation, there is required a fairly simple, reliable and effective method for determining
the resource of pipelines, which takes into account the most common and dangerous damages like
superficial ulcerative defects. It can be developed on the basis of a calculation method for deter-
mining the residual strength of pipelines with local surface defects [1, 2].

The existing methods for studying the reliability of structures subject to ECW are often
deterministic, that is, they do not take into account the random nature of the degradation process,
or are based on strictly probabilistic failure models. As a result, there is a small correlation with
the results and real estimates of the residual life of structures. Such methods can only be used as
approximate calculations since they do not take into account the random nature and variability of
random degradation processes occurring in an object, which determines their low reliability in
predicting the residual resource. In our opinion, the problem of estimating the residual life of
pipelines during their long-term operation seems to be relevant within the framework of a proba-
bilistic-physical approach to estimating the durability of pipelines using a probabilistic model
(diffusion monotonic DM distribution of failures), the parameters of which have a physical inter-
pretation in the form of an average rate of change of the determining parameter (the validity crite-
rion) and the coefficient of variation of the generalized degradation process. The model assumes
that the ongoing degradation processes are stochastic, irreversible, and have monotonic realiza-
tions and a constant rate.

The aim of the article is to develop a method for assessing the residual resource of a pipe-
line section based on the results of studying the change over time of the defining (resource) pa-
rameter and establishing a relationship with the limit value.

2. Physics of failures in ECW conditions

The simplest scheme of corrosion damage (ulcers, cavities) is shown in Fig. 1 [2], where A is the
cross-sectional area of the corrosion damage, L is the length of the corrosion area, d is the depth
of corrosion, and t is the wall thickness.

Thus, the calculation of the residual life of a pipe with a surface defect (ulcers, cavities) is
based on two parameters of the defect and the mechanical characteristic of the material — the min-
imum vyield strength. Based on these parameters, the critical combination of the length and depth
of the defect, which can lead to failure, is calculated. A similar method is used to determine the
residual life of the pipeline [4]. In this case, the product of the depth and length of the corrosion
defect is taken as the criterion for the limiting state of the pipe (the boundary curve in Fig. 2).

To determine the resource, it is necessary to predict the behavior of a controlled defect in
time at a certain average speed, that is, it is necessary to predict the development of a defect both
in depth and in length (according to the plan). The average corrosion rate should be understood as
the average value at a point (pit) obtained in the case of performing several measurements.
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Figure 1 — Corrosion damage scheme used in Figure 2 — Classification of defects of the “pitting
strength analysis corrosion” type and sections of a pipeline affected

by pitting corrosion (Zone 1 — repair needed,
zone 2 — no repair needed, 1-8 — the numbers of
ulcerative defects)

Note 1. The practice of corrosion research [3] shows that the development of a corrosion
defect in width after formation and reaching certain dimensions is often significantly slowed
down (or it stops altogether) and is not as significant as development in depth.

It is not known exactly how fast the defect will develop in depth since it depends on many
factors, but for a rough estimate of the resource, one can proceed from the constancy of the aver-
age corrosion rate that contributed to the formation of a fixed ulcer [4, 5].

Knowing the depth of the ulcer, the process duration, and the maximum allowable thick-
ness of the metal “eaten” by corrosion until the critical depth of the pit is reached, you can find
the residual resource 7r (year) [2] using the formula

T,=%, ®
Pa

where t, is the permissible wall thickness for removal and p, is the average corrosion rate.

Example. For an ulcerative defect N 7 (Fig. 2) with the depth of 3 mm, the nominal pipe
wall thickness of 20 mm, the critical depth of the defect of 7,5 mm, and the average corrosion
rate at the time of detection of the ulcer of 1 mm/year, the estimated residual resource is

7,5-3

Tq =4,5year.

The corrosion rate in the pit can change over time, so to control it, it is advisable to make
additional measurements during the operation and correct it within the assigned resource. Such a
deterministic approach in determining the residual life of a product with surface pits (caverns) is
the simplest, but has a number of disadvantages described above. An alternative to this method is
the prediction of the state of an object in time using physical parameters and random functions —
a probabilistic-physical method.

3. Probabilistic-physical method of calculation

The authors propose to apply the method of predicting the residual life of products [4-7], which
is based on a probabilistic calculation of the change in the determining parameter of the degrada-
tion process using the DM distribution of a random variable.
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Let’s think it is possible to periodically measure the resource defining parameter ¢(z). It
is assumed that the limiting value of the defining parameter is known or specified ¢(t)=11,, .

During the operation, measurements of the determining parameter are carried out after a
certain period of time Ar.

As a result of the measurements, a series of non-decreasing values of the resource parame-
ter ¢(t) is obtained for certain moments of operating time:

(1)
o(t,) = (4, + Ar),
o(t,) = o(t,; +At),
o(t,..) = o, +Ar).

Note 2. The following discussion assumes the growth of the values of the determining pa-
rameter during the operation time.

In the general case, according to the measurement data, the average rate of change of the
determining parameter is calculated by one of the known methods, for example, by the formula

n

a= i 2l o)=Y @

Note 3. Roughly, the rate of the determin-
ing parameter change can also be defined from two
measurement points: from the beginning of the
operation t,=0 and the moment of the first meas-

urement of the determining parameter tl, where
At0 :tl _tO’ A¢1 = ¢(tl) _¢(t0) and n =1
As a theoretical reliability model, we accept
the distribution of time to failure since the destruc-
tion of this type of product is irreversible, and the
degradation processes are monotonous (Fig. 3).
The parametric form of the distribution en-

>t

L4 try is as follows:
Figure 3 — Model of a random process of
degradation (Markov monotonous process) at +TL —T1
and the scheme of time-to-failure F({t)=DM(t;a;v)=® , (3)
distribution (DM distribution) vyjat(IT, ~T1,)

where a is the average rate of the determining parameter change (increase in the depth of corro-
sion and thinning of the pipe wall), II; is the initial measured value of the determining parameter
(the corrosion depth), I1, is the maximum measured value of the determining parameter, and v

is the coefficient of variation of the corrosion depth growth process.

As a determining parameter, we take, for example, the depth of corrosion. The value of the
coefficient of variation of the change in the determining parameter can be chosen taking into ac-
count the recommendations [5] (Table 1).
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Table 1 — Values of coefficients of variation for various types of degradation processes

Type of degradation process Coefficient variation of factor
degradation

Corrosive wear:
—with a small unevenness of destruction 0,1-0,20
— with a significant unevenness of destruction 0,3-0,6

If the defining parameter of the product changes monotonously at a constant average
speed, then based on the accepted reliability model, the average residual life is calculated by the

formula
(| 2
T = —( "ma 1) (14‘ _‘/2 j y (4)

where IT, . is the limit value of the determining parameter (the validity criterion.) Average resid-

ual life 7 (4) is a mathematical expectation of the residual resource (operating time) after time =
(the moment of monitoring the technical condition of the object).
Gamma percent residual life is calculated by the formula

. y?
o= Wi Tl ag2p 1000 |, (5)
a 4

where U, is the quantile of the normalized level distribution y .

Gamma percent residual life 7, (5) is the operating time, starting from a certain point in

time z (the moment of monitoring the technical condition of the object) during which the object
that has worked without failure has the value of the conditional probability of failure-free opera-
tion equal to y . The expression in square brackets of formula (5) is the quantile of the DM distri-

bution of level .

Let’s consider the previous example of a pipeline in ECW and calculate the average re-
sidual life of the pipeline using the formula (4) where v =0,5.

2 2
= M(H %j = (7’51_ 3) (1 + 0’25 j =4,5(1+1,125)=9,6 year.
a

4. Conclusions

The developed method for calculating the remaining service life of pipelines with surface ulcer-
type corrosion defects allows for a significant refinement of the residual service life estimate,
resulting in substantial economic benefits through the optimization of preventive and capital
maintenance cycles.

The method can be further developed by expanding the scope of factors considered, spe-
cifically by accounting for wall thickness variations in specific pipeline segments, which can af-
fect the overall residual service life of the pipeline.

One of the limitations of the method is the lack of accounting for external factors such as
pressure, temperature, and environment, which can intensify or weaken the impact of corrosion.

Overall, the use of a probabilistic-physical method enables a more accurate assessment of
the remaining service life of a pipeline and facilitates the planning of necessary maintenance and
replacement measures.
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