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Abstract: One of the main reasons for oil-field pipeline failure is groove corrosion. The residual life
of such pipelines is estimated based on defectoscopy corrosion rate—a ratio of the formed «groove»
depth to the pipeline operation start time. In this case, it is supposed that, in the future, the «groove»
will deepen at the same rate for the remaining period of the pipe’s operation. However, sometimes,
oil-field pipeline operation experience shows that the remaining time of safe operation is much
less than the calculated one. In this article, such a discrepancy is explained via the acceleration
of the groove corrosion rate in the process of «groove» deepening due to the increasing level of
mechanical stresses in the surrounding metal, which intensifies the corrosion process as a result of the
mechanochemical effect. Based on a literature analysis and calculated data, the kinetic equation of
the groove corrosion rate for an oil-field pipeline is proposed, which accounts for the acceleration of
the process rate as the pipeline is operated and allows the more accurate estimation of its remaining
service life.

Keywords: oil-field pipelines; groove corrosion; mechanochemical effect; kinetic equation; residual
life

1. Introduction

Metal corrosion is the cause of accidents in many industries. This issue is especially ur-
gent for the oil and gas industry. According to existing estimations, more than 80 thousand
accidents related to pipeline operation occur in Russia annually, and the majority of them
are caused by corrosion processes [1,2]. In addition to field pipelines, hydrocarbon storage
tanks [3], as well as main pipelines [4,5], are subject to corrosion. Corrosion failures are a
subject of particular importance when considering the reliability of gas and oil pipelines,
since even a single through defect leads to pipeline failure and, accordingly, an emergency
situation, accompanied by a product spill or outflow, pollution of the environment, and
large economic losses.

The analysis of oil pipeline failures shows that the largest number of failures occur
in the field pipelines pumping watered oil containing solid abrasive particles [6]. The
main cause of these accidents is the internal corrosion of the lower forming line of the pipe
surface, which is called «groove» corrosion due to this particular type of corrosion damage
resembling a «groove» (Figure 1).

Known methods of corrosion prevention, such as application of corrosion inhibitors,
application internal metallic or polymeric coatings, magnetic treatment of pumped media,
use of nonmetallic pipelines, use of preliminary water discharge units, do not ensure fully
safe operation of pipelines, which is why these technical solutions have not found wide
application. This is why the use of steel pipelines subject to groove corrosion is still a
suitable technical solution. Thus, it is necessary to develop corrosion monitoring systems
to check the condition of the pipeline, as well as improve the methods of predicting the
residual life, to run timely diagnostics and repair activities.
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Figure 1. Oil pipeline section with groove corrosion damage.

There are a number of hypotheses that describe the causes and possible mechanisms
of such a specific corrosion failure. According to authors [7,8], the accelerated destruction
of pipelines at a rate of more than 1.0–1.5 mm/year due to groove corrosion is caused by
the erosive destruction of protective films on corrosion products caused by the high-speed
flow of a liquid containing mechanical impurities. As a result, pure metal is constantly in
contact with a corrosive environment. The following can cause the accelerated growth of
the groove:

- An impact from a galvanic couple (bare metal-metal) coated with iron sulfide or,
at low flow rates, promoting the deposition of mechanical impurities in pipelines,
corrosion due to the operation of concentration cells in which surface areas with
deposits are anodes;

- An increased stress state in the area of the initial metal thinning, which initiates the mech-
anism of brittle destruction due to general and localized mechanochemical corrosion.

Other authors [9] agree with this point of view. The reason for the appearance of rivulet
wear in field pipelines, according to these authors, is the constant mechanical removal of
the iron–carbonate film from the lower part of the forming pipe, as a result of which the
surface metal becomes susceptible to electrochemical corrosion. A galvanic pair is formed
between the section of the pipe cleaned of the iron–carbonate layer, which in this case is
the anode, and the rest of the pipe, which is the cathode [9]. The difference in the areas of
the anode and cathode leads to a rapid metal loss from the anode part and, therefore, to
groove corrosion.

The authors of a study [10] found that a galvanic couple is formed due to hydroabrasive
wear, which destroys dense process deposits and exposes the pipeline metal in a small
area. The greatest likelihood of sludge failure can be observed in upstream sections of
the pipeline, where the stratified water–oil stream containing mechanical impurities is in
reciprocating motion as a result of back blows from accumulating and periodically passing
gas. This process is confirmed by the absence of a film of iron sulfide at the bottom of the
groove and the narrow area of the pipe metal adjacent to it, which remains on the rest of
the surface.

An analysis of the literature [10–12] show that the groove corrosion of oilfield pipelines
is most characteristic of long-term-operated fields in western Siberia, whose oil is charac-
terized by an increased water content (more than 80%) due to a decrease in its production
volumes and is pumped at reduced speeds (up to 1 m/s). This leads to product inversion,
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i.e., transition from reverse emulsion (water as a polar liquid, in nonpolar oil) to direct (oil
in water), which creates the possibility of its stratification into three phases (reservoir water,
oil, and petroleum gas) and is accompanied by an abrupt increase in corrosion activity.

Authors [7,8], associated the appearance of pitting up to 50 mm in diameter and
grooves with different geometrical parameters with different mechanisms of the corrosion
process. This assumption is based on a comparison of the corrosion rates of both types of
damage. Pitting corrosion occurs at a rate of up to 1.5 mm/year, and the rate of groove
corrosion can reach 11 mm/year. The findings of these authors indicate that the presence
of abrasives in the pumped products can affect the corrosion process according to three
different schemes:

• According to the first scheme, the abrasives destroy the diffusion layer at the “pumped
medium–steel” boundary;

• According to the second scheme, the passivating films formed as a result of corrosion
processes are destroyed;

• The third scheme is a plasticizing effect due to the mechanical deformation of metal
with subsequent depolarization.

Thus, at critical water content (about 70%), the gas–liquid mixture is stratified into
three phases, and the water component is accumulated at the bottom of the pipe. The
dependence of the rate and mechanism of corrosion on the flow rate of the gas–liquid is
complex. At low flow rates, corrosion most likely occurs under a layer of bottom sediments
and practically does not depend on the velocity of the mixture movement. The emulsion
structure of the gas–liquid mixture is ensured during the change in the flow mode from
laminar to turbulent, and water does not accumulate along the lower generating line. Then,
the concentration of abrasive particles becomes the main factor affecting the corrosion
rate, which the critical flow velocity depends on, exceeding this causes erosive wear of the
pipeline [7,8].

An author [13], using Ansys PC with carbon steel as an example, showed that equiv-
alent stresses in a deepening groove of varying shapes increase under the influence of
internal pressure. The calculation of the stress state of a pipeline when considered as a
shell with a defect in the form of groove corrosion showed that with increasing depth of
the groove, the maximum equivalent stresses in the shell in the groove area increase by
more than five times depending on the shape of the defect [13]. When the internal pressure
increases (modeling was carried out for P = 2; 4; 6 MPa), the maximum equivalent stresses
increase for all groove types.

Moreover, one of the most important factors determining the high rate of groove
corrosion is the impact of the so-called mechanochemical effect, which results in the
increased corrosion rate of the metal in the walls and bottom part of the groove being in
a stress–strain state [14–16]. Still, the question of the significance of the contribution of
the mechanochemical effect to the groove corrosion rate of various oil pipelines remains
understudied. The analysis of the main models describing the kinetics of corrosion damage
under conditions of a stress–strain state on the pipeline wall has shown that they do not
provide an answer to a number of questions arising when considering the regularities
characteristic of the course of groove corrosion. Thus, for instance, there is no explanation
why this type of corrosion leaves traces of corrosion damage with such a characteristic
appearance (groove), characterized by a noticeable excess of the depth of the damage over
its width. It remains unexplained why, under the conditions of an electrochemical corrosion
reaction of the pipe metal, when the total reaction rate is limited by the rate of the slowest
anode or cathode stage, the stressed state of the metal accelerates the rate of corrosion
failure. This can be accepted only on the condition that the electrochemical corrosion
reaction of the groove bottom takes place with anode control, which is not considered in
existing models. The question also remains as to whether the assumption, accepted in the
theories under consideration, is valid: that the stress–strain state of the pipeline wall with
traces of groove corrosion deepening with time remains constant during the entire lifetime
of the pipeline.
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After considering the main existing hypotheses of the occurrence and course of groove
corrosion, we may conclude that the main factors influencing the process of groove corro-
sion are as follows: the flow mode of the gas–liquid mixture; aggressiveness of the medium;
acidity of the water phase; mineralization of the water phase; presence of aggressive gases;
presence of mechanical impurities; presence of mechanical stresses in the pipeline wall;
presence of zones with plastic deformation of metal in the pipe walls.

In spite of numerous works devoted to «groove» corrosion, e.g., Refs. [7,9,13], and the
developed methods of protection (ensuring a turbulent mode when pumping water–oil
emulsions, using pipes with internal coating, use of preliminary water discharge units,
etc.), the problem of «groove» corrosion, both in Russia and abroad, is far from being
finally solved. The relevance of the problem is confirmed by the frequent repair works on
in-field operating pipelines, where tubing spools are cut out and replaced by new ones as a
result of «groove» corrosion. Predicting the residual life for pipes already having traces
of groove corrosion of a certain depth, as well as determining the necessary replacement
period of such pipes, is very important. Such prediction is impossible without the kinetic
equation of the corrosion process, which accounts for the specific factors determining
the rate of «groove» corrosion. It should be noted that the proposed equation does not
take into account the mechanisms of hydrogen sulfide cracking [17–19], stress–corrosion
processes [20–22], and destruction of pipelines due to stress corrosion cracking [23–25].

During diagnostics of operating pipelines, namely, after in-line inspection, the residual
life of the pipe is usually estimated using an average corrosion rate, which, according to
regulatory documentation, e.g., OST 153-39.4-010-2002, is determined as a quotient of the
division of a set corrosion damage depth by the pipeline operation start time. It is supposed
that, in the future, the «groove» will deepen at the same rate for the whole remaining
allowable period of pipeline operation. At the same time, as the experience with oil-field
pipelines operation shows, the remaining time of safe operation of such affected pipelines
in a number of cases turns out to be much less than the calculated one. In our opinion,
such a difference is explained by the acceleration of the groove corrosion rate in the process
of the deepening of the groove due to the increase in the mechanical stresses levels in
the surrounding metal, which intensify the corrosion process due to mechanochemical
effects. Based on a literature analysis and calculated data, the kinetic equation of the groove
corrosion rate of an oil-field pipeline is proposed, which accounts for the acceleration of
the process rate as the pipeline is operated and allows estimating its remaining service life
more accurately.

After a literature analysis [7,12,13] and our own experimental research [14], we for-
mulated a hypothesis about the mechanism of the groove corrosion process of oil-field
pipelines. According to the hypothesis, the reason for the outrunning corrosion of the
groove bottom is the presence of increased levels of equivalent stresses σ0 in the surround-
ing metal that intensifies the corrosion rate. Moreover, the value of σ0 increases with
the increasing depth of the groove. The latter conclusion is in accordance with the data
reported by authors [9,13,26] who found that the mechanical stresses in the surrounding
metal increase when corrosion traces appear in the pipeline. Therefore, when deriving
the kinetic equation of the corrosion destruction process of the groove bottom, it seemed
logical to relate its growth rate to the mechanical stresses in the surrounding metal, which
increase as the depth of the groove increases and, accordingly, increase the corrosion rate.

2. Materials and Methods

To fulfill the task, it was necessary to consider the main dependencies proposed by
different authors to describe the influence of mechanical stresses on the corrosion rate of
metallic pipeline materials. During the manufacturing of oil-field pipelines, as well as after
welding, the metal of a pipe is exposed to a certain degree of plastic deformation [27–29],
so it was necessary to analyze the influence of this factor.

The main research in the field of influence of stress and strain state of steel pipelines
on the rate of corrosion failure belongs to R.K. Ren [30], X. Wang [31], E.M. Gutman [15],
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R.S. Zajnullin [11,16], I.G. Abdullin [10], A.P. Medvedev [7,8], P.V. Burkov [9], and others.
For instance, Ref. [32] dealt with various models of corrosion damage in the form of the
dependence of corrosion damage depth on the value of stress in the structure and their
assessment (Table 1).

Table 1. Different models of corrosion damage [32].

Deterministic (Phenomenological) Stochastic (Probabilistic) Unclear (Linguistic)
dδ
dt = ν0 + k · σ

δ̃(t) = k̃ ·
(
t− k · t̃inc

)n

ν0 =
2·Nα−1

∑
i

µ(νi
0)

νi
0

, νi
0 ∈

[
ν−0 ; ν+0

]
,

µ
(

νi
0

)
=

 0, νi
0 /∈

[
ν−0 ; ν+0

]
cos
(

π · νcp−νi
0

ν+0 −ν−0

)
, νi

0 ∈
[
ν−0 ; ν+0

]
.

dδ
dt = ν0 · (1 + k · )

dδ
dt = ν0 · ψ(t) · (1 + k · σ)

dδ
dt = ν0 · exp V·σ

R·T
In this table δ—depth of corrosion damage, mm; t—reaction time, s; σ—mechanical stress, MPa; T—temperature,
K; Э—specific energy, J; v0—corrosion rate of unstressed metal, mm/year; k—the coefficient that takes into
account the influence of the stress state on the corrosion rate, µ—identity function, ∑ is a discrete fuzzy set, and
the remaining values are defined by the experimental data coefficients or functions.

In accordance with the models presented above, an increase in the mechanical stresses
in the structure leads to an increase in the corrosion rate of its metal, which is confirmed by
the results of the experiments.

Thus, in a study [15] dependencies were obtained (Figure 2), from which it can be seen
that the influence of the level of the stress state on the corrosion rate is manifested for a
wide range of steels under different loading methods. The dependence of relative corrosion
rate νσ/ν0 on stress intensity σi in the test specimen is close to the form

vσ

v0
= 1 + kσ · σi, (1)

where νσ and ν0 are corrosion rates in the presence and absence of mechanical stress,
mm/year; kσ is the mechanochemical stress coefficient that depends on the type of loading,
for example, as can be concluded from the curves (Figure 2): 0.0025 MPa−1 for biaxial
bending and 0.0011 MPa−1 for uniaxial bending.
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Figure 2. Dependence of relative corrosion rate of steels St3 (~0.3% C) (1), 20 (~0.2% C) (2),
45 (~0.37−0.45% C) (3), and U8 (~0.75−0.84% C) (4) on stress value in the test specimen at its
biaxial (a) and uniaxial (b) bending (medium—water solution of HCl) [15].
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According to [11], the kσ value for steel pipelines can be determined using Formula (2):

kσ =
V ·
(

1 + σlon
σh

)
3 · R · T ·

(
1− σlon

σh
+
(

σlon
σh

)2
) , (2)

where V = M/ρ—molar volume of steel (for carbon steel 7.22·10−6 m3); R—universal
gas constant (8.314 J/(K·mol); T—standard temperature (293 K); σh—hoop stresses in the
pipeline, MPa; σlon—longitudinal stresses, MPa.

Similarly, the corrosion process is intensified by the preplastic deformation of the
metal (Figure 3) [7].
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Figure 3. Relative corrosion rate of 16GS (~0.12–0.18% C; 0.40–0.70% Si; 0.90–1.20% Mn) steel after
quenching with tempering (1) and normalization (2) depending on the degree of plastic deformation
of the test sample (medium—aqueous solution of HCl) [7].

In this case, the dependence of the relative corrosion rate νε/ν0 on the relative strain ε,
which the metal of the specimen received in the process of preplastic deformation, is close
to the form (3):

νε

ν0
= 1 + kε · ε, (3)

where Vε and V0 are corrosion rates of the specimen with plastically deformed and unde-
formed metal, mm/year; kε is a coefficient that depends on the steel grade and the type
of heat treatment, for example, as can be concluded from the type of curves in Figure 2:
~0.2 for steel 16 GS after hardening and high tempering and ~0.06 for the same steel after
complete annealing with air cooling. (In accordance with [15], the kε values for pipeline
steels are in the range of 5–24.)

For welded straight-seam pipes formed by bending a sheet billet around a cylindrical
mandrel, the degree of achieved relative strain ε can be estimated by the well-known formula:

ε =
δ

d + δ′
, (4)

where δ is the pipe thickness, mm; d is the diameter of the mandrel (inner diameter of the
tube), mm.

Authors [7,11] proposed to represent the total effect of the mechanochemical effect in
the following form:

ν

ν0
= Kmh(Σ) = Kmh(σ) · Kmh(ε) = (1 + k · σi) · (1 + kε · εi), (5)



Energies 2023, 16, 7067 7 of 11

where ν is the corrosion rate of a steel structure made of plastic -deformed metal under
the action of mechanical stresses, mm/year; ν0 is the corrosion rate of an unstressed
structure with metal not subject to plastic deformation, mm/year; Kmh(∑) is the coefficient
of mechanochemical damageability; Kmh(σ) = (1 + kσ·σi) is the index of influence of the
stress state of the structure; σi is the stress intensity, MPa; Kmh(ε) = (1 + kε·εi) is the index of
influence of metal preliminary plastic deformation; εi is strain intensity.

In the corrosion models presented in Table 1, it is assumed that the stress–strain state
of the corroded pipeline wall remains constant over time. At the same time, as shown
in the works of P.V. Burkov [9], D.V. Popodko [13], M.R. Shaimukhometov [33], and W.
Wang [34], in the presence of a longitudinal notch of a shape close to the groove corrosion
trace, the stresses arising in the metal around the notch significantly exceed those occurring
in the pipe body. Moreover, as the depth of the notch increases, the stresses arising around
it increases. This last circumstance, in our opinion, is the reason for such an intensive
deepening of the groove observed on the lower forming line of the oil pipeline during
the course of groove corrosion. Below, a kinetic equation is offered on the basis of known
dependencies (1)—(5), as well as the results of own computer modeling of the pipeline
stress–strain state with a longitudinal notch. It shows a dependence of the groove corrosion
rate on the equivalent stresses σ0 in the pipeline during operation and plastic deformation
ε, which the pipe material received during its manufacture, allowing calculating the groove
depth at every moment of pipeline operation.

Mild steel (~0.2% C, σt = 280 MPa, without special heat treatment) was chosen as the
pipe material, with a corrosion rate (v0 = 0.9 mm/year) in formation water with abrasive
particles, as was established in [7].

3. Results and Discussion

In the process of computer modeling, first of all, it seemed necessary to analyze the
allocation of equivalent stresses arising in the pipe wall metal around the groove and their
change as it deepens.

The subjects of the computational analysis were a 10 m long pipeline with segments of
four standard sizes (114 × 4, 219 × 6, 325 × 9 and 426 × 10 mm), being the most commonly
used as oil-field pipelines. Pipelines were under maximum working pressure PW = 2.0; 2.5;
3.0; and 4.0 MPa for each size. The pipe material was steel typically used for these pipelines
with yield point σy = 272 MPa. A longitudinal notch, simulating the most typical groove
corrosion trace, was modeled on the inside pipe section along its entire length. This notch
had a hemispherical shape with a width of up to 15 mm and a variable depth of 1−6 mm.
Longitudinal σlon, hoop σh, and equivalent stresses σ0 were evaluated with different depths
of corrosion damage. The calculation was performed via the finite element method based
on the model built in the software product ANSYS 2019 R1 with a linear element size of
0.005 m, which provided sufficient accuracy for the calculations (±1 MPa).

The calculated analysis showed that the presence of an elongated defect of certain
geometric parameters leads to the indentation of the lower forming section of the pipe into
the inner cavity, due to which additional tensile stresses arise in the metal surrounding the
notch, the values of which depend on the depth of the groove. A similar effect has been
described by a number of authors [13,25,33]. Thus, we can conclude [35] that the maximum
values of equivalent stresses σmax are observed at the bottom of the notch (Figure 4).

As the processing of the obtained calculated data showed, the dependence of the
stress value in the notch bottom metal σmax on its depth h for all the analyzed pipeline sizes
(Figure 5) can be satisfactorily approximated by an exponential function of the form (6):

σmax = σ0 · exp(b · h), (6)

where σ0 is the equivalent stress in the pipe walls in the absence of the notch, MPa; b is the
dimensional coefficient, which depends on the pipeline parameters and is equal for the
analyzed standard sizes to 0.60; 0.49; 0.39; 0.32 mm−1.
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Figure 5. Dependence of maximum equivalent stresses σmax in the metal surrounding the bottom of
the groove, depending on the depth h for different pipe sizes.

By substituting the parameter “stress intensity” σi in Formula (5) for the maximum
stress σmax, expressed according to (6) through the equivalent stress in the pipe body σ0,
pipe parameter b, and notch depth h, as well as the parameter “strain intensity” εi for the
degree of plastic deformation ε of the metal achieved during pipe manufacturing, we obtain
the following expression:

ν = ν0 · (1 + k · σ0 · exp(b · h)) · (1 + kε · εi). (7)

After representation of the groove corrosion rate v in the form of the derivative dh/dt
and taking the deformation component Kmh(ε) = (1 + kε·ε) as constant, expression (7) can be
represented in the form of the differential Equation (8), integration of which over time from
0 to t allowed us to obtain the dependence of the “groove “ depth on operating time t (9):

dh
dt

= ν0 · Kmh(ε) · (1 + k · σ0 · exp(b · h)). (8)

hΣ = hε + hσ = ν0 · Kmh(ε) · ti +
k · σ0

b
·
(

exp
(

b · ν0 · Kmh(ε) · ti

)
− 1
)

. (9)

In the derived expression (9), hΣ is the depth of the defect in a pipe made of plastic-
deformed material and under the impact of mechanical stresses. In this case, hε is the
contribution of the metal-plastic deformation to the value of hΣ, and hσ is the contribution
of the pipe stress state to the defect, which changes during operation.
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The evaluation of the applicability of Equation (9) for actual oil-field pipelines was
carried out using a computational method with the following comparison of defect depths,
obtained using in-line diagnostics. The ascending section of 325 × 9 mm oil pipeline
(P W = 3 MPa) was chosen as a calculation object, as the section with the highest values of
the equivalent stresses [36,37] and the most probable place of groove corrosion. Pipeline
carbon steel 20 was selected as the pipe material, with a corrosion rate (ν0 = 0.9 mm/year)
in formation water with abrasive particles, as was established in a prior work [7].

As the calculation results showed, under the given operating conditions, equivalent
stresses up to 150 MPa arise in the oil pipeline wall. The other values for the proposed
kinetic Equation (9) were b = 0.39 m−1, Kmh(ε) = 1.15, and k = 0.0021 MPa−1. The calculated
deepening of the corrosion groove hΣ with the mechanochemical components hε and hσ for
the operation time is presented in Figure 6.
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wall damage).

As it can be seen from Figure 6, the rate of groove deepening v increases with the
increase in the pipeline operation time: if during the first year its value is ~1 mm/year
(hΣ ~1 mm), then, during five years, its average value is ~2 mm/year (hΣ ~ 10 mm), which,
for the given pipe wall thickness (9 mm), corresponds to its through corrosion. This is
preceded by the mechanical destruction of the pipe after 4 years of operation due to the
metal reaching the bottom of the groove and the yield strength of the material. It is worth
noting that the contribution of deformation (hε) and stress (hσ) components to the total
damage depth hΣ is approximately equal.

The damage depths (1–10 mm) obtained as a result of the calculation were of the same
order as those detected during the inspection of actual pipelines affected by groove corrosion.

4. Conclusions

It was shown that the observed discrepancy in a number of cases in the remaining
operating life of the pipelines affected by groove corrosion can be explained by the existing
acceleration of the corrosion process rate with a deepening of the groove due to the
increasing level of mechanical stresses in the metal surrounding the groove. Mechanical
stresses intensify the corrosion process due to the mechanochemical effect. With the use
of the literature data and the dependence of the stress in the groove bottom metal on its
depth, a kinetic equation was designed. It shows the dependence of the groove corrosion
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rate on the equivalent stresses in the pipeline during operation and the plastic deformation
that the pipe material received during its manufacturing. It allows us to estimate the depth
of the groove at every moment of the pipeline’s operation and the residual life of the pipe.
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