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Abstract 
It is shown that existing concepts of the influence of various natural factors on the corrosion of steel pipelines in the 
permafrost zone must be corrected. When correcting the concepts, it is necessary to consider the possibility of active 
corrosion as well as the specificity of pipelines themselves representing macrosystems in relation to the elementary 
components of the corrosion process. A close relationship between the spatial development of pit corrosion along a 
pipeline and the heterogeneity of aeration conditions in the surrounding landscapes was established. In accordance 
with this, it is proposed to use   the standard deviation of redox potential values (ΔEh) as the main indicator of landscape 
corrosiveness.
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Introduction

The degree of the corrosion danger posed by permafrost 
to steel pipelines is still a debatable issue. Previously, it 
was believed that  the absence of water  in  the liquid phase 
of frozen ground and its low temperatures contribute to 
reduced chemical activity. For example, A.A. Saukov 
noted that according to the theory of van’t Hoff-Ostwald an 
infinite  decrease  of  natural  chemical  reactions must  occur 
at  about  0°С  (Saukov  1951).  N.M.  Strakhov  expressed  a 
similar opinion: according to the van’t Hoff-Ostwald law, 
the rate of chemical reactions is reduced by half with a 10°С 
temperature decrease. Therefore, it can be stated that low 
environmental temperatures in the polar regions cause a 
drastic suppression of chemical processes (Strakhov 1960). 

The fallacy of such a notion consisted in the 
underestimation of the presence of unfrozen water in 
cohesive frozen ground—clays, silty clays, and silts 
(Ershov 1986). Unfrozen water with the dissolved carbon 
dioxide contributes to electrochemical corrosion in frozen 
ground. Seasonally thawed ground of the cryolithozone 
is also corrosion-active due to the high content of Н+ ions 
and of dissolved organic matter. It should be particularly 
noted that buried pipelines often transport warm gas 
(with  temperatures up  to 20°С and higher). Thus,  even  in 
winter, there may be thaw areas around the pipe. Moisture 
conditions and chemical composition in the thaw areas are 
similar to the active layer in the permafrost zone.

To assess the corrosiveness of ground, we use a large 
number of indicators: the granulometric composition of 
ground, the moisture content, the ionic composition of 
the water extract, the electric resistance of the ground (ρ), 
the acidity (рН), the concentration of molecular hydrogen 
(rH2), and the redox potential (Еh). However, not all the 
indicators  in  the  cryolithozone  have  equal  importance  for 
the assessment of corrosion activity. 

Seasonally thawed ground in the permafrost zone is 
characterized by high moisture content. The high moisture 
content predetermines the ground’s low electric resistance 
ρ, which, according to the State Standard of 1989, is an 
indicator of high corrosiveness. However, this criterion is 
often ineffective in the evaluation of the corrosiveness of 
ground within the cryolithozone.

Permafrost is characterized by slightly acidic and acidic 
conditions of the medium (рН is below 6). This indicator is 
very important. However,  it  is also insufficient  to draw an 
unambiguous conclusion on the corrosiveness of the ground.

The index of concentration of molecular hydrogen (rH2) is 
commonly used by biologists to assess the living conditions 
of sulfate-reducing or sulfur bacteria. Sulfur bacteria are 
not very active in tundra at low temperatures, but they are 
rather active in the ground around pipelines with warm gas. 
Therefore, in a number of cases this indicator can be used to 
assess the corrosiveness of the ground.

The most important indicator of the corrosive activity 
of the permafrost is the redox potential Eh, the role of 
which has been underestimated up to the present time. It is 
generally accepted that the value of Eh depends only on the 
degree of the aeration of the ground and on рН. However, it 
is also influenced by the moisture content of the ground, its 
ionic composition, electrical conductivity, and the activity 
of sulfur bacteria. Therefore, Eh can be considered as an 
integral indicator of the corrosion activity of the ground in 
the permafrost zone. 
In  Australia,  the  first  researcher  who  used  the  redox 

potential to assess the corrosiveness of the ground was 
Lorking (Evans 1962). He determined the corrosiveness 
of soil, depending on Eh and pH, and under the condition 
when there were no sulfur bacteria. Meanwhile, he utilized 
the Purbe diagrams (Pourbaix 1963). Much attention to the 
influence of  the  redox potential  on  corrosion was paid by 
I.A. Denison (1963). According to Denison, the main factor 
determining the change of corrosion rate in time is the 
degree of soil aeration. The rate of deep corrosion decreases 
rapidly with time in soils with oxidizing properties, while 
in a reducting environment it is proportional to the time 
of the experiments. According to Denison (1963), severe 
corrosion of iron must occur in soils with limited aeration 
(in clays or bogs) while in well-aerated soil all metals are 
rather corrosion-resistant. The absolute value of the redox 
potential is used as a criterion for evaluation of the ground’s 
corrosiveness (Strizhevskiy 1986). In this case, high values 
of Eh indicate low corrosive activity of the ground, while 
negative values and ones close to zero indicate a high 
corrosive environment (Strizhevskiy 1986). 

All of these authors drew their conclusions based on 
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research into such electrochemical models as microelements, 
while a pipeline including the surrounding ground represents 
a macrosystem where slightly different regularities are 
possible, compared with those described above. For this 
reason, it was of scientific and practical interest to perform 
the corresponding research under real natural conditions of 
the cryolithozone in the northern part of West Siberia with 
its developed network of gas pipelines. 

Methods

From 2000 to 2009, the authors surveyed gas pipeline 
systems at the Medvezhe gas field. These systems were built 
within permafrost landscapes (of tundra, forest tundra, and 
northern taiga). Particular attention was paid to the corrosive 
wear of pipes (external corrosion) in different types of 
landscapes. The territory was preliminarily divided into 
geographical zones. Based on the interpretation of aerial and 
satellite photographs, there were observed 24 different units 
that formed four groups (landscape types): forest, tundra, 
bog, and peatland landscape type (Marakhtanov et al. 2011). 
These  landscape  types significantly differ  in a complex of 
ground properties that affect the corrosion of pipeline metal: 
in lithological composition, moisture content, chemical 
composition, and in temperature. The depth of steel pipe 
corrosion was established in field conditions and the ground 
was sampled to evaluate its corrosiveness. The samples were 

studied in the analytical laboratory of the soil-ecological 
station of the Institute of Physical-Chemical and Biological 
Problems of Soil Science, RAS, Pushchino. Some results of 
these studies are presented in Table 1.

Based on the data presented in Table 1, we made an effort 
to establish the correlation between the Eh, pH, and ρ values 
and the depth of corrosion pits in the metal of the pipeline. 
The results revealed that there is actually no correlation 
among them. As an illustration, we will use the diagram in 
Figure 1. The relationship between the depth of corrosion 
(H) and the value of Eh (Fig. 1) can be approximated with the 
formula Н ≈ −0.0014Eh+ 1.49. The correlation coefficient r 
= −0.22 indicates a lack of a significant connection. Other 
parameters (pH and ρ) have an even lower correlation with 
corrosion.

These data allow us to draw conclusions on the 
electrochemical models that microelements should be applied 
to pipelines with extreme caution because electrochemically 
pipelines with the surrounding soils represent macrosystems 
consisting of separate microelements. Electric currents arise 
in macrosystems due to the differential aeration that occurs, 
that is, between ground differing in air permeability (sands-
clays) or in relief and between the surfaces with different 
moisture conditions (depressions-elevations, hummocks-
inter-hummock areas). These currents suppress the ones of 
small systems and represent the main corrosion currents that 
predetermine the existence of landscape corrosion zones. 

Table 1. The main characteristics of ground (Eh, pH, ρ) for different landscape types and the depths of corrosion pits in the metal of the 
pipeline.

№№
ser. no.

Landscape 
type

Eh, 
mV pH ρ, 

ohm-m

Depth of 
corrosion, 
mm

№ ser. 
no.

Landscape 
type

Eh, 
mV pH ρ,

ohm-m

Depth of 
corrosion, 
mm

1

forest

319 5.3 4 2 31

peatland

309 3.9 - 1
2 239 6.4 12 0.5 32 255 5.8 1 0
3 185 5.9 7 0 33 44 5 61 2
4 246 6.2 11 1 34 64 6.4 6 0
5 103 6.3 3 3 35 56 6.1 5 0.1
6 152 5.8 14 0 36 64 5.7 2 0.5
7 222 5.9 64 0 37 64 5.8 3 2
8 209 5.8 49 0.1 38 65 6.7 4 0
9 215 5.2 12 0 39

bog

250 6.4 11 0
10 216 5.2 55 0 40 371 3.8 - 1
11 tundra

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

282 5.4 6 1.5 41 330 4.6 2 1
12 72 5.4 9 0 42 325 4.6 17 0
13 259 6 4 0 43 236 6.4 12 0.5
14 287 5.4 3 0 44 179 5.3 14 0
15 285 5.6 10 0 45 168 5.4 - 0.5
16 287 5.2 12 0 46 48 4 - 1
17 311 5.1 54 0 47 88 6 - 2
18 173 6.2 15 0 48 38 4.5 58 2.5
19 161 5.2 4 0 49 210 5.7 13 0
20 230 5.8 16 1.5 50 37 3.5 9 0
21 213 5.5 39 0 51 136 5.3 75 0.1
22 166 5.7 27 0 52 88 5 - 2
23 215 6.2 - 0 53 69 4 9 3
24 209 5.5 19 0 54 46 4.4 6 0
25 202 6 - 3 55 72 5.8 2 0
26 97 5.2 - 1 56 75 5.5 - 1
27 90 5.5 5 0 57 81 5.3 14 0
28 104 5.4 14 0 58 37 4.6 - 0.1
29 98 5.5 6 1.5 59 50 3.3 - 2
30 116 5.3 3 0.5 -
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The idea of the role of differential aeration in metal 
corrosion was first expressed by Evans in 1923. Accordingly, 
different oxygen access to a pipe may cause differences in 
electric potentials of up to 0.9 V between different ground 
conditions and become a major cause of corrosion processes 
(Evans 1962). 

In Russia, Mikhaylovskiy & Tomashov (1958) developed 
this idea and considered it correct to speak not about corrosive 
activity of a separate ground or ground of a certain part of 
a pipeline, but about the corrosive activity of a pipeline as 
a whole. Nikitenko (1965) noted that relief and vegetation 
predetermine different moisture content of the ground along 
the pipeline, which affects the access of oxygen to the 
pipeline and the value of the difference between the “pipe 

and soil” potentials along the gas pipeline. Mingalev (1976) 
established that the development of local corrosion areas in 
the oil pipelines in the peatlands of West Siberia is connected 
with local aeration and that the deepest corrosion cavities 
are associated with the sites with maximum difference of the 
oil pipeline and soil potentials from -0.48 to -0.68 V.

Thus the greater the heterogeneity of factors within a 
certain type of landscape that determines the aeration degree, 
the more corrosively dangerous is this type of landscape. As 
there is a close relationship between the degree of aeration 
and the value of redox potential, the degree of irregularity of 
the Eh value along a pipeline can play a decisive role in the 
corrosion of the metal.
To  confirm  this  idea, we  used  the  data  of  the Eh value 

in different landscape types (Table 1) as well as the results 
obtained by the survey of the technical condition of the 
gas trunk pipeline of the Medvezhye gas field with its total 
length of 140 km (Table 2).

Based on the data in Table 1, we calculated the values 
of the standard deviation of Eh showing how widely data 
points are scattered relative to their mean value. The value of 
standard deviation (ΔEh) was calculated for each landscape 
type according to the formula 

  (1)

where   – the average value for the given landscape type, 
n – the number of data. The results are presented in Table 3, 
which also includes the N values from Table 2. 

The data from Table 3 are graphically presented in 
Figure  2.  As  one  can  see  in  the  figure,  there  is  a  close 
relationship  between ΔU and N  (correlation  coefficient  is 
0.96). This relationship is approximated by the parabolic 
dependence: 
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Figure 1. The dependence of the depth of metal corrosion of a gas pipeline on the redox potential Eh.

Table 2. Metal corrosion of a gas pipeline in different landscape 
types.

Landscape 
type 

Length of 
a pipeline 
in the 
given 
landscape 
type, 

Length of 
the sections 
of the gas 
pipeline with 
metal pit 
corrosion, m

Percentage of 
the gas pipeline 
sections affected 
by corrosion N, %

Forest 31230 349 1.12
Tundra 79555 4458 5.60
Peatland 5932 971 16.37
Bog 23577 5438 23.06

Table 3. Standard deviation (ΔEh) of the redox potential in different 
landscape types.

Landscape type ΔEh, mV N, %
Forest 57 1.12
Tundra 78 5.60
Peatland 104 16.37
Bog 108 23.06
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In addition  to ΔEh, the N value was compared with the 
standard deviations of other parameters from Table 1 : ΔpH, 
and Δρ. However,  in  these cases no significant correlation 
was noted. 

Thus, according to our data, the corrosion of metal 
pipelines in the permafrost zone most actively occurs in the 
landscape  type  with  frequent  alternation  of  drained  areas 
(with high Eh) and watered areas (with low Eh), in bogs 
and peatlands. Besides, the heterogeneity of permafrost 
conditions, revealed in the alternation of frozen and thawed 
ground, may have some impact. In tgw forest landscape, 
the  minimum  fluctuation  of Eh was observed. Therefore, 
corrosion processes are least active. The observed regularity 
shows that the factors of ground aeration have a close 
relationship with the landscape conditions of territories in 
which a pipeline was buried.

The obtained results allow the following conclusions:
1) There is no direct dependence between the absolute 

value of the redox potential or other traditional 
indicators of the corrosive properties of ground (pH, 
ρ) and the depth of corrosion pits. In the permafrost 
zone, the low values of the redox potential in acidic 
environments and in the absence of sulfur bacteria 
indicate high moisture content and the development of 
gley processes, but not the high corrosiveness of the 
ground. Similarly, high values of the redox potential in 
the area of acidic environment under the conditions of 
high moisture content and in the absence of oxygen are 
not indicative of the high corrosiveness of the ground.

2) The amplitude of the Eh fluctuations is a very effective 
indicator of the corrosiveness of the ground in the per-
mafrost zone. Sharp fluctuations of this indicator cause 
the currents of the differential aeration pairs to develop 
and activate electrochemical processes. In this case the 
heterogeneity of Eh in the permafrost zone may further 
increase (as compared to more southern territories) due 
to the alternation of thawed and frozen zones along the 
gas pipeline, and, perhaps, also due to the heterogeneity 
of the cryogenic structure of the ground. 

3) The amplitude of the fluctuation of the redox potential 
must be included in the State Standard as the main 

criterion for evaluating the corrosiveness of permafrost 
together with pH, ionic composition of water extract, 
and the indicator of electrical resistance.

References

Denison, I.A. 1953. Corrosion of construction materials 
in underground conditions. In Corrosion of Metals. 
Moscow, pp. 9-28 (in Russian).

Ershov, E.D. 1986. Physical Chemistry and Mechanics of 
Frozen Ground. Moscow, Izd-vo Mosk. un-ta, 332 pp. 
(in Russian). 

Evans, Yu.R. 1962. The Corrosion and Oxidation of Metals. 
Moscow, Mashgiz, 856 pp. (in Russian).

GOST 9.602-89. 1989. ESZKS. Underground constructions. 
Moscow, Izd-vo standartov, 56 pp. (in Russian).

Marakhtanov, V.P., Velikotskiy, M.A., Chigir, V.G. et al. 
2011. Technological, geological and ecological analysis 
of gas transportation systems of the Medvezhye gas 
field. Proceedings of the Fourth Conference of Russian 
Geocryologists. Moscow, Iz-vo Mosk. un-ta, Vol. 3, 49-
55 (in Russian).

Mikhaylovskiy, Yu.N. & Tomashov, N.D. 1958. The method 
of determination of the corrosion properties of grounds. 
In Theory and Practice of Corrosion Protection of Under-
ground Constructions. Moscow, pp. 209-223 (in Russian).

Mingalev, E.P. 1976. Corrosion of the Buried Pipelines in the 
Peatlands of Western Siberia. Moscow, VNIIOENG, 28 
pp. (in Russian).

Nikitenko, E.A. 1965. The dependence of the corrosion of a 
steel pipeline on the change in ground conditions along 
the pipeline route. Protection of Metals 1 (no. 1): 91 – 
98. (in Russian).

Pourbaix,  M.  1963. Atlas  d,equilibres  electrochimiques  a 
25°C, Paris.

Saukov, A.A. 1951. Geochemistry. Moscow, 
Gosgeoltekhizdat, 192 pp. (in Russian).

Strakhov, N.M. 1960. Principles of the theory of lithogenesis. 
Moscow, Izd-vo AN SSSR, Vol. 1, 212 pp. (in Russian).

Strizhevskiy, I.V. 1986. Underground Corrosion and Protec-
tion Methods. Moscow, Metallurgiya, 112 pp. (in Russian).

Figure 2. The dependence of the proportion of the gas pipeline’s sections with pit corrosion N on the value of the 
standard deviation of the redox potential (ΔEh).


