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Anomauia. Ha cb0200HiwHill Oetb 8i03HAYAIOMbCA 3HAUHI 00CACHEHHA ) chepi, Wo 8IOHOCAMbCA 00 aHA-
N3y PIZHUX Munie 0espadayiinux npoyecis, siKi NpomiKaroms y MexHiuHux eleMenmax ma cucmemax. Y
Oinbuiocmi 00CIONCEHb KOJCEH 13 Npoyecié po3enaddembcs OKpeMo, a KOMNJIEKCHA OYIHKA 6NJUBY YCiX
dezpadayitinux npoyecie Ha KiHyege 3HAUeHHs 3ATUUKOBO20 PecypCy 0OMeNHCYEMbCSL YPAaXy8aHHAM 00HO20
OOMIHYIOH020 Npoyecy, mozo, Wo POo36UBAEMbCS HAUIHMEHCUSHIWE, 8i00M020 Y meopii HAOTUHOCMI SIK
«caabka namnkay. Bukopucmanns yboco memody 6Hocums 3HAUHI CNPOUEHHSL 8 3A2ANbHY KAPMUHY 0ezpa-
Odayii' i cnpuse HAOMIPHOCMI Y KIHYeBOMY NPOSHO3I, WO € HENPULIHAMHUM ) CUCHEMAX KPUMUYHO20 3ACMO-
cysamus. Y cmammi 3anponoHo8ano nioxio, sxuil y OOCMYNHIU THICEHePHItl (hopmi 003607€ nposecmu
HEOOXIOHI pO3PaxyHKu OJis OYIHKU 3ATUIUKOBO20 Pecypcy 8Upody, w0 OOHOYACHO 3HAXOOUMbCS N0 6NU-
60M KLIbKOX 0e2padayiliHux npoyecis i3 pisHOW YACMKOI Y4acmi ma 3MIHHUM MeMNnepamypHumM HA8aH-
maoicenusim. Lletl Memoo IpyHmyemvca Ha OOUUCTIEHHI cepednboi weuoKocmi ma xKoegiyicuma eapiayii
y3aeanbHeHo020 npoyecy dezpadayii. Pospaxymnxu euxonyiomvcst 3a 00nOMO2010 UMOGIPHICHO-I3UUHO20
nioxody, 8 pamKax K020 Jelcumv IMOGIpHICHA MoOelb V eueisiol Ou@ysitiHoco MOHOMOHHOZ0 PO3NOOIiLy
8iomos (DM-po3nodiny). Po3nodin npedcmasieno 3 3aiyyeHHsIM MaAPKOBCbKO20 UNAOKOB020 Npoyecy Ou-
Qy3itinoco0 muny 3 NOCMIHON0 WEUOKICIO, U0 HALENHCHUM YUHOM A0ANMY€ i 8UPIGHIOE OAHI NO CIMAMUC-
muyi 6i0mMo6 y mexaniunux 06’ exmax. I1i0 6niueom Oekinbkox npoyecie oeepadayii snepuie UKOPUCTNAHO
HOpMAni3ayiro GUXIOHUX OAHUX Ma IHopMayiio npo 00I0 KONHCHO20 3 KOMNOHEHMIB Y 3a2albHOMY Npoyeci
Oezpaodayii. 3acmocysants yb0o2o nioxody 00360JA€ DibUL MOUHO BUSHAYUMU 3ATUUKOBUL Pecypc 8UPody
V NOPIGHSHHI 3 OYIHKOIO, OMPUMAHOIO NPU YPAXYE8AHHI MITbKU 00HO20 OOMIHYIOH020 npoyecy 0ecpadauyii.
Llemanizoeana oyinka 3anuKk08020 pecypcy, AKY OMpPUMAHO NICAS YIMOYHEHb, CHPUSE 3HUMCEHHIO eKCHILY-
amayiiHux eumpam depes OnMmuMi3ayiro iIHMepeaie Mise MexHiuHUM 00CIY208Y8AHHAM MA 6CMAHOBIEH-
HIO PeanbH020 MEPMIHY CIYHCOU 00 €KMi8 00CIIONCEHHSL.

Knrouosi cnosa: timosipuicno-¢ghizuunuii nioxio, DM-posnodin, yzaeanvhenuil npoyec oe2padayii, 4acmxo-
8ULL BNIUB, 3ATTUUIKOBULL peCcypC.

Abstract. As of today, significant progress has been observed in the field related to the analysis of various
types of degradation processes occurring in technical elements and systems. In most studies, each of these
processes is examined individually, and the comprehensive assessment of the impact of all degradation
processes on the final residual life value is limited by considering a single dominant process — the one
that develops most intensively, known in reliability theory as «the weakest link». Applying this method
simplifies the overall degradation profile significantly and contributes to an overestimation in the final
prediction which is unacceptable in critical application systems. The article proposes an approach that, in
an accessible engineering form, allows for the necessary calculations to assess the residual life of a prod-
uct that is simultaneously under the influence of multiple degradation processes with varying degrees of
participation and temperature loads. This approach relies on calculating the mean rate and coefficient of
variation for the generalized degradation process. The calculations are conducted employing a probabilis-
tic-physical approach, within which lies a probability model in the form of a diffusion monotonic failure
distribution (DM-distribution). This distribution is presented with the involvement of a Markov diffusion-
type random process with a constant speed which properly adapts and aligns statistical failure data of
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mechanical objects. Being influenced by multiple degradation processes, the normalization of the initial
data and information regarding the proportions of each of the components in the general degradation
process has been used for the first time. The application of this approach allows for a more accurate esti-
mation of the product’s residual life compared to the estimation obtained by considering only one domi-
nant degradation process. The detailed assessment of the residual life, which is obtained after refinements,
contributes to reducing operational costs through the optimization of technical maintenance intervals and
establishing the actual service life of the researched objects.

Keywords: probabilistic-physical approach, DM-distribution, generalized degradation process, partial
influence, residual life.
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1. Problem statement

A significant number of scientific articles are focused on predicting the residual life of technical
systems. These articles are based on the study of how various degradation processes influence the
lifespan of the systems under investigation (electronic, electromechanical, and mechanical).

Note 1. Depending on the level of detail, a system can be represented as either an individ-
ual element or as a combination of elements assembled into devices and device complexes.

When developing resource expenditure models based on acquired statistical data, depend-
encies between resource parameters and operational time are determined, along with the proposal
of various methods for forecasting the dominant degradation process trend that affects the studied
object [1]. In some studies, so-called multifactor models have been developed. However, their
drawback lies in the complexity of implementation and their limited object-oriented focus, which
restricts their applicability to all categories of technical systems. As time progresses, a demand
will emerge for a multifactor model that allows considering the impact of several concurrent re-
source degradation processes, collectively leading the system towards a failure state.

In order to consider the impact of multiple influencing factors on the system, the follow-
ing is suggested:

— to determine failure criteria;

— to assess the impact of each aspect;

— to define the starting quantitative parameters for each of the influencing variables;

— to establish limit values for each influencing factor;

— to develop a universal mathematical tool that takes into account the specifics of failure
physics for each system class.

When constructing multifactor models, it is a common practice to utilize dependencies
among several key parameters or characteristics of influencing factors, with their impact speci-
fied by establishing weight coefficients.

A series of approaches [2—4], extensively explained in [5], are based on allowable stresses
and represent calculations of safety margins (for mechanical systems) to secure conformity with
the established safety criterion. The basis for the calculations is the formulas for fracture stress
assessment, considering multiple detrimental factors affecting the system but not considering the
random nature of the failure physical processes themselves.

In those works where probabilistic and semi-probabilistic methods [6] are involved, au-
thors also emphasize a predominant negative influencing factor. To account for the entire spec-
trum of influences, it is proposed to perform multiple calculations and select the most pessimistic
forecast.

Considering the above-mentioned disadvantages of single and multifactor resource as-
sessment models, the aim of this article is to create a probabilistic-physical calculation approach
that allows for considering the impact of multiple independent degradation processes concurrent-
ly affecting the studied technical system.
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2. Main part
2.1. Description of a complex product degradation process

During operation, every technical product or system experiences the impact of m independent
degradation processes, occurring at a constant rate a;.

The determination of parameters for the generalized product degradation process is con-
ducted as follows. The average rate of the generalized degradation process is calculated as

- [z} |

where |R| is the vector-function module of the defining parameter for the generalized degradation
process which is calculated as follows:

N N
|R|:(Z;aft2J :t[z;afJ .
j= j=

Thus, the average rate of the generalized degradation process is calculated by the formula

m Y2
:[Zaf} . (1)

The constituent degradation processes are random, while a monotonic diffusion distribu-
tion can represent the generalized process of degradation (DM-distribution) with scale parameters
a and shape Vv [7]. The credible estimation of V is represented by the coefficient of variation V
for the generalized degradation process.

Estimating the shape parameter becomes achievable when taking into account the inde-

pendence of the degradation process components with parameters V; :

m Y2
b
=== . )

a

Vv

An estimate for the diffusion distribution shape parameter v is obtained by substituting the
expression for the rate of the generalized degradation process (1) into equation (2)

= 2,2 v
Zvjaj
_\i=

V=
m , Y2
>
=

To formulate a formalized model for the product’s generalized degradation process, it is
crucial to grasp the connection between the degradation rates for each j -th process and the mean

rate of the generalized degradation process. Given that the degradation process of the product is
homogeneous and its components are independent, the expression for the mean rate of the gener-
alized degradation process during normal operation can be expressed as follows:

m Y2
%{Za&] : “)
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where @,; is the rate of the j-th degradation process under operating conditions at temperature
t,, °C; a, is the rate of the generalized degradation process under operating conditions at temper-

ature t; ,°C.

Statement. When the generalized degradation process is homogeneous, and its constitu-
ents i and k are not correlated, then the ratio of degradation process rates is directly proportion-
al to the ratio of failure rates (p,) for each of them:

a. )
S _ Poi (5)
aOk pOk

In practice, the values a,; are often unknown, and the only information available about
the degradation process rates is their fractional participation p,; in the generalized degradation

process.
Indeed, considering (4) and (5), the expression for a,; can be written as follows:

8y Py
By = 2 (6)
j=L
By substituting (6) in (3), we get
1/2 12
1] @ v2.a2 p2. m v2 p2.
Vy = vy = | 3 Yoifi Py S Yoo | )

m = m

) j=1 2 j=1 2
2. 2P,
= =

Expressions (4) and (7) enable parameter estimation for the diffusion distribution (DN or
DM) describing the generalized product degradation process under normal operating conditions
(index o) when assessing its residual life.

Note 2. Further on, values can be acquired for any temperature conditions (index 1) using
the expressions (4) and (7) if the activation energy values of the constituent degradation processes
E, are known.

Let p; denote the failure rate for the j-th degradation process in accelerated (forced)

mode, distinct from the operating condition at temperature T,. Due to the fact that degradation

processes under consideration have different activation energies when transitioning to accelerated
mode with higher temperatures, there is a redistribution of failure rates for each process or the so-
called transformation of the Pareto chart. Furthermore, the connection between p,; and p;; in

this case is described by the expression

__PoiKiyy
i m
D PoiKoy;
=

where K, (; stands for forcing/acceleration) is the acceleration coefficient for the degradation

Py ) 8)

rate of the j-th process when transitioning from t, to t,.
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The relationship between the degradation rates of constituent processes in operating and
accelerated modes is determined by expressions of the following kind:

Ay =a; Ky ©)
For example, for three constituent processes
a; =ayKy,
a, =y, Ky,
a3 =Ky

For processes that have no thermal component, as well as for random processes unrelated
to physical processes (resulting in failures classified as «miscellaneous»), the coefficient K,; is

assumed to be equal to one. For other thermally activated processes, Ky,; is calculated using the

E.i(1 1
K :eXp{?J(T__T_H’ (10)
o N

where K is the Boltzmann constant: 8,6173-10° eV (Electronvolt) K™ (Kelvin); E, is the acti-

formula

vation energy, eV; T, and T, are absolute products temperatures, respectively, in the operating

and accelerated modes (7= t°C+273).
For example, it is assumed that there is one dominant degradation process in the product
with an activation energy of E, =0.8€V. The operating temperature is t; = +60 °C, and the ac-

celerated mode temperature is t, =+170 °C. Calculating the temperature values in absolute units
looks as follows:

T, =t, +273 =333 %K (+60°C),
T, =t,+273 =443 °K (+170°C).

Determining the expected acceleration factor is carried out in the following way:

Ky =exp| =2 -2 || —exp L_s(i_ij ~1014.8626.
K\T, T, 8.6173-10~ \ 333 443

Fig. 1 shows, as an example, a Pareto chart for a product, where at t,=55°C, there are
four degradation processes with their corresponding characteristics:

{Ea1=0.46; V01=1.1; po1=0.60},
{Ea2=0.70; V02=0.7; po2=0.15},
{Ea3=0.70; V03=0.6; po3s=0.10},

{Eas =0; V0s=1.0; pos=0.15}.
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6% Py to=+40°C V;=1,07

0,6 - E,=0,46

0.5 Ve=1,1

0,4 4 E.=0,0

0,3 - 5::2; £=0.7 v°=1'o

0,2 - X V=0,6

0,1 -

sl B .
1 2 3 4
Degradation process type

Figure 1 — Initial Pareto chart for t, = +40°C

Fig. 2 demonstrates the transformed Pareto chart. The transformation was based on (7),
(8), (10), and (11) starting from the normal operating temperature t, = +40 °C to the elevated (ac-
celerated mode) temperature of t =+125°C. It becomes apparent that with an increase in tem-
perature to +125 °C, there is a shift in dominance between the first and second degradation pro-
cesses. In the operating mode, the process with an activation energy of E, =0.46eV dominated,

resulting in 60% of failures. In testing mode, the impact of the first process decreased to 26%,
while the impact of the second process increased to 43%.

Py t4=+125°C V,4=0,78
0.5 E,=0,7
V=07
0,4 {E,=0,46 E,=0,7
V=11 V,=0,6
0,3 4
0,2 4
E,=0,0
0!1 3 V°=1.0
0 - T T T 1
1 2 3 4
Degradation process type

Figure 2 — Transformed Pareto chart at the accelerated temperature mode of t, = +125°C

Note 3. The variation coefficient of product time-to-failure V is a dimensionless value,
and from the probabilistic-physical approach perspective, characterizes the generalized degrada-
tion process degree of variability. The coefficient of variation can also indicate the stability and
consistency of the constituent degradation processes occurring in the product. A quantitative vari-
ability measure, the coefficient of variation, holds significant theoretical and economic im-
portance.
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The Pareto chart transformation enables the evaluation of the variation coefficient for the
generalized degradation process under any accelerated mode.

In the example mentioned earlier, redistributing the failure proportions among the constit-
uent degradation processes leads to a change in the variation coefficient of the generalized degra-
dation process in the accelerated mode.

For example, assuming the hypothesis of equal variation coefficients for constituent deg-
radation processes in operating and accelerated modes, we get the following:

1/2 1/2

m y2 n2 m 2 A2
Vo=y=| S il s TPy g 7g, (11)
N N

i1 i1

Thus, when the thermal load changes, a phenomenon of shifting dominance between deg-
radation processes with different activation energies may occur, reflected in a significant altera-
tion of the fractional contribution values for constituent degradation processes in the generalized
degradation process.

To consider this phenomenon, an expression has been derived that enables the calculation
of fractional contributions of constituent degradation processes (8) in any temperature-accelerated
mode, which forms the basis for the Pareto chart transformation. It is apparent that in the acceler-
ated mode at a temperature of t =+125°C, a shift in dominance occurs among the constituent

degradation processes, towards those with higher activation energies.

2.2. Determining the residual life in case of a complex degradation process

When the defining parameter of a product’s degradation process changes monotonically with a
constant average speed, then, according to the adopted reliability model, the average residual life
is calculated using the formula [7, 8]

_ 2
. (P.ima P) (“V?j’ 02

where B,

value of the defining parameter at the operating time t

is the maximum allowable value of the determining parameter; P, is the measured

: V 1s the coefficient of variation for the

ot °
degradation process.

Let’s consider a complicated degradation process, like the one in a pipeline that has two
degradation processes occurring simultaneously.

Example 1. Erosion-corrosion wear

After 23 years in service, let’s estimate the residual life of a straight section of the pipeline. A
total of 60 similar sections, all produced and put into operation in the same year, were subjected
to the study. Measurements were conducted for pipes with a diameter of D =530 mm and a nom-
inal wall thickness of S, =28mm. During the operational period of time t; =23 years, the

measured wall thickness of the examined section was S, = 24 mm, with a minimum permissible
normative value of S =19.5 mm.

Calculating the residual life value in relative units of the initial data. For this purpose, we
will normalize the data relative to the pipe wall thickness S, =28mm:

P

lim

=S, —S, =28-19.5=8.5mm,
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B=S,,—S =28-24=4mm,

Xlim _Xl — PIim _ P1 _ PIim 'Snom _Pl'Snom _ 238112 =45,
Snom Snom Snom 28
2 2
714+ 21935 906,
2
_ Pl_PO _ I:,1'Snom_p0'snom
tot Snom 'tot

If Po =0, then a, =R, /t,, =4/23=0.174 mm/year,
v1=0.35 (average value from Table 1),

v _ X=X, _ 45
a, 0.174

7=Y-7Z=2586-1.06=27.4 years.

=25.86,

Table 1 — The coefficient of variation values for the main degradation (fracture) processes [8]

Type of degradation Coefticient of variation
(degradation process) for the degradation process
Mechanochemical wear 0.20 — 0.50

Example 2. Fatigue wear (crack formation)

After 23 years in service, let’s estimate the residual life of a straight section of the pipeline. A
total of 60 similar sections (the same ones from the previous example), all produced and put into
operation at the same year, were subjected to the study. Measurements were conducted for pipes

with a diameter of D =530mm and a nominal wall thickness of S, =28 mm. During the opera-
tional period of time t,, = 23 years, the measured crack opening width in the examined section’s

wall was R, =2mm, with a maximum permissible value of R, =4 mm.
Calculating the residual life value in relative units of the initial data:

Piim = Riim = 4 mm,
P;=R;=2mm,
v2=0.51 (average value from Table 2).

Let’s normalize the data in relation to the thickness of the pipe wall S, , =28 mm:

X. —X. = I:)Iim _ P1 :Plim'Snom_Pl'Snom:4'28_2'28:2.0
T S Swom Soom 28 ’
Z =l+£=1+ 051 =1.13,

2
_Pl_PO_Pl'Snom_PO'Snom
. Ly B Snom'tot

If Po=0, then az = P1/tot = 2/23=0.087 mm/year,

ISSN 1028-9763. Maremarnuni Mamuau i cucremu. 2024. Ne 2 133



Y:XIim_Xl 2

= = 2
a, 0.087

z,=Y+Z=23-1.13=26 years.

Table 2 — The coefficient of variation values for operating times and degradation process types
for typical thermomechanical equipment objects [§]

Primary types of
degradation (failures)
Aging, volumetric fatigue of
Pipelines welded joints and 0.40-0.70
base metal

Object name Coefficient of variation

Example 3. Case of simultaneous occurrence of two degradation processes

The same 60 analogous pipeline sections, all produced in the same year, were subjected to the
study after t, = 23 years of operation (the initial data is similar to examples 1 and 2). The pipes

have a nominal wall thickness of S, =28mm.

1. Erosion-corrosion wear. During the operational period of time t,, the measured wall

ot >
thickness of the examined section was S; =24 mm, with a minimum permissible normative value
of S, =19.5mm.

2. Fatigue wear (crack formation). During the operational period of time t,, the measured
crack opening width in the examined section’s wall was R, =2 mm, with a maximum permissi-

ble value of R, =4 mm.

3. Using data from the previous example, we introduce the following notations consider-
ing operating modes. According to the pipeline operation results in normal mode, it was found
that the proportion of failures induced by the initial degradation process (erosion-corrosion wear)
represents p,, of the total failures, while the second degradation process (fatigue wear) accounts

lim

for p,, failures, for example, p,, =0.8 and p,, =0.2. In this case P, + Py, =1.

4. During the operational period of time #, the average operating fluid temperature was
t, =50 °C.

Let’s calculate the residual life of a straight pipeline section upon transitioning to an ele-
vated operating fluid temperature of t, =70 °C.

Solution. For further calculations, we will use the previously obtained values of
8, =0.174 and a,, =0.087, which were derived from normalized input data in relative units.

Calculating the coefficient of variation for the generalized degradation process using
equation (7) for v,, =0.35 and v,, =0.51:

1/2

- ivf?,-péj _(035%-08 0517:02°)" _ .
4 0.8°+0.2° 0.8°+0.2° T

2
Poj
=1

j

Calculating the average degradation rate:
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1/

m y2
3 :[Zang :(0.1742 +O.0872) * ~0.194mm/ year,

2 2
z =1+‘% ~1+ 239 _1 065,
Normalizing the initial data with respect to S, , =28 mm and making calculations:
Xiimy = Fims _8:5_ 0.304,
- S, 28
Xiima = fima _ 4 _ 0.143.
“ S 28

nom
Normalization of data allows us to calculate the average () value:

Xiima = (Xiim.1 + Xiim2)/2 = (0.304 + 0.143)/2 = 0.224,

n=aa 20 543,
t S 28
X,, =2 =20 _0071.
? S 28

nom

Calculating the average () value:

Xra = (X111 + X12)/2 =(0.143 + 0.071)/2 = 0.107,

I:)ima Pa
XIim.a _Xl.a :SI—'_SL’

(Xlim,a — Xl,a) : Snom = Plim,a — Pl,a = (0224 — 0107) - 28 =3.276.

Calculating the average residual life value:

# (Plim.a — Pl.a) 7= 3.276

3

-1.065=17.98 years.
a, 0.194

Note 4. An increase in the working fluid temperature significantly reduces the pipeline's
residual life, as it intensifies both degradation processes simultaneously.

This can be illustrated with the following example. The acceleration coefficients will be
determined by performing calculations as the pipeline transitions from the normal operating mode

to the accelerated one:
E..
Ky =exp| —* 1 1 :
KI\T, T

To=1°C+ 273 =50 + 273 = 323°K;
T1=t°C+273 =70+ 273 = 343°K;

Ea1 = 0.3 eV which is the activation energy of the first degradation process (erosion-corrosion
wear);

E.>2= 0.5 eV which is the activation energy of the second degradation process (fatigue wear);
K=8.6173-10°eV-K;
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Kty =exp E£i_£j =exp 0.3 ( L L j =1.8747,

KT, 1] | 8.6173-10°° 50+273 70+273 |
Ky, =€Xp Epil 1 =Eexp 0.5 5( 1 ! j =2.8503.
KT, T, )] 1 8.6173-107\50+273 70+273) ]

Calculating degradation rates of each degradation process in the accelerated mode:
an = aoKpnr =0.174 - 1.8747=0.326,
a2 = aop2Kp2=0.087 - 2.8503=0.2479.

Calculating failure proportions for each degradation process during the transition to the
accelerated operating mode:

_ Poi Ky
i .
> P Ky

=t

P K1 0.8-1.8747
Py =— = =0.7
(0.8-1.8747)+(0.2-2.8503)
D PoiKyy
=

Py

245

Pk 0.2-2.8503

, =— = =0.2754 .
(0,8-1.8747) +(0.2-2.8503)
z Poi K
=1

Py

Determining the coefficient of variation for the generalized degradation process under the
temperature-accelerated operational conditions:

1/2

=0.3739.

i Veiby | J 035°-0.7245° 051 -0.2754’
R 02 0.7245% +0.2754*  0.7245% +0.2754°
= K
Calculating the average rate of the pipeline’s generalized degradation process in the accel-
erated operating mode:

w2
3, =(Zaﬁ} =/0.3262 +0.2479% =0.4095.
=1

Calculating: Z=1+(v/°/ 2)=1+(0.3739% / 2)=1.07.
Calculating average residual life value considering variable operating modes:
(Xiima — X1.2) * Snom=Plima — P1a=(0.224-0.107) - 28=3.276 (See the previous example),
N (5 3.276

7, =~ma_ Ra) 7 - —8.56 years.
a, 0.4005
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3. Conclusions

All the methods presented in the article for assessing residual life and based on studying the dy-
namics of a single determining (resource) parameter (T1=27.4 years and m=26 years) yielded
results of a similar order of magnitude. The most adequate method should be considered the one
that takes into account the simultaneous occurrence of several (two) degradation processes in the
product (73 =17.98 years). The method involving the assessment of 73 leads to the most reliable
result, based on the most general considerations that require no proof, and is recommended in
cases where there is initial data on the degradation processes occurring in the product.

The paper also introduces a new method that, based on the known fractional contribution
of constituent degradation processes in normal operating mode, enables the assessment of diffu-
sion distribution parameters in accelerated mode. Based on these parameters, it enables correct
calculations of the product's residual life at elevated operating temperatures (74=8.56 years).
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