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The paper presents data on casing deformations reported from high-latitude hydrocarbon production fi elds, 
and results of their comparison with laboratory simulations of a casing subjected to axial compression leading 
to deformations, such as buckling, similar to those occurring under operation conditions. The frozen soils in 
regions of well placements with reported buckled casings include epigenetically frozen clayey layers. In the 
thawed state, such layers have better mechanical properties and may retain their integrity under signifi cant 
loads. As such, the thawed part of the layer comprises three supporting elements: wellbore casing; its own exten-
sion into the frozen soils; and the underlying thawed soils. A method for calculating axial loads on the casing 
depending on the thawed area size and thawing soils properties is proposed. The axial load exerted on casing 
tends to grow reaching its maximum at the initial stages of well operation, and then decreases to the asymp-
totically constant value (regardless of thaw radius). Early years of well operations appear to be most hazardous 
for the constructions, which agrees well with the known practical results.
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INTRODUCTION

Construction and operation of wells in hydrocar-
bon fi elds in permafrost areas are challenged by cer-
tain risks associated with additional loads on well-
bore casing caused by freeze/ thaw of host sediments 
[Goodman, 1978; Medvedskiy, 1987; Hirshberg et al., 
1988; Bykov, 1991; Vyakhirev, 1996; Remizov et al., 
2001; Vasilevsky, 2002]. 

Permafrost thawing caused by the warming ef-
fect of a well is associated with negative friction forc-
es due to the partially sticking thawed soils onto the 
exterior wall of the casing whose motion is directed 
along the longitudinal axis of the wellbore. The mag-
nitude of these forces controlled primarily by the ra-
dius of thawing (thaw radius) and the thickness of 
thawed formation [Bratsev and Zhukov, 1965] can 
reach a critical value for certain depths, causing the 
loss of axial stability (buckling) of the wellbore cas-
ing, even in case of sustained lateral support from the 
unfrozen soils [Gorelik and Soldatov, 2016].

Another type of hazardous impact from axial 
load is plastic deformation of the casing material of 
pipe and production string observed as bulging near 
the c oupling connections, which can also lead to de-
pressurization of the latter and failure of wellbore 
casing and, ultimately, to forced shutdown of wells 
[Hirshberg et al., 1988]. The type and consequences of 
such deformations are considered here in greater de-
tail and illustrated by the examples.

1. Factual data on wellbore casing deformations
and their laboratory simulations

1.1. The Yamburg GC fi eld. The mode of defor-
mation of two wells at the Yamburg gas condensate 
fi eld (GСF) complete with other data is discussed in 
detail in [Gorelik and Soldatov, 2016]. A brief account 
of the design and deformations of these wells are giv-
en below, with Table 1 providing data on their con-
fi guration within the permafrost interval and some 
technological parameters. Table 2 provides inclina-
tion measurements for the deformed segment of cas-
ing and its position in the vertical section of 
Well 8032. Figure 1, b represents the mode  of defor-
mation in this segment of the wellbore casing, indi-
cating the loss of its axial stability, which accounts for 
be one half-wave curvature under the conditions of 
sustained lateral support from unfrozen soils (the 
wellhead subsidence measured 0.66 m).

Deformations of the second well (Well 8033) 
amassed near the coupling connections, exhibit a dif-
ferent pattern and are shown in Fig. 1, a. The fi gure 
also shows the buckling intervals and relative posi-
tion of the two deformed wells with respect to each 
other in the section along the axial line of the well 
pad.

The pulse fl aw-detection method has revealed a 
rupture with displacement on the coupling connecti-
on surface in the casing string  of Well 8033 (Fig. 1, a), 
with the pipe however retaining its vertical position 
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Ta b l e  1. Technological and design parameters of the deformed wells, the Yamburg GCF

Well
D × s

Well drilling period Commissioning date  Shutdown dateConductor
(surface casing) Production string

8032 245 × 11.1 168.3 × 8.94 22.12.1994–08.01.1995 24.03.1996 01.05.1997
8033 245 × 11.1 168.3 × 8.94 14.01.1995–08.02.1995 24.03.1996 07.2000

N o t e. D is diameter, mm; s is thickness, mm.

Ta b l e  2. Results of inclination measurements of the deformed segment of Well 8032

Depth interval,
m

Drift angle, degrees
Note

Open hole* Production string**
0–100 0 1.00

100–229 0 1.00–6.45
230–239 0 8.00–11.45 Interval of building curvature (casing bulging)
240–246 0 8.30–3.45 Interval of curvature decline 
247–252 0 13.15–17.30 Interval of maximum curvature (casing bulging) 
253–259 0 16.45–5.45 Interval of curvature decline (data from tubing)
260–266 0 2.30–2.15 Almost straight hole (data from tubing)
266–300 0.15 1.30–0.45 Straight hole (data from tubing)
300–500 0.15 0.15–1.00 Straight hole (data from production string)

 * Date: 04.01.1995.
 ** Date: 20.08.2000 .

Fig. 1. Conditions and mode of the deformations of wells, the Yamburg GCF:
а – geological section and mode of deformations of Wells 8032 and 8033; b – detailed information on the deformed segment of 
Well 8032, the Yamburg GCF (inclination measurement data as of 20.08.2000), values of drift angle of a local segment of the well-
bore casing from vertical plane; 1 – unfrozen compacted clay; 2 – unfrozen weakly consolidated sand; 3 – frozen sand; 4 – frozen 
clay.
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wthin this depth interval. The tubing string defl ec-
tion (buckling) was reported in the 216.5–226.5 m 
depth interval. 

The depths denoted as H2 and H1 indicate de-
formed intervals of Wells 8033 and 8032, respectively. 
The deformation in Well 8032 was reported from the 
225–268 m interval, i.e. the length of H1 interval is 
43 m, while the H2 deformation interval in Well 8033 
measures about 60 m and is located at a depth be-
tween 190 and 250 m. With the deformation intervals 
and depths of both wells being roughly equal, and 
given the distance between the wells is 40 m, we can 
infer that the cause of deformation resides in the 
structural geology of permafrost deposits and their 
thawing properties. 

1.2. The Vankor fi eld. On one of the well pads of 
the Vankor fi eld, likewise in the Yamburg GCF, the 
buckling was reported from two nearby wells (with 
their subsequent forced shutdown). The actual data 
on these wells were presented by company “Van-
korneft” at the November 2015 back-analysis work-
shop on the deformations occurred, (with the partici-
pation of the MPI SB RAS specialists). The design 
and technological parameters of the deformed wells 

are listed in Table 3. Fig. 2 presents a three-dimen-
sional view of the deformed areas and depth intervals 
with respect to their placement within the rock mass. 
The maximal deformation of both wells is confi ned to 
the depth range from 170 to 195 m. The deformed 
segments of both wells exhibited deformation in the 
form of corrugated folds, which was probably due to 
the eff ect of axial force causing metal yield (plastic 
deformation). No defl ection of vertical position of the 
wellbore casing was observed within the deformation 
interval. No more detailed geological information on 
permafrost in the Vankor fi eld area is available.

1.3. Exxon Laboratory experimental data in 
comparison with fi eld observations. At the end of 
the 1980s, Exxon company conducted a series of ex-
periments for the study of eff ects of axial compressive 
loads on model surface casing of diff erent diameters 
and lengths [Hirshberg et al., 1988]. The aim of the 
experiment was to analyze the eff ect of vertical loads 
on the surface casing arising from the permafrost 
thaw subsidence during the production life of wells in 
oil and gas fi elds of Alaska. The study includes the 
data on the pipe material properties and characteris-
tics of sample loading conditions. The laboratory 

Ta b l e  3. Design and technological parameters of the deformed wells, the Vankor fi eld 

Well 

D × s
Period of drill-
ing conductor 

hole 
Commission-

ing date
Shutdown 

date Further detailsConductor 
(surface cas-

ing)
Production 

string 

1 245 × 8.9 178 × 10.4 11–18.08.2008 10.08.2009 08.09.2013 Permafrost thawing and caving formation 
while drilling. Height of cement lift in behind 
the surface casing is 182 m from wellhead 

2 245 × 8.9 178 × 10.4 04–08.08.2008 29.01.2010 08.09.2015 Permafrost thawing and caving formation 
while drilling. Height of cement lift behind the 
surface casing is 191 m from wellhead 

Fig. 2. Fragments of wellbore casing deformations, the Vankor fi eld (instrumental measurement data).
Depth scale for the deformations interval, m; 1–8 – numbering for coupling connections in the deformations interval; the red dot-
ted lines accentuate localities of maximum deformations.
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sample, in itself, consisted of two sections of a casing 
tube joined by coupling connections (Fig. 3). The 
sample in Fig. 3, a, b is shown in two states – prior to 
and after the application of failure load. The photo in 
Fig. 3, c shows a lengthwise cut of the deformed seg-
ment of the model on the contact with the coupling. 
During testing, all samples were similarly deformed, 
namely with the formation of a circumferential bulg-
ing (ridges) on one side of the coupling surface. Sub-
sequent compression which inflated the bulging, 
eventually bended the coupling, culminating in a rup-
ture of the pipe body. The authors’ observations indi-
cate that, when approaching the failure point, the 
encasement material manifested remarkably plastic 
behavior. Note that the failure load in the discussed 
experiments reached the values of about 8 Meganew-
tons (MN) (i.e. 800 tnf). 

A comparative analysis of strain capacities of 
casing strings at the Yamburg (Well 8033) and Van-
kor fi elds and deformations of samples in the labora-
tory compression test has revealed common features 
in the behavior of resulting deformations.

1. Likewise in the laboratory experiments, the 
deformation of casing strings observed at producing 

wells involved the formation of circumferential bulg-
ing (ridges), which was underpinned by strain-gauge 
data on the deformed interval of casing strings.

2. The circumferential bulging forms on the pipe 
segments tightly adjacent to the coupling connection, 
while physical compression tests have shown that the 
deformation occurs only on one side of the coupling 
surface. The more so, this specifi c feature of deforma-
tion is observed in three of the four cases of deforma-
tion of production wells in the investigated oil fi elds.

3. The yellow indicator light and corresponding 
levels of the deformation zones in the casing string in 
Fig. 2 clearly indicate that a spacing between the 
ridges formed is approximately 11.5 m, which is equal 
to the length of the casing segments and fi ts in with 
the position of the coupling connections.

With the above considerations in mind concern-
ing the laboratory simulation of the axial load eff ects 
on the casing, and the results of previous calculations 
of loss of axial stability [Gorelik and Soldatov, 2016], 
one can infer that all of the discussed deformations of 
casing strings both at the Yamburg and Vankor fi elds 
have resulted from high axial loads on the wellbore 
casing. 

Fig. 3. The test sample of a casing tube:
а, b – schematic representation prior (a) and after (b) the axial fail load test; c – photograph of the longitudinal cut of the deformed 
section of casing tube [Hirshberg et al., 1988].
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2. Calculation of axial loads on the wellbore casing 
contributed by thawing permafrost

2.1. Introductory notes. The safety design cri-
teria for wells capable of withstanding emerging loads 
requires an adequate method for their calculation. An 
overview of existing approaches to this problem is 
given in [Gorelik and Soldatov, 2016]. Within the 
scope of this research, we will limit ourselves to brief-
ly mentioning a study [Goodman, 1978], which pro-
vides theoretical explanation of emerging additional 
loads on wellbore casing during thawing of perma-
frost, proceeding from the assumption of zero pore 
pressure in the thawing soils. However, given that the 
assumption provided in [Goodman, 1978] lacks a de-
scription of processes and situations leading to such 
inferences, it therefore cannot be accepted without 
respective investigations to prove the disappearance 
of hydrostatic pressure in some instances.

In [Gorelik and Soldatov, 2016] the empirical re-
lation from [Bratsev and Zhukov, 1965] for the axial 
force of negative friction Psh, aff ecting the wellbore 
casing at a depth H, which is used in the design of 
mine shafts in permafrost has the following form:

 Psh = πaRρgH, (1)

где ρ is density of unfrozen soil; a, R is both the outer 
external cement sheath radius and current value of the 
thaw radius; g = 9.81 m/s2. Importantly, expression (1) 
takes into account the current position of the thaw 
radius, implying that this forcing is time-dependent. 
At this, the authors emphasize that the dependency of 
negative friction from the thaw radius is clearly traced 
only to its propagation to 4–5 m, and then becomes 
unfeatured (i.e., the value of more than 5  m in (1) 
necessitates the substitution of R = 5 m). 

In fact, this means that the impact of the thaw 
radius can be material only during fi rst years of the 
facility operation. However, the underlying theory of 
this formula is rather vague, and so is its applicability. 
The described below method for obtaining an alterna-
tive ratio, taking into account the geological structure 
of rock mass hosting the well and their physical and 
mechanical properties in thawing and unfrozen state.

2.2. Geological prerequisites for the calcula-
tion scheme. Geological sections of the target oil/gas 
fi eld areas residing within the permafrost interval are 
composed by interbedded clayey and sand-loamy lay-
ers of diff erent thickness [Baulin et al., 1967; Dubikov, 
2002]. Geocryological characteristics of the Yamburg 
GCF are provided in [Gorelik et al., 2015]. The dis-
cussed below calculation scheme largely relies on the 
specifi c properties of individual beds (Fig. 4).

These are as follows for sands: a) sands in the un-
frozen state have no adhesion between their particle 
and therefore are unable to transmit the weight load 
of all their thawed mass onto vertical walls of the 
wellbore casing; b) when thawing, their consolidation 
proceeds fairly quickly under the action of their own 
weight as the excess moisture is squeezed out; for 
clays: a) clayey beds in the unfrozen state may have 
suffi  ciently high strength and until the thaw radius 
has reached a certain value are capable of resisting 
the weight of the overburden without collapsing 
(caving-in), while experiencing some subsidence (un-
der the condition of water draining from the underly-
ing soils outside the limit of their extent); b) cave-in 
deformations inevitably cause a force reaction of the 
underlying sandy soil (directed opposite to gravity), 
whose quantitative description can be given within 
the scope of known mechanical models (for example, 
an elastic subgrade resistance); c) the unfrozen part 
of the clayey bed expands along its outer boundary 
into the frozen rock, whereas along the inner bound-
ary, it is connected with a rough wall of the outer ce-
ment ring of wellbore casing whose radius (with re-
spect to depth) is close the average value (Fig. 4, a).

Fig. 4.  Illustration for selection of a calculation 
scheme:
а – clayey bed – cement sheath adhesion boundary; b – geo-
logical section; 1 – compacted unfrozen clay; 2 – unfrozen sand; 
3 – frozen sand; 4 – compacted frozen clay; 5 – unfrozen com-
pressible sand (elastic subgrade resistance); 6 – frozen soil.
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Note that despite the information available from 
technical reports for the Yamburg GCF emphasizing 
the higher structural strength and other mechanical 
characteristics of frozen clays identifi ed in some beds, 
the data describing those same rocks in the unfrozen 
state are not available. 

2.3. Calculation scheme and method. These 
properties of individual formations allow interpreting 
the unfrozen portion of the clayey bed as a slab resid-
ing on an elastic foundation, which is subject to cav-
ing-in under the action of the overburden weight and 
the force reaction of the underlying thawed soils with 
the specifi ed constraining condition for both bound-
ary contours as a computational model for calculating 
the load on the wellbore casing. A simple type section 
shown in Fig. 4, which includes a single clay layer is 
discussed below.

More complex cases of sections composed by 
several clayey layers require generalization of the cal-
culations given below and are not considered here. 
Suppose that H is the occurrence depth of the top of 
clayey bed and its thickness is denoted by h. The lay-
er has the form of a round slab with an external radius 
R2 (equal to the current value of the thaw radius) and 
a round hole in the center of radius R1 (equal to the 
average value of the radius of the outer cement ring). 
We denote E, σ as elasticity modulus o and Poisson’s 
ratio for clays, while D is cylindrical stiff ness of the 
slab. At this 
 ( )( )3 212 1 .D Eh= −σ  (2)

Elastic resistance of the underlying soil will be 
described by the ratio of the elastic subgrade resis-
tance
 pw = kw, (3)
where pw is reactive pressure; w is the value of vertical 
deformation of the slab; k is the coeffi  cient of subgrade 
resistance. If the external load q applied to the slab is 
axisymmetric with respect to its central axis, then the 
static deformation of the slab in the cylindrical coor-
dinate system depends only on the radial coordinate 
r and is described by a non-uniform biharmonic equa-
tion [Korenev, 1954; Timoshenko, 1967]. These works 
introduce dimensionless quantities and the parameter 
having dimensionality of length l:

 u = w/l, x = r/l, Q = ql3/D, 4 / .l D k=  (4)

Then the equation is written in a dimensionless 
form:
 ΔxΔxu + u = Q; (5)

 
2

2
1 .x

d d
x dxdx

Δ = +  (6)

As is the case here, the external load q is deter-
mined from the weight of the overlying soil mass (in-
cluding the weight of the clayey bed) minus the water 
force and is written as: 
 ( ) ( ),s wq g H h= ρ −ρ +  (7)

where ρs, ρw are soil density in the unfrozen state and 
density of water; g is acceleration of gravity. As defi ned 
by expression (7) the load q is independent from the 
radial coordinate (i.e. constant along the radius). The 
account of the water force in (7) is valid if at interme-
diate stages of consolidation the water can drain from 
the underlying clayey layer of soil to the overlaying 
soils through gaps and cracks on the contact between 
the clayey layer and cement, up until its stabilized 
condition in which deformations are described by 
equation (5). 

The conditions of rigid clayey formation sealing 
along the outer and inner perimeters of the slab are 
assumed as boundary conditions for (5), which leads 
to the four additional conditions:

 ( ) ( )1 2 0,u x u x= =  ( ) ( )1 2 0,u x u x′ ′= =  (8)

where x1  =  R1/l; x2  =  R2/l; the slash stands for the 
x-derivative. 

Equation (5) is the fourth-order linear nonho-
mogeneous diff erential equation. Its general solution 
is defi ned by the sum of the general solutions of the 
homogeneous part (at Q = 0) and any of the particu-
lar solutions (5). The general solution of the homoge-
neous part is expressed by the linear combination of 
four Bessel functions: ber(x), bei(x), ker(x), kei(x) 
[Timoshenko, 1967] (aka Kelvin functions [Abramo-
vits and Stigan, 1979]). At Q = const the particular 
solution (5) is the function u(x) = Q. Thus, the gen-
eral solution (5) can be presented as

 u(x) = Q + A1 ber(x) + A2 bei(x) +

 + A3 ker(x) + A4 kei(x). (9)

The unknown constants A1–A4 are defi ned from 
the conditions of (8) (being way too cumbersome, the 
expressions are not given here). If we assume that the 
value x1 is fi xed, then each of these constants is the 
function of three input parameters: Q, l, x2. A method 
for their explicit defi nition shows that each of these 
functions can be represented as follows:

 An = Q ϕn (l, x2), n = 1, 2, 3, 4, (10)

where ϕn functions are invariant with Q. 
The sum of force reactions on the inner (Pi) and 

outer (Pe) contours of the slab are determined by the 
known expressions [Korenev, 1954; Landau and Lif-
shits, 1987]

 
11 2

2 ;i x x x
D dP R u

dxl == π Δ  (11)

 
22 2

2 .e x x x
D dP R u

dxl == − π Δ  (12)

Given (9) that the application of the Laplace op-
erator indicated in the parentheses in (11) and (12) 
to any of Kelvin function translates it to another 
function from the same group with the respective 
sign  [Abramovits and Stigan, 1979] (for example, 
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Δx ber(x) = –bei(x), etc.), these relations can be re-
written through the fi rst derivatives of Kelvin func-
tions. In particular, for the internal contour (on the 
contact with wellbore casing) we obtain

 
( ) ( )(

( ) ( ))

′ ′= π − + −

′ ′− +

1 1 1 2 12

3 1 4 1

2 bei ber

kei ker .

i
DP R A x A x
l

A x A x
 (13)

Proceeding from the ratios (4), (10), (13), it can 
be easily demonstrated that the dependence of Pi (as 
well as Pe) values on the parameters of E and k is re-
duced to the dependence only on their ratio (E/k). 
This property can reduce the amount of calculations 
required. By multiplying both parts of equation (5) 
by x and integrating them in the range from x1 to x2, 
as well as for the central angle in the range from 0 to 
2π, we obtain the equation for the integral balance of 
forces acting on the slab in the state of its mechanical 
equilibrium. It can be represented as

 Pi + Pe + Pw = –Pq, (14)

where Pi, Pe are defi ned by equations (11) and (12); 
Pw is the total elastic subgrade resistance, given by 
the formula

 2 2

1 1

32 ( ) 2 ( ) ,
R x

w wR x
P p r rdr kl u x xdx= π = π∫ ∫  (15)

Pq – total load from the overburden weight:

 ( )2 2 2
2 1 .qP l q x x= π −  (16)

Equation (14) is convenient to use as a test rela-
tion for the calculations performed.

Note that instead of the set of functions selected 
in (9), B.G. Korenev and his associates [Korenev, 
1954; Korenev and Chernigovskaya, 1962; Gorbunov-
Posadov et al., 1984] use a diff erent set (linked with 
Kelvin functions by linear relations), which required 
compiling special tables. However, the set of func-
tions used here, has signifi cant advantages, consisting 
in high-precision interpolation expressions for them 
(as well as for their fi rst derivatives) [Abramovits and 
Stigan, 1979], which allowed to make the process of 
calculations largely automated. 

The transition to the dimension values is carried 
out through the ratios of (4). If the axis Ow is direct-
ed upwards, the w, g и Pq values are negative (since 
the cave-in deformations, the gravity and the weight 
of soils are directed downwards, i.e. opposite to the 
direction of the axis Ow), whereas reaction forces 
(Pi, Pe, Pw) in (14) therefore must be positive (they 
are directed upwards).

Formulas (9), (11), (12) with the account of 
(13), (15), (16) allow to calculate all necessary values 
characterizing the equilibrium state of the clayey slab 
and the corresponding reactive forces in all the sys-
tem’s elements. With regard to well design, the most 
important is the calculated load exerted onto the 
wellbore casing (the total reaction force in the slab Pi 
inner fastening contour) and its dependence on the 
thawmradius.

However, other values may be useful in assessing 
the eff ects of the related processes (e.g., in the analy-
sis of subsidence of the thawing soil, for establishing 
the magnitude of loads ensuring integrity of the clay-
ey formation, etc.).

2.4. Calculation examples. Let us consider ex-
amples of calculations for diff erent values of the sub-
grade resistance coefficient (covering the range of 
possible values of this parameter for unfrozen soils 
[Korenev and Chernigovskaya, 1962]) given the fol-
lowing input data: H = 70 m, h = 2 m, R1 = 0.2 m, 
E = 107 Pа, σ = 1/6, ρs = 1800 kg/m3, ρw = 1000 kg/m3, 
and for diff erent values of thaw radius R2. The elastic-
ity modulus E is assumed to be close to this factor for 
clays with highest densities. All the calculations are 
easily carried out in the MathCad environment.

Figure 5 represents the results of calculations of 
the clay slab deformation at a fi xed value of thaw ra-
dius R2 = 5 m and diff erent values of the subgrade re-
sistance coeffi  cient. Note that when the coeffi  cient of 
subgrade resistance changes by fi ve orders of magni-
tude, the maximum curvature changes by about an 
order of magnitude.

Table 4 provides a calculus example for relation-
ship between the total load coupled with all reaction 
forces and the value of thaw radius. Using Table 4, 
the accuracy of calculations can be estimated from 
ratio (14). For comparison, the last column shows the 
dependence of the load on the casing, defined by 

Fig. 5. Plot of vertical deformations of the formation 
(w) versus radial coordinates (r) at R2 = 5 m and 
diff erent values of k:
1 – 103 Pa/m; 2 – 106 Pa/m; 3 – 107 Pa/m; 4 – 108 Pа/m.
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equation (1). This example shows variations in mo-
notonous behavior of the load exerted on the casing 
within the range of the thaw radius from 4.5 to 6 m.

Figure 6 shows the behavior of total load on the 
wellbore casing depending on the thaw radius at 
three values of the subgrade resistance coefficient. 
The load curve obtained by the calculation using for-
mula (1) is given here for comparison.

2.5. Discussion of results. In contrast to equa-
tion (1), the proposed calculus method demonstrates 
a non-monotonic dependence of the load on the 
thawing radius. At the initial stage, the load increases 
to a certain maximum value, followed by it decreasing 
until it becomes an asymptotically constant (inde-
pendent from R2) value. The value of the maximum 
and the asymptotic value decrease with the growth of 
the coeffi  cient of subgrade resistance (with the re-
sponse of foundation Pw being critical in the redistri-
bution of reaction loads). The position of the maxi-
mum is shifted towards larger R2 values as the sub-
grade resistance coefficient decrease (i.e., with 
decreasing resistance of the elastic foundation, the 
maximum load corresponds to the later moments of 
time from the commencement of well operations). 
For example, for coeffi  cient k = 103 Pa/m, a peak on 
the curve is equal to about 6⋅107 N (6000 tnf). At this, 
its position approximately corresponds to the value of 
R2 = 13 m, which normally occurs after several de-
cades of continuous well operations. However, these 
loads reach collapse values already at the thaw radius 
of 5–6 m (at a rated depth of 70 m). Low k-values can 
be characteristic of soils with higher ice content in 

the initial (permafrost) state. In this case, the loads 
exceed the failure values used in the experiments 
[Hirschberg et al., 1988], which is also hazardous in 
terms of loss of axial stability of the wellbore casing 
[Gorelik and Soldatov, 2016]. Soils which become 
highly consolidated in the process of formation, fol-
lowed by their epigenetic freezing and having there-
fore high strain resistance factors, are safer for well 
operations. We should however bear it in mind that 
the calculated loads (given (10) and (13)) are actu-
ally proportional to the occurrence depth of clayey 
formation H, which means that for a depth of approx-
imately 200 m (at which the accidental buckling of 
wells was reported), the peak loads will reach hazard-
ous values, including the coeffi  cients of subgrade re-
sistance k = 107 and 108 Pа/m. 

The load behavior shown in Fig. 6 is fully consis-
tent with the observed in situ eff ect of the thawing 
process on the timing and magnitude of deformations 
of the wellbore casing [Bratsev and Zhukov, 1965] and 
wells [Gorelik et al., 2015]. The fi rst few years have 
proven to be most hazardous for the structures since 
their commissioning, while further operation reduces 
the risk of hazardous deformations. 

The presence of a peak in function Pi(R2) is not 
obvious, and it would be pertinent to give some phys-
ical reasoning for its justifi cation. The parameter l, 
introduced by the ratios in (4), estimates a typical 
distance from the point of local load application to 
the slab at which its deformations are tending to de-
cline until a certain constant value is reached. For 
example, if the main focus is on the solution of the 

Fig. 6. Relationship between total loads on wellbore 
casing (Pi) and thaw radius (R2) at and diff erent 
values of k:
1 – 106 Pа/m; 2 – 107 Pа/m; 3 – 108 Pа/m; 4 – from equation (1).

Ta b l e  4. Total loading and reaction forces
(absolute values) versus the position
 of thaw radius (R2) at k = 107 Pa/m

R2, m
Pi Pe Pw Pq Psh

tnf

0.2 0 0 0 0 15
0.5 14.4 22.8 0 37.2 38
1.0 55.1 115.1 0 170.2 77
1.5 116 273.5 2.2 392 116
2.0 195 493 14 702 155
2.5 284 760 57 1101 194
3.0 371 1053 165 1589 233
3.5 441 1344 380 2165 271
4.0 486 1613 731 2830 310
4.5 503 1856 1225 3584 349
5.0 500 2078 1848 4426 388
6.0 470 2498 3408 6377 465

N o t e. For illustrative purposes, all load bearing 
characteristics (Pi, Pe, Pw, Pq, Psh) are given in ton-force 
 (1 tnf = 104 N). See text for detailed notations (equations (11), 
(12), (15), (16), (1)).
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problem of infi nite slab deformed under the action of 
concentrated force, then this distance approximately 
equals 3l [Timoshenko, 1967].

In the considered problem, local (nonuniform) 
loads are localized on the circular contours of the 
slab. If the slab radius R2 is large enough to have the 
condition R2 >> 2(3l) satisfi ed, the pattern of the slab 
deformations (in the transverse section) should have 
a saucer-like shape: the extended bottom is limited 
from the edges by fairly sharply rounded elevations 
whose length along the radius approximately 
equals 3l. 

Both the shape and characteristic dimensions of 
the elevations will be slightly dependent on the bot-
tom’s length when fulfi lling the written inequality 
and at progressively increasing R2. This means that at 
a fi xed value of R1, the function Pi(R2), according to 
(11), asymptotically tends to a constant value. At the 
same time, according to (12), the function Pe(R2) 
should increase linearly under the same conditions. 

In this case, the total load of the overburden 
weight (which, according to (16), is proportional to 
(R2)2) is compensated primarily by the reaction of 
the elastic base (as follows from (15), it is also pro-
portional to (R2)2). At this, it is obvious that with the 
R2 increasing from the value of R1, at least in the close 
vicinity of this point, all reactive forces being propor-
tional to the weight of the overlying deposits should 
increase.

The insights resulting from the above conside-
rations indicate that as the value of R2 increases, the 
load exerted on the wellbore casing should increase 
monotonously at the initial time of permafrost thaw-
ing and it tends to be an asymptotically constant 
value at long term operations. This, however, does 
not yet unambiguously necessitate the existence of a 
maximum in this function behavior (which is possible 
only if the asymptotic value is approximated from 
above). Taking into account that the relationships be-
tween the A1–A4 coeffi  cients and that variable R2 is 
too cumbersome, the actual presence of this maxi-
mum is defi ned purely by calculations. The proposed 
calculation method allows to closely approach the 
optimal solution to the problem of convergence of the 
wellheads within a well pad in the permafrost pro-
ceeding from the condition of ensuring stability of 
wells during operation.

It should also be noted that this calculation 
method requires suffi  cient information about the al-
ternation pattern of clay and sandy soil layers within 
the permafrost interval and their deformation charac-
teristics in the unfrozen state.

CONCLUSIONS

1. The known facts of forced shutdown of wells 
at high-latitude hydrocarbon fi elds clearly demon-
strate the eff ect of additional loads on the wellbore 

casing resulting from permafrost thawing. The labo-
ratory (experimental) studies of the action of these 
loads on the casing models have shown that the load 
can exert failure strain of two types: loss of axial 
 stability of the wellbore casing; plastic fl ow of metal 
elements of the casing on the coupling connection 
surface associated with the bulging. The greatest 
challenge in designing structurally stable wells for 
permafrost areas consist in the development of appro-
priate method for calculating axial loads on the well 
bore casing, stemming from the permafrost thawing 
during the production life of wells.

2. The discussed approach to calculating vertical 
loads suggests that they are communicated by the 
weight of thawing soils, overlying the steadfast clay 
layers, residing on the inner contour of the well cas-
ing and extending along its outer contour into the 
permafrost not aff ected by thawing; whereas from be-
low, they are exposed to elastic reaction of the under-
lying soils in the unfrozen state.

3. With the permafrost thawing around the well, 
the loading on the wellbore casing reveals (unlike the 
known approaches) the non-monotonous behavior 
with the increasing thaw radius. At fi rst, the load in-
creases to a certain maximum value, which then de-
creases until it becomes asymptotically constant val-
ue (independent from of R2). The maximum and the 
asymptotic values of the loading tend to decrease, as 
the subgrade resistance coeffi  cient grow. When de-
creasing, this coeffi  cient is refl ective of a shift in the 
position of the maximum towards larger R2 values. At 
low values of the failure strain coeffi  cient (<105 Pa/m) 
the values of these loads reach already at the thawing 
radius of 5–6  m (at the clay occurrence depth of 
70 m).

4. Low values of coeffi  cient k can be indicative of 
ice-rich permafrost. In this case, the loads exceed the 
failure strain values, which were reported in the ex-
periments [Hirschberg et al., 1988], and are also ha-
zardous for loss of axial stability (buckling) of the 
wellbore casing [Gorelik and Soldatov, 2016]. Soils, 
highly consolidated in the process of their formation, 
epigenetically frozen and having high coeffi  cients of 
resistance to deformation, appear essentially safer for 
well operations. For a depth of about 200 m (at which 
accidental deformations of wells were reported) the 
load at the maximum point will reach hazardous va-
lues, including for the coeffi  cient of subgrade resis-
tance k = 107 and 108 Pa/m.

5. As is shown in Fig. 6, the behavior of the load-
ing exerted on the wellbore casing is consistent with 
the in situ observations of the eff ects of permafrost 
thawing on the duration and intensity of deforma-
tions in mine shafts [Bratsev and Zhukov, 1965] and 
wellbore casing [Gorelik et al., 2015]. In this respect, 
the fi rst few years from their commissioning are the 
most hazardous for the facilities. Further operations 
reduces the risk of emerging hazardous deformations.
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