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Abstract
Research objective is to determine the results of ice impact on the polymer operating string and adjacent
rock mass in the most probable type of computational model that considers the asymmetry of the load
imposed by water refreezing in the casing string annulus. The solution to this problem makes it possible
to consider the possibility of using polymer pipes in permafrost.
Research relevance is conditioned by the known facts of water freezing in the casing string annulus at
low temperatures. In practice, water freezing causes significant deformations and damage operating
strings and pipe joints creating emergency situations that can disrupt flow processes.
Research methods. The finite element method is used to calculate the polymer operating string, placed
in the rock mass. The proposed method considers the asymmetry of the load imposed on the pipe and
uses a lot of parameters to create the computational model. The method makes it possible to include
pipe, ice and adjacent rock mass in the computational model considering their properties.
Research results establish the degree of non-uniform loading effect on pipe s deformation, strength and
stability. Pipe calculation results for the conditions of symmetric and asymmetric compression by ice are
compared. The results of using a nonlinear model of rock are considered. A significant impact of the
composition of rocks around the well has been revealed. The conditions have been determined in which
polymer pipes can bear the load during refreezing under asymmetric arrangement of the pipe in the
well.
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Introduction. Pipes made of polyvinyl chloride [1] and other polymers [2] are
widely used in mining, oil and gas industries. Such pipes are used for solution collection
ponds in heap leaching and as operating and casing strings in underground leaching. In
permafrost, well-drilling hydraulic technologies are used to create emergency water
storage tanks, underground oil and gas condensate storage facilities, and to store
industrial waste [3]. These applications of pipes are also common in regions with severe
climate and permafrost [6], such as Russian northern regions [4], Canada, etc. [5].
Papers [7] and [8] indicate the boundaries of permafrost distribution in Norway and in
the regions of the North Atlantic. Paper [9] determines the range of permafrost
temperature variation in different conditions of occurrence in several countries of the
Northern hemisphere; paper [10] determines temperature variability. Permafrost
temperatures range from —15 °C in northern Greenland to 0 °C in other regions on the
southern boundaries of permafrost occurrence. Permafrost conditions in the regions of
permafrost should be considered when developing mineral deposits. It is essential for
in situ leaching. The existing design standards for such mining enterprises do not
always take into account the distinguishing features of permafrost conditions in the
northern regions and their impact on the reliability of boreholes. The indicated features
also include low average annual air temperatures, large annual and daily air temperature
ranges, and a thin snow cover. At enterprises in the above-noted regions, under certain
circumstances, ice forms in the annular space. Polymer string deformations that violate
safe operation conditions are recorded when mining uranium by in situ leaching in
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permafrost [11] when water freezes in the casing string annulus. A lot of accidents with
polymer pipes are caused by the impact of non-design loads during repair, installation
or emergency shutdown.

Previous fundamental research at the Vankor field [12] and at the Khiagda ore field
[13] confirm the development of significant pressure on pipes when water freezes and
ice forms in the annular space during well operation. Kuznetsov V. G. [14] noted that
the value of the pressure on the pipe, obtained by experiment at one of the fields when
water freezes, reached 39 MPa. In the papers indicated above, the load on pipe caused
by water freezing in the casing string annulus is described as absolutely symmetric,
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Figure 1. Fragment of a pipe in the zone of water refreezing:
1 — frozen rock mass; 2 — ice; 3 — pipe
Pucynoxk 1. ®@parmenT TpyOb!I B 30HE 00OpAaTHOTO 3aMEP3aHUS BOIBIL:
1 — maccuB Mep310ii moponsl; 2 — nex; 3 — Tpyba

while expressions for the contact and critical pressure include a limited number of
parameters. Polymer pipes application in severe climate requires strict technical
justification. However, fundamental research papers [12, 13] and paper [15] that
calculate pressure and phase content in the casing string annulus, as well as other well-
known publications devoted to downhole polymer operating strings calculation, do not
consider the issues of operating strings interaction with ice and adjacent rock when
asymmetric loading from water freezing is imposed on the pipe.

Formulation of the problem. Predicting the consequences of external action
imposed on a polymer pipe when it is compressed by ice is an urgent task that solves
the problem of such pipes reliability. In this case, studies should consider the variety of
external impacts on pipes, including asymmetric loading from water freezing, and take
into account the changing properties of adjacent ice and rock at different stages of
facility operation. These conditions require a volumetric model. In real-life conditions,
the effect of ice in the course of water freezing is usually asymmetric. An asymmetric
computational model is formed when the pipe in the well shifts initially before
contacting the rock, when the water freezes unevenly due to an inhomogeneous
temperature field in the adjacent rock, when the cavity develops in the thawing rock
and after that water freezes in it. When assessing the structure’s reliability, the question
arises of how different are the consequences of ice impact when water freezes in the
annular space under symmetric and asymmetric loadings imposed on the pipe.

Research objective is to evaluate the outcome of asymmetric loading on a polymer
operating string when water freezes in the casing string annulus. The obtained results
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should help assessing the possibility of using polymer pipes in the permafrost rocks of
various compositions.

Research methods. The finite element method and L/RA software package are used
to assess operating string bearing capacity. The finite element method has proved itself
to be good when calculating a pipe symmetrically loaded with ice pressure [16] and in
determining stresses in pipes under repair [17]. A computational model shown in Figure 1
is built when solving the strength problem. The model includes a pipe, an ice band
and adjacent frozen rock. The computational
model describes empty operating string.
Unplasticised polyvinyl chloride (PVC-U)
pipe, ice, and adjacent frozen rock are formed
of volumetric finite elements. Along the pipe’s
longitudinal axis, subdivision into finite
elements is made in increments of 0.1 m. In the
annular direction, the pipe is subdivided into
21 elements. Ice finite elements are represented
as triangular prisms.

In case of asymmetric arrangement of the
pipe in the well, the least favorable instance has
been considered when the pipe adjoins the
contour of the well at point 4 (Figure 1).
The figure shows a fragment of a pipe and
adjacent rock mass. In this case, finite elements ~ Figure 2. Fragment of a pipe with a
volume change at water-ice transition becomes |, s A S

. . ncyHok 2. ®parmeHT TpyObI ¢ pa3OMBKOI
non-uniform along the pipe’s contour. As a HA KOHEUHbIE 3J1eMEHTbI
result, external load on the pipe is also non-
uniform. The computational model includes adjoining rock masses within a radius of
1 m from the pipe reflecting the behavior of rock under load in a reasonably objective
way. In the rock mass selected from the half-space, displacements on its contour are
limited by links at its boundaries in the corresponding directions.

The temperature drop in the volumetric elements of ice is simulated to create
external load. The temperature drop provides the necessary 9% growth of the elements
volume during the water-ice transition in the casing string annulus. Iterations make it
possible to consider the deformations of all elements in the model objectively.
Calculation determines stresses and displacements of nodes and volumetric elements of
the computational model.

When calculating the stability of the operating string, the PVC-U pipe is modeled
by a cylindrical surface in the form of a shell with a specified thickness. The shell
fragment subdivision into finite elements is shown in Figure 2. The computational
model makes it possible to consider simultaneous deformations of the pipe, ice and
rock mass. When analyzing cylindrical shell stability in L/IRA, both membrane and
other forces within the structure are considered. Safety factor of stability & reflects the
shell’s ability to bear the imposed load according to the stability criterion, i.e. to
maintain its shape or position. The safety factor of stability is determined by the ratio
of the buckling load to the actual design load. The structure is not stable under safety
factor less than 1.

Increase in water volume during ice formation in the casing string annulus simulates
loading. At the first step of loading, the pipe adjoins the rock mass at the contact of two
surfaces, point A (Figure 3). When pipe and rock deform, the contact surface expands
in both directions from point 4. Actual pipe-rock contact in the BC section as a result
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of pipe and rock deformations has been established at the stage of total freezing of
water in the casing string annulus. The pipe-rock contact points in the BC section are
connected by infinitely rigid bars. Upon complete freezing of water in the casing string
annulus, a non-uniform radial loading from ice formation is transferred to the pipe, as
shown in Figure 3.

Results and discussion. A PVC-U pipe with a thick wall and a steel pipe (GOST
32528-2013) were the objects of study. The outside diameter of all pipes was taken
equal to 140 mm. The following characteristics of materials were used. Characteristics
of a polymer pipe (GOST R 51613) are as follows: Young's modulus £ = 3000 MPa,
Poisson's ratio v = 0.36, density y = 1.4 t/m3. Corresponding ice characteristics:
E =900 MPa [18],v=0.34[19], y=0.9157 t/m>. Sand characteristics: E = 3650 MPa,
v=0.13,y= 1.6 t/m3. Loam characteristics: £ = 1500 MPa, v=0.14, y = 1.6 t/m>. Steel
pipe material characteristics: £ = 200,000 MPa, v= 0.3, y = 7.85 t/m3 [20].
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Figure 3. Computational model for checking the pipe for stability
Pucynok 3. PacyerHnas cxema Juist MpoBEpKU TPyOBI HA yCTOHYMBOCTH

It was previously established in [10] that a PVC pipe with a wall thickness as with GOST
does not bear the imposed loading by strength and does not meet the stability conditions
under symmetric loading. For this reason, the paper considers pipes with a wall thickness
increased up to 16 mm. Under symmetric loading, these pipes meet the required conditions
for strength and stability in an instance when a loading from water freezing in the casing
string annulus is imposed. In this instance, with 171.4 mm borehole diameter and 140 mm
pipe diameter, the uniform gap around the pipe perimeter is 15.7 mm.

First, the strength problem was solved to estimate the individual parameters effect
on the stress-strain state of the elements in the model under consideration. The pipe
strength analysis results are given in Table 1.

The first line of the table shows calculation results for a pipe placed in sandy rocks
under symmetric loading to compare with the asymmetric loading [16]. The pipe and
borehole dimensions are the same as those accepted for asymmetric loading. When
simulating PVC-U pipe symmetric loading, the maximum ring stress in the pipe does
not exceed the strength characteristics of the material (GOST R 51613-2000).
The external pressure on a symmetrically compressed pipe created in this instance does
not exceed the critical pressure as well (the stability condition is met).

The second line of the table shows calculation results for a pipe placed in sandy
rocks under asymmetric loading. The dimensions of the ice band on one side of the pipe
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reaches a maximum value of 31.4 mm. Since in this instance the gap between the pipe
and the borehole wall with ice inside increases, the maximum pressure of 20.5 MPa
imposed on the pipe and rock, also increases significantly. In the process of ice pressure
loading, under asymmetric loading, the pipe takes an elliptical shape. Besides, the
outside diameter of the pipe decreases by 1.03 mm horizontally, and increases by
0.3 mm vertically. The ring strengths in the pipe are non-uniform. The greatest ring
strength is 21.4 MPa, which does not exceed the strength characteristics of the material
(GOST R 51613-2000). Figure 4 shows the displacement isofields in the elements of
the model under consideration along the horizontal axis. At the section with the thickest
ice band, highlighted in dark on the isofields, displacements reach the highest values.

Table 1. Calculation results of a pipe during compression with ice
Ta6auna 1. Pe3yabTaTsl pacyera TpyObl IPU 00:KATHH JIbIOM

Maximum . . Maximum gap
Features of instances thickness of tf}’l{p inwall Maleunih increase when | Maximum ring
u the ice band, ICKNESS, | pressure onthe |- ter freezes, | strength, MPa
mm pipe, MPa
mm mm

Symmetric loading,
rock—sand 15.7 16.0 12.6 1.04 213
Asymmetric loading,
rock—sand 314 16.0 20.5 1.03 214
Asymmetric loading,
rock—loam 314 16.0 17.5 0.39 6.77
Asymmetric loading,
rock—loam. Physical
nonlinearity of rock 314 16.0 20.7 1.10 19.9
Asymmetric loading.
GOST steel pipe, rock—
sand 314 4.5 29.6 0.28 79.9

In the instance when a pipe is placed in loamy ground (third line of the table), the
pressure on the pipe decreases to 17.5 MPa, while the ring stress in the pipe decreases
by more than 3 times because the rock mass deformation is more significant than in the
previous instance. The outside diameter of the pipe increases by 0.4 mm vertically, and
decreases by 0.8 mm horizontally. The strength condition is met.

When calculating the frozen rock (Table 1), the pressure on the pipe from the ice
band grows by 18% if the physical nonlinearity is taken into account. Pipe deformations
and maximum ring stresses also grow in this instance. The strength condition is
still met.

So it follows from the results presented in the table that under asymmetric loading
on the pipe, the strength conditions are met in all considered instances. In the course of
pipe strength calculations, it was found that the ring strength is key for pipe bearing
capacity, since under constrained deformations when the annular space is filled with
ice, the bending moments in the pipe remain small and are not discussed further. The
obtained results indicate the simultaneous work of the operating string and rock.
The load created by ice pressure is transferred to the rock mass deforming it, which in
turn reduces loading on the operating string and deformations. The effect of such
loading redistribution becomes evident when sandy rock is replaced by loam (Table 1).
Greater deformability of loam results in much lower pressure on the pipe and much
lower ring stresses in the pipe.

At the following stage of research, for each instance of operating string asymmetric
loading, the pipe was analyzed for stability in accordance with the described procedure.
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The nature and size of the radial loading when the pipe is placed in sandy rocks at the
final stage of ice formation are shown in Figure 4. When the pipe is loaded as noted
above, it loses stability. In this instance, the safety factor of stability is £, = 0.19.
The safety factor of stability for a well in loam is k, = 0.17, considering the physical
nonlinearity of the rock, this factor is k, = 0.19. Pipe stability test in the conditions
of asymmetric external loading reveals that stability factor is critical in the calculations of
the objects under consideration. The stability conditions for all the considered instances
are not met. It indicates that the operating string collapses and loses its bearing capacity.
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Figure 4. Isofields of displacements along the x-axis
Pucynok 4. M30mo1st nepeMenieH il o ocH x

Since the results of polymer pipe stability analysis under asymmetric loading
showed that the pipe cannot bear the load imposed to it, several suggestions have been
explored to replace it with a steel pipe (GOST 32528-2013). When the steel pipe wall
is 4.5 mm thick, the strength condition is met. The pipe bears an external load of
29.5 MPa under the ring strength of 79.9 MPa in the wall. In this instance, the stability
condition is not met, since safety factor of stability is k, = 0.26. As it was found earlier,
the condition of steel pipe stability under the specified asymmetric loading is met with
a safety factor of stability k£, = 1.29 under a wall thickness of 8 mm.

Conclusions. The most objective volumetric computational model has been formed.
The method for the operating string calculation has been implemented. The method
considers the reverse freezing of water in the annular space in severe operating
conditions under asymmetric loading.

It has been found that when water freezes in the annular space under the specified
conditions, asymmetric loading of a polymer pipe can lead to its damage. The same is
not observed for similar operating conditions of a string under symmetric loading.

It has been found that the properties of adjacent rock mass should be considered within
this method for pipe calculation under reverse freezing of water in the annular space.

In the instance when asymmetric loading acts on a pipe, the results of the stability
analysis are critical in assessing its bearing capacity, when the cause of the pipe damage
is confirmed, i.e. the loss of stability. By applying a PVC-U pipe, it is possible to
achieve the operability of polymer operating string at mining enterprises a only under
conditions eliminating the impact of asymmetric loading, namely the creation of special
devices fixing the position of the pipe in a troublesome zone where water freezing is not
excluded, application of technical and technological solutions that completely exclude
water freezing in the casing string annulus, and replacement of PVC-U pipes in
troublesome areas with steel pipes with geometric dimensions established by
the calculation.
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Pacuer 3KC]’[J’[yaTaIII/IOHHOI71 KOJIOHHBI U3 MMOJIMMEPHOr0 MaTepHuaJia npu
ACUMMETPHYIHOM 00KaTHH JbJI0M B MHOT'0JIETHEMEP3JIBIX MOPOAAX

Cretioxa B. A.!
1 3abaiikabCKHii roCcyIapCcTBEHHBIN yHUBepcuTeT, Yuta, Poccust.

Peghepam
Lenvto pabomul siensiemcs: onpedenenue pe3yibimamos 6030€lUcmeust 1b0d Ha IKCNIYAMAYUOHHYIO KOTOHHY
U3 NOMUMEPHO20 MAMEPUANA U NPUMBIKAIOUWJUE MACCUBLL NOPOO NPU HAUOOIee 8EPOSINHOM MUNe PacyenHol
MOOeNU, YHUMBIBAIOWEM ACUMMEMPUIO HAZPY3KU, CO30A8AEMOU NPU 0OPAMHOM 3amMep3aHuy 600bl 8 3aKOTOHHOM
npocmparncmee. Pewenue 06031auennoli npobiemsl no360uaem onpeoenuntb B03MONCHOCHIb UCHOTb30BAHUS
mpyod U3 NOTUMEPHBIX MAMEPUATLO8 8 YCIO0BUAX PACHPOCIMPAHEHUS MHO2ONEMHEMEP3bIX HOPOO.
AKkmyansnocms 3a0auu 00ycio671€HA HATUYUEM UIBECMHBIX (PAKMOE 3aMep3aHUs 800bl 8 3AKOJOHHOM
npocmpancmee 8 ycao8usax IKCHayamayuu mpyo npu HusKux memnepamypax. B pesynomame samepzanus
6000l HA NPAKMUKe OMMEUAIOMCA 3HAYUMeNbHbLe 0eopmMayuu u NO8PexcOeHUs KOLOHH U CIMbIKO8 mpyo,
cozoarowue asapuiinvle CUmMyayuu, KOmopble Mo2yn Hapyuiums mexHoai02uiecKue npoyecchl.
Memooonozus uccnedosanuit. Hcnonvsyemcsi mMemoouxa paciema IKCHAYAMAYUOHHOU KOJIOHHbL
U3 NOAUMEPHO20 MAMEPUANa, pasmMeweHHol 6 Maccuge Nopoobl, MenmoOOM KOHEYHbIX DNEeMEHOB.
Ilpeonazaemasn memoouxa omauyaemcsa 803MOXCHOCMbIO YUema acummempuu oeticmsyiowjell Ha mpyoy
HA2PY3KU U UCNOTL30BAHUEM OOIBLUIO2O0 KOAUYECMEd NAPAMempos npu GopMuposanuu paciemuou
mooenu. Memoouka noseonsem 6kuo4amMs 6 paciemuyio cxemy mpyoy, jied u npUMbIKaujue Maccusbl
Nnopoo, yuumvleas ux ceolcmed.
Pesynvmamur uccne006anuii ycmanasiueaion cmenenb AUAHUA HEPABHOMEPHOLO 3AePYHCeHUs mpyobl
Ha ee Oeghopmayuu, npoyHocmv u ycmouyusocms. Ilpusooumcs cpagnenue pe3yibmamos paciema
mpybul 8 YCIO0UAX CUMMEMPUYHOZO U ACUMMEMPUYHO20 obxcamus nvoom. Paccmampusaromces
pe3ynbmamul UCNONb308AHUS HETUHEUHOU MOOenu nopoosl. Beiasneno snayumenvhoe enusnue cocmasa
nopoo 6 patione ckeaxcutvl. Onpedenenvl ycio8us, npu KOMopsix mpyosl U3 NOTUMEPHBIX MAMEPUATIOE
CNOCOOHBL BOCNPUHUMAMb HAZPY3KY HPU 00PAMHOM RPOMEP3AHUU NPU ACUMMEMPUUHOM pasmelyeHuu
mpyoObl 8 CKeadHCUHE.

Knrwoueevie cnosa: obocamue JZb()OM,' o6pan1Hoe npomepsanue, MHozojiemnemepsoie nOpOdbl,' CKeas)ccurna,
OKCnyamayuoHHidas KOJIOHHA, aCumMmempust Hacpy3Ku.
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