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Abstract: The introduction of new technologies for diagnosing
underground metal pipelines with dangerous surface defects is a
practically important task. That is why studies aimed at improving
the methods of assessing the quality of deformed metal pipelines
and structural elements are necessary and relevant.

The evaluation of the effectiveness of engineering and
technological solutions for oil and gas enterprises needs
improvement. In this context, an important task is to solve the
problem of quality control (including durability) of gas and oil
transportation systems and the improvement of appropriate
metrological support.

Based on surface physics and fracture mechanics, development
of a methodological approach to assessing the quality and
resource of underground metal pipelines (UMP) of oil and gas
enterprises, taking into account the constructions strength,
corrosion fatigue, parameters of corrosion protection and
metrological support.

Results of processing of normative documents and scientific
works in the field of gas transportation enterprises, as well as
methods of surface physics, mechanics of deformed solid body,
fracture mechanics, qualimetry regarding the system “pipeline
(UMP) — coating”.

A new criterion for the strength of the surface of a metal
underground pipe is proposed, which characterizes the
peculiarities of bond fractures (adhesion) between the coating and
the metal.

Using the criterion of the strength of a metal tube with a defect
in the electrolyte, the dependence of the critical internal pressure
of the gas pipeline (UMP) on the geometric and energy (elastic
and plastic) parameters of the metal, as well as the current of the
anodic dissolution, which characterizes the features of the crack
propagation at the bottom of the corrosion cavern.

On the basis of surface physics and fracture mechanics
obtained, a methodology for evaluating the quality of
underground metal pipelines of oil and gas enterprises was
developed to determine their resource, taking into account
strength, corrosion fatigue, parameters of corrosion protection
and metrological support.
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I. INTRODUCTION

The assessment of the reliability of underground metal
pipelines (UMP) of oil and gas enterprises is of particular
interest during their operation in conditions of mechanical
loading and aggressive influence of soil electrolyte. Important
for UMP is the state of surface metal layers protected by
dielectric coatings. On the surface of the metal possible
defects (cavities, cracks).

In the process of complex analysis of stress-strain state
(SSS) UMP, it is expedient to take into account changes in
internal pressure and parameters that characterize the
interaction of metal with soil electrolyte in coating defects.

In conditions of economic development it is necessary to
provide reliable transport flows of gas, oil, chemical industry
products. The introduction of new technologies for
diagnosing UMP with dangerous defects is a practical task.
That is why research aimed at improving the technology for
assessing the quality of deformed metal pipelines and metal
structures is necessary and relevant.

Il. LITERATURE REVIEW AND PROBLEM
STATEMENT

The quality problem (in particular, strength) of the UMP is
related to the effectiveness of the methods for assessing the
SSS of the metal pipe, as well as the metrological
characteristics of the information-measuring systems (IMS),
in particular, the corresponding devices (polarization
potential meters (VPP, VPP-M with the determinant of
geographical coordinates GPS with memory and interface —
Fig. 1, Contactless Current Meter (BVS)) to determine the
characteristics of a corrosive environment [1-4].

Protective coatings and cathodic protection installations
(ICP) are used to protect the UMP from the destructive
influence of the soil electrolyte [1-5].

Simulation of corrosion processes in the gas pipeline,
taking into account mechanical and electrochemical
parameters of the state and energy characteristics of
phase-layer layers, can be carried out on the basis of the
mathematical relations of the article [6].
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The principles of diagnosing complex systems for oil and
gas companies, taking into account measures to optimize the
diagnostic value of research methods and risks, are presented
in [7].

Fig. 1. Digital instruments for measuring constant and
alternating electric voltages and determining the
polarization potential: (a) — VPP, (b) - VPP-M*

*Note: Pat. 52293 Ukraine, IPC (2009) G 01 V 3/00, C 23 F 13/00.
Device for determining the location and measurement of potential of
underground pipelines / R. Dzhala, B. Verbenets; applicant and
patent holder Karpenko Physico-mechanical Institute of the NAS
of Ukraine, Ukraine. — No. u2010 00756; stated. 26.01.2010; Positive
decision 08.06.2010; published Aug 25, 2010, Bul. No. 16.

However, the works [1-7] do not take into account the
criteria of strength and plasticity and the influence of
vibrations, which leads to a violation of the fatigue strength of
the metal pipeline, no results of metrological research of
diagnostic devices are presented. In work [8] an approximate
methodology for evaluating the resource of an underground
steel pipe is presented if the corrosion cavity extends from the
side of the soil (external corrosive environment). As a result
of the works [9, 10] using artificial neural networks (ANN), it
is advisable to analyze the currents and voltages obtained as a
result of the survey of the pipeline with non-destructive
control devices and to predict the resource of the gas pipeline
with a corrosion defect, taking into account the effect of
corrosion fatigue of the metal and the metrological aspects of
the measured information. The article [11] presents effective
modern methods for defect estimation in pipelines. But in
these articles [8-11] the influence of the external dielectric
coating and the features of the nonlinear nature of the
propagation of the corrosion defect in the direction of the
center of the underground metal pipe were not taken into
account.

From the above analysis of articles [1-11], it follows that
the justification of the resource (evaluation of the terms of
use) of UPM is due to the features of fatigue longevity [5] and
with the connection of the critical viscosity of the fracture of
the metal pipe with parameters that characterize the
dimensional effect strength [12]. The multi-vector method of
evaluating investment decisions on the problem [13, 14]
deserves attention, but it needs to be improved to evaluate the
effectiveness of engineering and technological solutions. In
this context, given the information [1-33], it is necessary to
solve an important problem of oil and gas enterprises, which
is related to the quality control (in particular, strength) of the
operation of gas and oil transportation systems and the
improvement of the corresponding metrological support.
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I1l. THE AIM AND OBJECTIVES OF THE STUDY

The aim of the work is to develop a methodological
approach to the assessment of the quality of UMP on the basis
of surface physics and fracture mechanics to determine the
resource of underground metal pipelines (UMP) of oil and gas
enterprises, taking into account strength, corrosion fatigue,
parameters of anticorrosion protection and metrological
support.

IV. FORMING THE TOOLSET FOR APPRAISE OF
THE STRENGTH OF THE UNDERGROUND METAL
PIPELINEWITH A DEFECT:
METHODOLOGICAL BACKGROUND

Consider the metal pipeline system (MP) — dielectric cover
(DC). In the first stage we describe the possibility of fracture
DC.

We consider an anticorrosive polymeric three-layer coating
on the basis of extruded polyethylene, which corresponds to
DSTU 4219-2003. The strength criterion for such a DC is
formulated as [15]:

6, —Cy +C,PJ)1, +C2(To)2 =0, 1)
where P(J) — function describing the shape of limit surface in
deviatoric plane; o,=1/3 — mean stress; 1,=(2J,/3)*° —
octahedral shear stress; I, — first invariant of the stress
tensor; J,, J; — second and third invariant of the stress
deviator, J=3./3J3/(2(J,)"°) — alternative invariant of the
stress deviator; «, 8, Cq, C1, C, — material constants, which
are set experimentally [15].

Between the coating and the metal there should be
sufficient adhesion. The energy of adhesion bonds 7.4 and its
change Ay depend on the energy characteristics of the
coating and metal [16, 17]. We formulate new aspects of the
strength criterion between metal and coating, taking into
account the results of the paper [16]:

Aym SAym*' AAid SAAid*’
Ao, A0, AYpg S AV sg. (2)

where Aoy, is a change in the interphase tension; Ay, is a
change in interphase energy; A is the symbol of the deviation
(change) of the parameter or energy characteristic of the
surface (interphase) layer; AA,q — change of adhesion; Aoy,
A¥msy A Agg «, Ayag«— are empirical constants.

The correlation (1), (2) constitute in the complex a new
version of the strength criterion for the metal pipeline system
(UMP) — cover (DC). The parameters of the expression (1)
are determined on the basis of the experiment, and the
parameters of the correlation (2) are evaluated on the basis of
the computational experiment.

In recent years, the use of composite coatings on the basis
of graphene for metal elements of structures is promising
[18]. Such materials should cover pipes and other responsible
metal structures, since graphene is stronger than other coating
materials.
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The method for evaluating the energy characteristics of the
interphase layers of the Graphene-metal system in this case is
presented in [16].

If the adhesion is broken, then there is a detachment of the
coating and in those places from the side of the soil can
penetrate the aqueous solution of soil electrolyte. The solution
of the electrolyte causes the formation of a cavity on the outer
surface of the metal. The cavity extends toward the center of
the pipe.

The criteria of the boundary plasticity ®, and strength ®,
for the peak of the defect (cracks) can be formulated in the
form of dimensionless correlations [19]:

O =—+—, 3)

o, - & -COSQ, +i, @
giu ‘("0
where & — is the intensity of deformation; & — is a volumetric
deformation; ¢ — is the angle of deviation deformation, rad;
& — is the intensity of destructive deformations;
&¢ — destructive volumetric deformation; &, — is the limiting
intensity of deformations; &, — is the limiting volumetric
deformation.

We proceed from the deformation components g (3), (4)
to mechanical stresses oj, on the basis of the correlation of the
model described in the papers [16, 20] (j, k = 1, 2, 3). In
particular, the Hooke's law equation is used.

Due to the influence of the internal pressure of the gas in
the pipe in the vicinity of the top of the crack, a zone of plastic
deformation appears corresponding to the pressure peri(ov),
and in the second stage, the critical state peo(os) (or — is the
boundary of plasticity; os — Is the tensile strength (breaking
stress)) [8]. The expression for per(os) is written similarly to
per1 With respect to the boundary of strength o [8]:

u

Pery =Ws - 07 5 P, =Ws - O 5

_2/2.d 15+K,)-(r, +c)* (5)
U 3K,-D (r,+¢)*+0,5-r2(r, +C)> +r

where h, ¢ — the depth of the cavity and the crack,
respectively; D, d — the outer diameter of the pipe and the
thickness of the pipe wall; ry — radius of curvature of the
juvenile surface projection; h + ¢ + ry — total depth of defect;
K;(h, ¢, d, ro) —is an expression that is functionally dependent
on the geometric parameters of the defects (obtained
analytically).

Parameters p.; and pgr are important for assessing the
strength, reliability, and resource of the pipeline under the
influence of external corrosive environment.

The information necessary to evaluate the conditions for
degradation of the structure and the fracture of underground
metal pipes and, consequently, the quality of the pipeline, is
established on the basis of the analysis of mechanical loads
environmental characteristics and electrical currents and
potentials obtained by equipment of the BVC and VPP [1-4]
(see Fig. 1).
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V. RESEARCH RESULTS AND DISCUSSION

5.1. Improving the criteria of quality for metal
with surface (interphase) defects

In the same way as in articles [2, 3], the multiplicative
qualimetric quality criterion for an underground pipeline
metal taking into account the system of cathodic protection
(CPS) is presented as:

Z, = [k =kek koK Kokok kg ke=max  (6)
i=1

where k; are parameters (i = 1, 2, ..., 9) that characterize the
plan for improving the technological process [1, 17], in
particular; k; — data management and control and monitoring
of data relating to the monitoring of the “metal-coating”
system; k, — susceptibility and risk methods; ks — methods for
evaluating the state of interphase layers, taking into account
(1), (2); ks — methods for evaluating the state of surface
defects (cavities, cracks), taking into account the criteria of
plasticity and strength, (3) — (5); ks — methods of evaluating
the results of repairs; ks — methods of providing pipeline safe
working pressure, taking into account (5); k; — methods of
selecting preventive and mitigating measures; ks — emergency
response techniques; ko — performance management methods
(key performance indicators).

Let's also mention the quality criterion Z, in the additive
form similar to [2, 3] and the combined criterion Zy, taking
into account the set of parameters k; [2, 3, 21]:

Z,= a'lklo + azku + a3k12 + a4k13 +
+ a5k14 + aﬁkls + a7k16 + aSkl7 + a9k18
Zy =z, +ayZ,, ()

where g (j = 1, 2, ..., 11) — coefficients of validity, which
determine the expert method. Parameters k; characterize [2, 3,
21, 29]:

ki — methods of providing intermediate and periodic
reviews;

ki, — management of change and well-defined triggers to
re-evaluate;

k1, — methods for organizing roles and responsibilities;

ki3 — training and knowledge sharing;

kis — methods of forming links with staff and their
engagement;

k15 — methods for determining the strengthening of material
(metal) n;

ki — methods for determining the boundary of corrosion
fatigue ae(N¢) (N¢ — total number of cycles);

k17 — methods that characterize the influence of the coating
on the stability of the structure (metal coating) Ks;

kig — methods for evaluating the term of trouble-free
operation of the Ts (resource) of construction (coating pipes)
taking into account N.

In the first expression it is choose:

a=a,=.=a=19, a,=a,=05. (8)
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Coefficient ki3 takes into account the use of deep learning
neural network. It corresponds to a probabilistic generative
model, which has functions in several layers of hidden nodes
[22]. The neural network is used to process the results of the
site survey (PMT) with the help of apparatus (BVC) in
conjunction with (VPP) [2]. With the help of the neural
network, a model is developed that gives a prediction of the
depth and length of the corrosion defect that can be used to
calculate the corrosion rate [10].

The disadvantage of the testing set is that it is not bulky. In
addition, during training, the neural network, taking into
account this initial testing set, functions as a “hidden
calculation layer”, which imposes certain limitations on the
corresponding results for the forecast of the resource of the
pipe.

The correlation (1)—(8), supplemented by the methods of
the articles [5, 6, 10, 22], form the basis of a new
mathematical model whose results help to predict the
reliability of the pipeline in terms of the probability of failure
and the evaluation of the strength of the elements of steel
structures and of the resource.

5.2. Appraise of parameters UMP with corrosion defect
in the monitoring system of oil and gas enterprises

Taking into account the correlation of the surface physics
and the mechanics of a deformable solid, a mathematical
model [6] was constructed to evaluate the parameters
characterizing the mechanical state of the metal in the vicinity
of the cavity, on which the crack is continued (Fig. 2). Using
the experimental values of the yield point o7, the depths of the
cavity h and the crack c, a critical value of the internal
pressure pe , was found which corresponds to the plastic state
of the metal at the top of the crack [8, 23, 29].

Fig. 2. A pipe with a corrosion cavity and a crack in the
electrolyte [29]

The average value of the rate of corrosion of the metal
(steel) on the surface of the UMP in coating defects may be
approximately in the range of 0,02+0,15 mm / year [1].

Consider the concrete situation for an underground steel
pipe, the steel grade of which is X42 [11]. Consider the initial
dimensions of the pipe, the cavity, the limits of the plasticity
and strength of the metal, the effect of corrosion fatigue, the
initial rate of corrosion in the coating defect, and other
parameters that are useful for solving the problems of
diagnosing the corrosion process. In particular, let [11]:
p=35,7 MPa - pressure inside the pipe; d=22,1 mm — thickness
of the pipe wall; D=2R=0,914 m — diameter of the pipe; o1 =
290 MPa; o5 = 415 MPa.
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The fracture of the pipe will be (for example) when the
effective dimension of the defect (h + c) reaches a depth of
h + ¢ =17.1 mm [11]. In this case, the mechanical stresses at
the top of the crack are close to the critical value, which
according to the criterion of maximum tensile stresses
corresponds to the condition of fracture, that is, the strength
limits o5 = 415 MPa. An integral quality criterion for Zx (7)
was used to assess the monitoring of a specific pipe line
(pipe), and the factor of strength was adopted Ky, = 1.47. The
method of estimating the coefficient Ky, is given in [24].

The effect of corrosion fatigue will be taken into account
on the basis of the consideration of the known experimental
data for steel of the X42 mark [11], similarly to the article [5],
and the initial value of the corrosion current density in the
coating defect is taken jep=0,13 A/m*.

The critical depth of the defect meets the condition of 0,78d
[11], and the time to reach the crack of this depth depends on
the initial rate of corrosion of 0,13 A/m® and the
characteristics of vibrational observations associated with the
operation of compressor stations (CS) [25]. The rate of
corrosion in the coating defect over time decreases and is
established on the basis of the analysis of the problem of the
propagation of the corrosion defect taking into account the
correlation (1)—(7). If the initial rate of the anode current is
jco=0,13 A/m?, then the metal life of the pipe (i.e., the time of
reaching a dangerous depth of h+c=17,1 mm (d=22,1 mm) in
this particular example would be approximated =114 years,
if we did not take into account Ky, and the nonlinear nature of
the change in the rate of corrosion of jc in the coating defect.
Since the corrosion process is nonlinear, based on the model
(1)—(8), taking into account corrosion fatigue and strength and
quality criteria, the developed method and means of the
computational experiment have established that the
propagation time of the crack, that is, the metal pipe's
resource, is 7,=129 years (6=17/7=1,13), and taking into
account Ky — 7 ,=88 years. Metrological analysis allowed to
estimate the uncertainty of the values of jc and 7, 7 .and find
that they do not exceed 9%.

The main results of the conducted researches were
approved at the enterprise — Affiliate Management of main
gas pipelines “LVIVTRANSGAS” (Public Joint Stock
Company “UKRTRANSGAS”).

VI. CONCLUSION

According to the results of the study such conclusions and
recommendations of the theoretical and practical nature have
been formulated [1-33]:

1. A new criterion for the strength of the surface of a metal
underground pipe is proposed, which characterizes the
conditions for the bond fractures (adhesion) of the coating
with metal.

2. Using the strength criterion of a metal pipe with a defect
in an electrolyte, the dependences of the critical internal
pressure of the gas pipeline on the geometric and energy
(elastic and plastic) parameters of the metal are described,
which characterize the current
of the anode dissolution and the
propagation of the crack at the
bottom of the corrosion cavity.
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3. On the basis of surface physics and destructive
mechanics, a methodology for assessing the quality of
underground metal pipelines of oil and gas enterprises has
been developed to determine their resource, taking into
account strength, corrosion fatigue, parameters of
anticorrosion protection and metrological maintenance.

4. On the basis of the obtained results, we evaluate the
strength, reliability and residual life of the underground
pipeline in the monitoring system of oil and gas enterprises.
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