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and operating environment corrosion mechanisms is an

actual scientific and applied engineering task.

Technical diagnostics of responsible constructions exe
ploited in the conditions of combined power load and corf
rosive aggressive media is an actual scientific and technical
problem, particularly, for definition of long-term exploitation
objects [1, 2]. Pipes, used for oil production and transportan
tion, are in constant contact with corrosive and deleterious
substances which cause intensive internal corrosion of pipes,
whereas their abrasion is accompanied with great material
losses and severe ecological consequences [3, 4].

As demonstrated by multiple researches [5, 6], processes
of wear-out failures of industrial constructions under the
influence of combined action of mechanical loadings and
corrosive workspaces are caused by a number of physical
and chemical localised processes of formation and develope
ment of fissuring troubles in the material [6—8]. Besides,
alongside with places of enhanced exertion concentration
(openings, cuttings, cracks and other technological and
constructive exertion raisers), these processes often arise
on smooth distorted surfaces, which is due to heterogeneity
of their physical and chemical condition [7]. This has been
affirmed by the latest statistical data, namely, that almost

Fig. 1. Schematisation of defects in oil pipelines

80 % of all oil pipelines failures are caused by primary corro-
sion-mechanical damage (Fig. 1) and by progressing surface
fissuring troubles in places of corrosive caverns and welding
joints [8]. In this connection, there appears an acute problem
in development of effective methods of evaluation of these
phenomena and adequate loading diagrams for engineering
practice [9].

Thus, definition of features and evaluation criteria of
technical state of oil pipelines and the interrelation between
parameters of physical-mechanical state of their material

2. Analysis of literature data

Various aspects of the problem were studied by domes-
tic and foreign scholars. In the first place, one should note
works by I.Dmytrakh [10] and V.Kucheryavyy [11], in
which did a theoretical study of the distribution of elastic
and elastic-plastic stress at cracks in cylindrical shells. The
works of Si-jian Lin [12] offer numerical and analytical
methods of calculating stress intensity factors for cracks of
various shapes and arrangement in cylindrical bodies under




loads that simulate the operational load on the pipeline.
The problems of corrosion and corrosion fatigue of pipeline
steels are dealt with in the works of A. Marshakova [13] and
P. Marcus [14], where physical, chemical and electrochemi-
cal fundamentals associated with this problem are provided.
G. Nykyforchyn [15] and co-workers proposed a method
for evaluating the operational degradation of materials of
conduits operated on continuous bases. One should also
mention research by E. Kryzhanivskyy [16] that is dedicated
to improving oil pipelines’ resource.

However, it is necessary to take into account the fact
that the destruction of the material under the influence of
long-term operating factors is a multistage process and the
impact of each step ultimately determines the durability
of the pipe element in the given conditions. Therefore, on
fundamental importance is subcritical growth of corrosion
or crack-like defects caused by the action of compatible
operating loads and environments. In existing approaches,
these processes are insufficiently studied yet and not taken
into account when predicting longevity of pipelines, namely
the degradation of physical and mechanical properties of the
operated metal.

3. Problem setting

It is possible to prolong durability and provide reliable
exploitation of trunk pipelines by diagnosing the actual state
of metal and characteristics of its resistance to fissuring
troubles expansion, taking into consideration a number of
exploitation factors (such as static, cyclic and dynamic loads,
corrosive media) which influence probable development of
the detected damages [17, 18].

In order to carry out these engineering evaluations, today
they use modern approaches to fracture mechanics [19, 20],
which enables the definition of regularities of corrosion cracks
expansion under the influence of fatigue failures that are rep-
resented in the form of cyclic corrosive crack resistance charts,
which are dependences of fracture growth rate on stress
intensity factor Ki. Such charts are arranged between its two
boundary values: bottom threshold value K, corresponding
to the value of K at which there occurs no corrosive fatigue
failure growth, and upper Ky, corresponding to the value of Ky
at which there occurs spontaneous (catastrophic) growth of a
fracture. The average amplitude part of such charts is analyti-
cally described by Paris power dependence [21]

de/dN =da/dN =C(AK)",

where in C and n are system “material — environment” con-
stants, AKj is stress intensity factor (AK = Kinar—Kimin),
definable as a function of working pressure inside a pipe.

The four aforementioned chart parameters (Ky, Kp, C
and n) are characteristics of cyclic corrosive crack resistance
of the oil-trunk pipe material.

4. The purpose and object of research

Grounding on charts of cyclic corrosive crack resistance
of the oil-trunk pipeline material to substantiate a
comparative evaluation of the influence of corrosive media
on corrosive fatigue failures developing in it for different
“material — environment” systems.

Our research object, thus, is processes of formation and
development of fissuring defects in pipe walls, and the influ-
ence of their forms and sizes on a pipe’s working capacity.

5. Methods of definition of cyclic crack resistance of a
pipe material

The investigations have been carried out for both unused
(new) metal (steel 10I'2BTIO3, 6(9=423,7 mPa, §=26,9 %,
dext =530 mm, t=8 mm) and used metal (steel 10I'2B-
T103, 602=438,9 mPa, =25,6 %, dex=530 mm, t=7 mm)
of oil pipeline “Druzhba”. Also, investigations have been
conducted for new metal (steel 20, 69 »=355,2 mPa, §=23,9 %,
dex¢=273 mm, t=10 mm) and used metal (steel 20,
602=332,8 mPa, §=26,2 %, dext=273 mm, t=9 mm) of oil
pipeline “Dolyna — Drohobych”. Mechanical characteristics
of steel have been defined after a standard testing procedure
of cylindrical samples for stretching. In Table 1 chemistry of
the investigated steel is presented.

Table 1
Chemistry of steel

Mass content of elements, %
c m | si| v [~o]a] TS
steel 10I25TIO3
011 | 1,68 | 035 [ 009 | 003 | 0,04 | 0,02 |0,006 | 0,02
steel 20
019 [ 048 [ 029 [ 023 | 025 ] 0,24 | 008 |0,040]0,035

p max

All basic physico-mechanical investigations of corrosive fa-
tigue failures developments have been conducted on prismatic
models. The intermediates for samples of 10 mmx¢>x40 mm in
size have been cut out from fragments of real pipes. The total
length of the sample add up to /=200 mm.

The diagrams of cycle crack resistance of unused metal of
the pipeline have been received by way of testing of approba-
tion beam samples with rectangular section with the initial
edge crack ¢=1,5...2,0 mm.

Investigations have been conducted of cyclic crack re-
sistance of used metal of an over 80 km long “Druzhba” oil-
trunk pipeline segment, which have been in operation for 41
year. What should be underlined is, that as a result of metal
abrasion during operation process the thickness of the pipe
wall lessened from 8 mm to 7 mm, and the most typical op-
erational defects are corrosion defects, caused by joint action
on metal of working loadings and environments.

Also, investigations have been conducted of cyclic crack
resistance of used metal of an about 60 km long “Dolyna —
Drohobych” oil-trunk pipeline segment, which have been in
operation for 42 year. What should be underlined is, that as
aresult of metal abrasion during operation process the thick-
ness of the pipe wall lessened from 10 mm to 9 mm.

The investigations for cyclic crack resistance have been
conducted on special experimental equipment in pure bend
conditions of the models with 1 Hz frequency at the sinusoi-
dal form of loading cycle (R=0,8). They have been tested in
laboratory air, in distilled water (pH 6,7), as well as in 0,1 %
NaCl solution (pH 6,5), which served as a soil water model.
Environment temperature 7=25 °C.

The models have been tested to final fracture with
the subsequent analysis of fracture surfaces. The com-
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Here, also, the corresponding values of threshold (Kj;)
and critical (Kj) stress intensity factors are given.

6. Investigation results

Approbation results have been represented as diagrams
of cyclic crack resistance. These diagrams for various testing
media for new and used metal are shown in Fig. 2, a—c) and
Fig. 3, a—c.

The analysis of the final results testifies to the following.
With the growth of test media corrosiveness (laboratory air —
distilled water — soil water), cyclic crack resistance of both
new and used metal declines.

For all analysed cases the cyclic crack resistance of used
metal of oil pipelines is lower, than for the metal of the new
pipe. The exploited metal is more sensitive to the environ-
mental influence.

In particular, during the tests of used steel in soil wa-
ter, the value of exertion intensity factor Ky declines in
1,5-1,7 times, whereas critical value Ky declines in
1,3-1,6 times in comparison with the analogical data for new
metal in the air.

Thus, we have defined the degree of influence of aggres-
sive corrosive media on propagation of fatigue failure in the
indicated steel.

corrosive fatigue failure of pipes in dependence on the initial size
and form of the detested in the pipeline defects have been obtained.

It has been established, that the exploited over 40 years
(degraded) metal of “Druzhba” oil-trunk pipeline (steel
10I'2BTHO3) in corrosion medium has smaller resistance to
propagation of cracks in comparison with unused metal.

The obtained results showed a significant decrease in
performance rather cyclic crack exploited metal trunk pipe-
line “Dolyna — Drohobych” compared to new metal. For
example, when tested in air threshold (4Kj;) stress intensity
factors differ by more than 30 %.

It has also been found out, that aquatic corrosive media
(soil and distilled water) essentially influence the process of a
fatigue failure propagation in steel 10I2BTHO3 and steel 20.
The most dangerous corrosive medium is 0,1 % NaCl solu-
tion, that is, model soil water.

8. Practical importance of the results

With the purpose of determination of the mechanism of
corrosive-mechanical damages and developing of the recom-
mendations for their preventive maintenance, the data ob-
tained on cyclic crack resistance a pipe material will further
be used in computed estimations of durability and longevity
of pipeline elements taking into account the subcritical de-
velopment of corrosion fissuring defects.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

References

Kryzhanivskyy, E. 1. Specific features of hydrogen-induced corrosion degradation of steels of gas and oil pipelines and oil storage
reservoirs [Text] / E. I Kryzhanivskyy, H. M. Nykyforchyn // International Journal of Materials Science. — 2011. — Vol. 47,
Issue 2. — P. 127-136. doi:10.1007/s11003-011-9390-9

Dmytrakh, I. M. Physicochemical fracture mechanics of bodies with cracks: achievements and prospects [Text] / I. M. Dmytrakh //
International Journal of Materials Science. — 2010. — Vol. 46, Issue 2. — P. 166—167. d0i:10.1007/s11003-010-9276-2

Dmytrakh, I. M. On corrosion fatigue initiation from notches and the local corrosion fracture approaches [ Text] / I. M. Dmytrakh //
Notch Effects in Fatigue and Fracture. NATO Science Series: Mathematics, Physics and Chemistry. — 2000. — Vol. 11. — P. 331-346.
doi:10.1007 /978-94-010-0880-8 21

Nykyforchyn, H. M. Specific feature of the in-service bulk degradation of structural steels under action of corrosive media
[Text] / H. M. Nykyforchyn, O. T. Tsyrulnyk // International Journal of Strength of Materials. — 2009. — Vol. 41, Issue 6. — P. 651~
663. doi:10.1007 /s11223-009-9167-7

Beden, S. M. Fatigue crack growth rate of API X70 steel pipelines under spectrum loading [Text] / S. M. Beden, S. Abdullah,
A. K. Ariffin // International Journal of Pressure Vessels and Piping. — 2012. — Ne 96-97. — P. 7-12. d0i:10.1016 /j.ijpvp.2012.03.001
Pluvinage, G. Pipe defect assessment based on limit analysis, failure assessment diagram and subcritical crack growth [Text] /
G. Pluvinage // International Journal of Materials Science. — 2006. — Vol. 42, Issue 1. — P. 127-139. d0i:10.1007 /s11003-006-0065-x
Taheri, F. Experimental and analytical investigation of fatigue characteristics of 350WT steel under constant and variable amplitude
loading [Text] / F. Taheri, D Trask, N. Pegg // International Journal of Materials and Structures. — 2003. — Vol. 16, Issue 1. —
P. 69-91. doi:10.1016/s0951-8339(02)00004-7

Panasyuk, V. V. Fracture mechanics and strength of materials: advances and prospects [Text] / V. V. Panasyuk // International
Journal of Materials Science. — 2004. — Vol. 40, Tssue 3. — P. 305-319. doi:10.1007 /s11003-005-0001-5

Parkins, R. N. The application of stress corrosion crack growth kinetics to predicting lifetimes of structures [Text] / R. N. Parkins //
International Journal of Corrosion Science. — 1989. — Vol. 29, Tssue 8. — P. 1019-1038. doi:10.1016,/0010-938x(89)90091-7
Capelle, J. Evaluation of electrochemical hydrogen absorption in welded pipe [Text] / J. Capelle, I. Dmytrakh, Z. Azari, G. Pluvina-
ge //International Journal of Procedia Materials Science. — 2014. — Vol. 3. — P. 550-555. d0i:10.1016 /j.mspro.2014.06.091
Kucheryavyy, V. I. Statistical simulation of service life of oil pipeline in the plastic state with bending taken into account [Text] /
V. I. Kucheryavyy, S.N. Mil'’kov // International Journal of Machinery Manufacture and Reliability. — 2013. — Vol. 42, Issue 3. —
P. 254-259. doi:10.3103/s1052618813030072

Si-jian, Lin Cloud service model for safety monitoring and assessment of oil and gas pipelines [Text] / Si-jian Lin, Xiao-lie Liao,
Wei Long, Jun-bi Liao // The 19th International Conference on Industrial Engineering and Engineering Management. — 2013. —
P.1111-1116. d0i:10.1007 /978-3-642-38442-4 117

Marshakova, A. 1. Effect of electrolyte composition on crack growth rate in pipeline steel [ Text] / A. 1. Marshakova, V. E. Ignatenkova,
R. I. Bogdanova, A. B. Arabeyb // International Journal of Corrosion Science. — 2014. — Vol. 83. — P.209-216. doi:10.1016/j.
corsci.2014.02.012

Marcus, P. Localized corrosion (pitting): A model of passivity breakdown including the role of the oxide layer nanostructure [Text] /
P. Marcus, V. Maurice, H.-H. Strehblow // International Journal of Corrosion Science. — 2008. — Vol. 50, Issue 9. — P. 2698—2704.
doi:10.1016 /j.corsci.2008.06.047

Ziliukas, A. Evaluation of corrosion defects in oil pipelines based on the approaches of fracture mechanics [Text] / A. Ziliukas,
J. Januténien¢, H. Nykyforchyn, M. Bereisa // International Journal of Materials Science. — 2011. — Vol. 46, Issue 5. — P. 619-627.
doi:10.1007 /s11003-011-9332-6

Kryzhanivskyy, E. I. Estimation of the serviceability of oil and gas pipelines after long-term operation according to the parameters
of their defectiveness [Text] / E.I. Kryzhanivskyy, R.S.Hrabovskyy, O. M. Mandryk // International Journal of Materials
Science. — 2013. — Vol. 49, Issue 1. — P. 117-123. d0i:10.1007 /s11003-013-9590-6

Pustovoy, V. M. Modeling of the in-service degradation of steel of cargo seaport structures under the laboratory conditions
[Text] / V. M. Pustovoy, I. O. Reshchenko // International Journal of Materials Science. — 2013. — Vol. 48, Issue 5. — P. 561-568.
doi:10.1007 /s11003-013-9538-x

Khoma, M. S. Application of electrochemical methods to the investigation of corrosion fatigue of metals [Text] / M. S. Khoma //
International Journal of Materials Science. — 2000. — Vol. 36, Issue 1. — P. 80—86. doi:10.1007/bf02805120

Newman, J. Fatigue analyses under constant and variable amplitude loading using small-crack theory [Text] /J. Newman // NASA/
TM-1999-209329, ARL-TR. — 1999. — 27 p.

Turnbull, A. A Model to predict the evolution of pitting corrosion and the pit-to-crack transition incorporating statistically
distributed input parameters [Text] / A. Turnbull, L. Cartney, S. Zhou // International Journal of Corrosion Science. — 2006. —
Vol. 48, Tssue 8. — P. 2084—2105. doi:10.1016/j.corsci.2005.08.010

Paris, P. A Critical analysis of crack propagation laws [Text] / P. Paris, F. Erdogan // International Journal of Basic Engineering. —
1963. — Vol. 85, Tssue 4. — P. 528—534. doi:10.1115/1.3656900



