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The goal of this paper is to develop a methodology for calculating the stability of an annular cross-section
string casing made of polymer material used for the development of mineral deposits by underground leaching in
permafrost formations. The aim was to determine the geometric parameters of the casing and to ensure its operational
reliability.

The relevance of the research is associated with the peculiarities of external influences on the string, for exam-
ple, a geotechnological well operating in permafrost formation under conditions of additional exposure to ice pressure
during freezing of water in the borehole annulus. This effect is usually accompanied by deformation of the casing due
to ice pressure, which can lead to string collapse, abnormal operation and the risk of contamination of the geological
environment.

The proposed calculation method for a polymer casing is based on simulation of objects using the finite ele-
ment method. We used the spatial finite elements to model the interaction of key elements of the geotechnological
natural-technogenic complex: a polymer casing, ice in the annulus space and homogeneous or heterogeneous rock
masses adjacent to the well.

The results of the study are presented in the form of tables and patterns of displacements, which reflect stresses
and strains in the elements of the calculation scheme. The analysis of the obtained results confirms the possibility of
using polymer casings of different technological purposes in various conditions of permafrost formation, including
extreme ones. The results of the redistribution of pressure created by ice during the freezing of water in the borehole
annulus to the rock mass and the string are evaluated. Interdependent deformations of the rock mass and operating
string during freezing of water in the borehole annulus are determined. The necessity of considering the properties of
the rock mass in determining the pressure on the string is established. The conditions for the collapse of the string
with a different combination of its parameters are revealed.
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Introduction. In Russia and abroad many developed and promising mineral deposits are located
in the area of permafrost formations [7, 17, 20]. The development conditions [12, 13] require con-
sidering the interaction of permafrost rock and operating wells. The process wells are mainly de-
signed using the production string made of polymer materials. Recently improved quality of such
materials allowed us to use them in cryolithozone conditions [4, 14]. During the conservation or
prolonged shutdown of operating wells in the conditions of permafrost formations propagation, the
water in the borehole annulus freezes and the well can collapse. We can assess the reliability of cas-
ing made of polymeric materials, by testing their ability to withstand the imposed load, taking into
account all production conditions and operation aspects, including the ice pressure when water
freezes in annular space.

Many researchers carried out the studies to determine the additional ice pressure force impact
on the string during freezing of water in the annulus (the so-called refreezing), the results of these
researches produced a wide range of indicators. They suggest that the ice pressure during refreezing
1s significantly affected by the temperature drop, the gap between the casing and the rock mass, and
the composition of permafrost rocks. When water freezes in a sealed cavity, the maximum pressure,
depending on the temperature difference, can be quite correctly determined by the Bridgman-
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Tamman equation. Using this formula, it was established [9] that with a decrease in temperature by
7.4 °C the pressure on the casing of a sealed cavity rises by 84 MPa.

It is obvious that when water freezes in the annulus, the ice pressure causes deformation, both
in the casing and in the rock mass. Thus, according to R.I.Medvedsky, the calculated pressure dur-
ing refreezing in sand rocks amounted to 17.3 MPa [9]. He also gives the calculation of pressure on
the casing at the Prudhoe field (Alaska, USA) in the well with the alternating sand and clay. De-
pending on the thickness of the clay interlayers, the calculations of R.I.Medvedsky gives pressure
values inside the cavity equal to 8.5-11.4 MPa. The author compares his results with the data from
field experiments. A pressure of 20.6 MPa was recorded for the permafrost sands at the Messoyakh-
skoye field, and pressure at the Prudhoe field for alternating sands and clays was 13 MPa. The
lower pressure at the Prudhoe deposit is explained by the presence of clay inclusions.

V.G.Kuznetsov [5] presents the results of measuring pressure in the borehole annulus in the
Kharasaveyskoye field. At a temperature of ¢t =—1.38 °C, the pressure was p = 14.62 MPa, after
three months at 1 =—4.02 °C, the pressure was p = 39.53 MPa. He also cites data from field studies
at the Prudhoe Bay field, where the maximum pressure during refreezing was 14.6 MPa.

G.V.Zverev and A.Yu.Tarasov [3] using the empirical Bridgman — Tamman equation, in which
the pressure depends only on the temperature difference, calculated the maximum possible pressure
for different temperatures of the water cooling in the borehole annulus. At a temperature of  =—1 °C,
the pressure was p = 12.6 MPa, at a temperature of t =—1.5 °C, the pressure was p = 18.8 MPa, and
at a temperature of = -2 °C, the pressure was p = 24.9 MPa.

Formulation of the problem. As can be seen from the materials presented, the range of ice
pressure on the casing varies greatly. As a rule, the empirical equations used to determine the ice
pressure on the casing during refreezing contain a limited number of parameters. Clarification of the
freezing pressure is an urgent task. New methods are required to obtain reliable results when solv-
ing this problem [2, 3, 5, 6, 10, 11]. The developed model must correspond to the real production
conditions and the mutual influence of its constituent elements on each other. Significant deform-
ability of polymer casings requires a calculation method that takes into account the deformation
characteristics of all elements of the design scheme under high-pressure conditions that occur dur-
ing freezing. The collapse of the production well can lead to major accidents and serious conse-
quences [18]. The most objective description of the stress-strain state of the string and the adjacent
rock mass is provided by the application of the finite element method [16] and the solution of the
spatial problem of thermoelasticity. The initial input information for this method includes mechani-
cal characteristics and string dimensions, ice parameters in the annular space, and characteristics of
the adjacent rock mass.

The purpose of this paper is to develop a methodology for calculating the stability of a polymer
operating string located in permafrost rock, considering the widest range of indicators using the fi-
nite element method.

Methods. The proposed method presents modeling the effect of water refreezing in the bore-
hole annulus of the operating string and adjacent permafrost rocks based on the finite element
method. Figure 1 shows a fragment of the calculation model of the rock mass adjacent to the well, a
section of the string and ice in the annular space, limited in height within 1 m, as a finite element
model of the target object. The unplasticized polyvinyl chloride (uPVC-U) casing, the ice in the an-
nulus space, and adjacent rocks are modeled by volumetric finite elements. For numerical simula-
tion, the LIRA CAD software package was used. We also specified the physical and mechanical
properties of model elements. The proposed method allows the formation of heterogeneous rock
mass by assigning various properties to individual finite elements. The required density of the finite
element grid, which ensures the accuracy of calculations, is determined by the results of preliminary
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Fig.1. Calculation scheme: a — a section of the string in rock mass; b — cross-section

1 —uPVC-U casing; 2 — rock mass; 3 —ice

numerical experiments. The radial movement of the rock mass is limited by the links in nodes on
the outer contour.

We set the desired values of volumetric strains that simulate the phase transition of water into
ice in the annulus space to assess stresses and strains in the target system. The option of uniform
freezing of water is considered (symmetric problem). The temperature is set down to —1.5-2 °C,
which ensures the freezing of water in the annulus space. Using an iterative process, the pressure on
the elements of the computational model is determined, caused by an increase in volume during the
transition of water to ice. The resulting pressure on the string is compared with the critical pressure
determined by the formula [19]

ERW’

Fa =3 TR )

where E — Young's modulus; # — casing thickness; R — average casing radius; v — Poisson's ratio.

The calculations allow determining the displacements of all nodes of the finite element grid
and the internal forces of the model elements, including radial and annular stresses in the casing,
which enables evaluating the nature of the pressure distribution on individual elements of the design
scheme and the ability to absorb the applied load.

Discussion. The calculation results for casings with different characteristics and adjacent rock
masses are presented in Tables 1 and 2. During the calculations, wall thickness, casing diameter,
ice layer dimensions, and rock mass properties varied. Row 1 of Table 1 shows the results of the
calculation of the casing with the dimensions and properties specified in the regulatory documents
GOST R 51613 (GOST R 51613-2000. The pressure pipes made from unplasticized polyvinyl chlo-
ride. Specifications), SP-40-102-2000 (SP-40-102-2000. Design and installation of pipelines of wa-
ter supply and sewage systems made of polymer materials. General requirements). We consider the
casing with an outer diameter of 140 mm, a wall thickness of 10.3 mm, Young's modulus
E.=3000 MPa, Poisson's ratio v.s = 0.36, and density pes = 1.4 t/m>. The host rock mass — perma-
frost sand — has a density p=1.6t/m’ and the following mechanical characteristics: Young's
modulus £ = 3650 MPa and Poisson's ratio v = 0.2 [8]. The following ice characteristics were taken
into account: E; =900 MPa [15], Poisson's ratio v; = 0.34 [1]. The casing is located in a well with a
diameter of 171.4 mm. The gap between the casing and the borehole wall is 15.7 mm. As follows
from the results given in Table 1, the pressure on the casing during freezing of water exceeds a
critical value, which leads to loss of stability and collapse of the well. As can be seen from the
second row of Table 1, the use of a similar casing from a material with a smaller Young's modulus
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leads to a decrease in pressure on the casing. This is due to an increase in casing deformations. At
the same time, a decrease in Young's modulus leads to a decrease in critical pressure. The condition
for the loss of stability of the production string is preserved.

Table 1
Calculation results for casing with a diameter of 140 and 160 mm
Ttem . . Size Caging wall Pressgre Critical Ring Pressure
N Option parameters, rock ofiice layer, | thickness, on casing, pressure, strength, on rock,
mm mm MPa MPa MPa MPa
140 mm diameter
1 | Casing according to GOST, sand, 15.7 10.3 7.15 2.30 15.4 6.26
E., =2000 MPa
2 | Casing according to GOST, sand, 15.7 10.3 9.59 3.45 22.3 7.21
E. =3000 MPa
3 | Casing with thickened wall, sand, 15.7 15 12.0 11.9 21.2 10.5
E. =3000 MPa
4 | Casing with thickened wall, sand, 15.7 16 12.6 14.8 21.3 11.1
E. =3000 MPa
5 | Casing with thickened wall, sand, 15.7 17 13.4 18.2 21.4 11.7
E. =3000 MPa
6 | Casing with thickened wall, clay soil, 15.7 16 9.89 14.8 16.2 7.44
E. =3000 MPa
7 | Casing with increased gap, sand, 28.5 16 20.9 14.8 34.9 15.7
E. =3000 MPa
160 mm diameter
8 |Casing according to GOST, sand, 15.25 11.8 7.61 3.48 17.7 5.73
E. =3000 MPa
9 |Casing with thickened wall, sand, 15.25 16 9.78 9.46 18.1 7.36
E. =3000 MPa
10 [Casing with thickened wall, sand, 15.25 18 10.8 14.04 18.3 8.14
E. =3000 MPa

Since the thickness of the wall exerts the greatest influence on the casing stability, casings with
a wall thickness different from the one specified in the standard were considered. As follows from
Table 1, an increase in the casing wall thickness up to 15 mm does not ensure the stability of the
structure, since the ice pressure exceeds the critical value. In other options, when calculating a cas-
ing with a wall thickness of 16 and 17 mm, the degree of influence of the wall thickness on the
critical ice pressure was determined. In both options, the pressure on the casing does not exceed
critical values.

The stress-strain state of the “casing — rock mass” system with an increase in the gap between
the casing and the borehole wall to 28.5 mm is considered. This option was obtained by increasing
the diameter of the borehole to 197 mm and by placing casings with a diameter of 140 mm and a
wall thickness of 16 mm. With an increase of the ice layer, the ice pressure on the polymer casing
increases sharply and its stability is not ensured. We considered the option with hosting clay soil to
determine the influence of the composition of the rock mass on the stress-strain state of the casing
and the rocks. As a result, it was found that when a well is placed in clay rocks (row 6 in Table 1),
significant deformations of soil lead to a decrease in ice pressure on the polymer casing, which does
not exceed the critical value. This is explained by large differences between the elastic moduli of
the rocks under consideration.

We calculated the option for a casing with an increased diameter (Table 1) to evaluate the re-
sults. As can be seen from the Table, a casing with dimensions of 160 x 11.8 mm, matching the
GOST R 51613-2000 requirements, has the ice pressure exceeding the critical value and cannot be
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Fig.2. Pattern of displacement of nodes in the finite element model: a — arbitrary cross-section displacements;
b — a section of displacements of casing and ice nodes.
Displacements: node 1 — minus 0.57 mm; node 2 — minus 0.29 mm; node 3 — 0.19 mm; node 4 — 0.38 mm; nodes 5-6 — 0.67 mm,
nodes 7-9 — 0.766 mm

used under the conditions indicated in the table (permafrost sand, gap — 15.25 mm). The casing with
a wall thickness of 16 mm is affected by ice pressure slightly exceeding the critical pressure.
The string with a wall thickness of 18 mm ensures a safe operation under the above-mentioned
conditions.

Figure 2 shows the pattern of the displacements of the nodes of the finite element model result-
ing from the freezing of water in the annulus space and the subsequent increase in ice volume for
the variant shown in row 6 of Table 1. It has the node number and their displacement in relation to
the global coordinate system along the x-axis. The movements of the nodes are indicated relative to
their initial position before the application of the load. The maximum horizontal movements of the
nodes relative to their initial position before the load are applied in the casing elements.

From the analysis of the results presented in Figure 2 and Table 2, it follows that the total defor-
mation of the ice layer, taking into account its compression, is 1.24 mm for the considered option. The
movement of the outer edge of the casing wall as a result of its compression by ice is 0.67 mm. The
displacement of the borehole wall under ice pressure is 0.57 mm. Thus, the fraction of rock deforma-
tions for the considered option is about half of the total deformation of the ice layer. The fraction of
permafrost sand deformations is two times less. In general, this indicates the need to consider the de-
formation of the borehole wall during the formation of calculated models.
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Table 2

Displacement of nodes of a calculated model

Ttem . Casing Cfising Iee deformation Ice layer increase
N Option parameters, rock wall displacement, | surface displacement, mm ’|  during water freezing,
mm mm mm
1 |Casing according to GOST, sand, 0.14 1.10 0.17 1.41
6=10.3 mm, gap 15.7 mm
2 |Casing with thickened wall, sand, 0.24 0.96 0.21 1.41
6 =15 mm, gap 15.7 mm
3 |Casing with thickened wall, sand, 0.24 0.95 0.22 1.41
6 =16 mm, gap 15.7 mm
4 |Casing with thickened wall, clay soil, 0.57 0.67 0.17 1.41
6 =16 mm, gap 15.7 mm
5 |Casing with increased gap, sand, 0.39 0.58 0.59 2.56
6 =16 mm, gap 28.5 mm

The increase in Young's modulus of any of the model elements of the “casing — rock mass”
system leads to an increase in internal forces and pressure on the operating string and vice versa.
The solution of the multifactor problem using volumetric finite elements ensures the account of
the interdependence of deformations and the mutual influence of the elements of the calculation
model on each other. Stresses in the casing wall do not exceed the yield strength of the material
(GOST R 51613-2000) and a possible threat to the operating well is the loss of stability and collapse
of a polymer casing under pressure during ice compression.

Conclusion. The suggested method for determining the stress-strain state of operating wells
made of polymer material and adjacent rock masses using spatial finite elements allows us to evalu-
ate the ability of the strings to withstand the load from ice pressure when water freezes in annular
space. The calculations established the necessary geometric parameters (wall thickness and diame-
ter) of a polymer casing, ensuring its stability under the influence of radial load. The degree of dis-
tribution of ice deformations between elements of the design scheme is determined. It is established
that rock masses should be included in the design scheme since their deformations are comparable
in magnitude with the string deformations. The presented calculation method for casing can also be
applied to other operation conditions, different from those described in this article.
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