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The stability analysis of the lining for two oil producing wells during secondary opening of productive formations using the
cumulative perforation method was performed. The research was carried out using data from direct measurements of wellbore
pressures at different distances from the cable tip of the perforating device at the time of detonation, which exceeded 50 MPa.
The pressure values were approximated along the wellbore using a power dependence. For a reliable forecast of the stress-strain
state of the near-wellbore zone of the perforation interval, the ANSYS finite element modeling software package was used. To
determine the stress field, an axisymmetric finite element calculation scheme was built; the height of the model along the
wellbore was 39 m. When modeling, it was taken into account that the geological and physical characteristics of the modeled
formations differed in the depth of occurrence and the value of the formation pressure. The elastic-strength properties of the
formed cement stone were determined in the course of laboratory experiments for various formulations of cement slurries. Based
on the modeling results, the destruction areas and the strength margin of the cement stone were determined, as well as the
values of radial displacements of the production string in the perforation interval. The developed model of the borehole zone
and methodological approaches can be used in the future when choosing the optimal elastic-strength properties of the cement
stone, perforation devices and technological parameters of perforation-explosive operations.

BhINOJIHEH aHAIN3 YCTOMYMBOCTH KPeNH [UIA ABYX HedTeNOOBBAIONIX CKBAXHMH MPU BTOPUYHOM BCKPBITHM HNPOMYKTHBHBIX ILIACTOB
MeTOJIOM KyMyJIATUBHOI nepdopanum. IIpu npoBeneHnn 1ccsieoBaHNil UCIOIb30BaHbI JAHHbIE MPAMBIX 3aMepOB BeJIMYMH JJaBJIeHHil B
CKBOXMHE Ha Pa3sHOM yJaJeHHH OT KaGeJbHOro HAKOHEYHHKA MepgOpaIMoOHHOTO YCTPOICTBA B MOMEHT JETOHAILUH, KOTOphIe
npepbimia 50 MIla. 3HaueHus AaBjIeHUI alpOKCHMUPOBAIMCH BAOJIb CTBOJIA CKBAXMHBI C IIOMOILBIO CTEIIEHHON 3aBUCHMOCTH. [t
JIOCTOBEPHOT'0 TPOrHO3a HAMNPsDKEHHO-Ae(OPMIPOBAHHOTO COCTOAHMA OKOJIOCKBAXKMHHOIN 30HBI MHTEpBasia TNephopali NPUMeHICA
MPOrpaMMHBIA KOMIUIEKC KOHEYHO-JIEMEHTHOro MofeimpoBanusa ANSYS. JliA ompefesieHHs @OJIA HaNpsKEHWH CTPOIJIACh
OCecHMMeTpUYHAsA KOHEYHO-dJIEMeHTHas pacyeTHasd CXeMa, BBICOTa MOJEIM BJOJIb CTBOJIA CKBAXHMHBI cocraBwia 39 M. Ilpu
MO/Ie/TMPOBAHN YIUTBIBAJIOCh, YTO I€0JI0ro-Gr3MiecKie XapaKTepUCTUKU MOEJIMPYeMbIX IUIACTOB OTJIMYAIICh TJIyOMHOI 3aJleraHus 1
BEJIMYMHOM IUTACTOBOTO JaBJIEHUA. YIIPYTONPOYHOCTHBIE CBOKCTBA (hOPMUPYEMOro TaMIIOHAXHOTO KaMHsA GbUIM OIpefieJieHsl B XOZe
J1a6OpaTOPHBIX SKCIIEPUMEHTOB JUIA Pa3/IMYHBIX PEeNTyp TAMIOHAKHBIX PacTBOPOB. [0 pe3ysbTaTaM MOAEIMPOBAHMA ONpeJesIeHbl
001aCcTH pa3pylleHns U 3amac IPOYHOCTH TAMIIOHAKHOrO KaMHsA, @ TakKe BEJIMYMHBI PaJUaIbHBIX IepeMelieHHIl SKCILUTyaTaOHHOM
KOJIOHHB B HHTepBasle nepdopamyy. Pa3paGoTaHHbIE MOJETb OKOJIOCKBKMHHOM 30HBI M METOAMYECKHEe MOAXOABI MOTYT OBITh
VHCTIOJIb30BaHbl B JaJIbHEIIeM IpH BHIOOPE ONTHMAJIBHBIX YHPYTO-TPOYHOCTHBIX CBOMCTB TAMIIOHAXHOTO KaMHA, MepdOparoHHbIX
YCTPOJCTB M TEXHOJIOTMYECKUX NTAPaMeTPOB NIPOCTPEJIOYHO-B3PBIBHBIX PaboT.

© Sergey E. Chernyshov (Author ID in Scopus: 57204938259, ORCID: 0000-0002-2034-3014) — Doctor in Engineering, Associate Professor, Head of the Department of Oil
and Gas Technologies (tel.: +007 (342) 219 82 92, e-mail: nirgnf@bk.ru). The contact person for correspondence.

© Sergey N. Popov (Author ID in Scopus: 56440323800, ORCID: 0000-0002-1110-7802) — Doctor in Engineering, Chief Researcher, Head of Laboratory of oil and gas
mechanics and formation physicochemistry (e-mail: popov@ipng.ru).

© Xiaopu Wang (Author ID in Scopus: 56542940600, ORCID: 0000-0003-1013-2691) — Doctor in Engineering, Associate Professor at the National Key Laboratory of Deep
0Oil and Gas (e-mail: wxp@upc.edu.cn).

© Hailong Zhao (Author ID in Scopus: 57208787593) — Doctor in Engineering, Experimenter at the National Key Laboratory of Deep Oil and Gas (e-mail: zhl@upc.edu.cn).

© Vadim V. Derendyaev (Author ID in Scopus: 58496503900, ORCID: 0000-0001-5506-2178) — PhD student, Assistant at the Department of Oil and Gas Technologies
(tel.: +007 (342) 219 88 06, e-mail: v.v.derendyaev@mail.ru).

© Aleksandr A. Melekhin (Author ID in Scopus: 55531747500, ORCID: 0000-0002-0737-1360) — PhD in Engineering, Associate Professor at the Department of Oil and Gas
Technologies (tel.: +007 (342) 219 82 07, e-mail: melehin.sasha@mail.ru).

© YepHrmoB Ceprett EBreHbeBMY — 3aBeylomuil kadeapoii, JOKTOp TEXHUYECKUX HayK, AOLEHT, jaypeaT npeMuu [lepMckoro kpas B o6JacTu Hayk o 3emule I cTeneHu
(ten.: +007 (342) 219 82 92, e-mail: nirgnf@bk.ru). KoHTaKTHOE JIMLO AJIA MEPENUCKU.

© Tonos Cepreii HuxosaeByd — 3aBe1yI0LiKil TaGopaTopyeid, IJIaBHbIN HAyYHBII COTPYAHUK, JOKTOP TEXHUYECKHUX HayK (Tesr.: +007 (499) 135 73 71, e-mail: popov@ipng.ru).
© Kestorty BaHr — JOLleHT, JOKTOp TeXHMYecKHX Hayk (e-mail: wxp@upc.edu.cn).

© Xaiimyn Wkao — sKCIlepUMeHTaTop, JOKTOP TeXHIYeckux Hayk (e-mail: zhl@upc.edu.cn).

© Nlepennses Bagum BanepbeBUT — acCHCTEHT, acnupaHT (Test.: +007 (342) 219 88 06, e-mail: v.v.derendyaev@mail.ru).

© Menexun AjlekcaHp AJIEKCAaHAPOBMY — JOLIEHT, KAHAWAAT TEXHNYECKUX Hayk (Tes: +007 (342) 219 82 07, e-mail: melehin.sasha@mail.ru).

Please cite this article in English as:
Chernyshov S.E., Popov S.N., Wang Xiaopu, Zhao Hailong, Derendyaev V.V., Melekhin A.A.Application of geomechanical modeling methods to assess casing stability
during cumulative perforation. Perm Journal of Petroleum and Mining Engineering, 2024, vol.24, no.4, pp.194-203. DOI: 10.15593/2712-8008/2024.4.3

Hpocr)6a CChUIAThCA Ha 3Ty CTATbhI0 B PYCCKOA3BIYHBIX UCTOYHUKAX CJIEAYIOLIVIM DGpaSOM:

INprMeHeHrie METOLOB reOMeXaHNYeCKOro MOJIeJIMPOBaHUA AJIA OLEHKH yCTOMYMBOCTH 06CaJHON KOJIOHHBI ITpU KyMyJiATHBHOI nepdoparu / C.E. Yepnbimos, C.H. ITonos, Csomy
Banr, XaityH Yxao, B.B. lepenases, A.A. Mesnexus // Hegpononb3oBanue. — 2024. — T.24, No4. — C.194-203. DOI: 10.15593/2712-8008/2024.4.3

Heppononb3oBaHue. 2024. T. 24, Ne 3. C.194-203. DOI: 10.15593/2712-8008/2024.4.3



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

Introduction

The issue of behind-the-casing flows in production
wells remains relevant despite numerous studies and
developments aimed at creating durable, leak-proof
well linings [1-3]. Often, the successful introduction
of new cementing materials [4] and other process
fluids [5-7] increases the share of continuous contact
between the cement stone and adjacent environments.
However, during various operations, the integrity of
the cement ring behind the casing is not maintained.
High loads on the well lining during secondary
reservoir openings with cumulative perforators,
hydraulic fracturing of productive formations, acid
treatments, drilling out casing accessories and other
types of work lead to the destruction of brittle cement
stone and condition behind-the-casing flows [3, 8].
As shown in the works [9-11], high pressures in the
well can also occure during the formation of hydraulic
fractures, which negatively influences the well cement
lining integrity [12, 13].

To prevent early well production flooding and
extend the period of water-free operation, it is
necessary to assess the stability of the formed cement
stone, considering its physical and mechanical
properties, the maximum excess pressure on the linings
and other factors [8, 14-17].

In researches devoted to cumulative perforation, the
issue of cement stone integrity has been studied
insufficiently. In the article [18], the authors consider
the effect of perforation channels failure in cement
stone taking into account their eccentricity. However,
the researchers do not account for the stress
distribution in the production casing and the
surrounding rock mass. Similar assumptions are made
in the work [19], where the authors determine the
stress values on the walls of perforation channels in
directional wells using analytical dependencies.

In the research [20], the influence of the
cumulative charge is shown only on the porosity and
permeability of the reservoir rock. In the work [21],
the authors optimize the formation of perforation
channels in multi-layer coal seams for methane
production. In the article [22], propagation of
fractures during multi-stage hydraulic fracturing in
horizontal wells is considered, taking into account
the perforation channels.

In most cases, maximum excess pressures on the
well lining occur during secondary opening of
productive formations using the cumulative perforation
method [3, 23-25]. The pressure values depend on
many factors, such as the type of perforating charge,
perforation density, perforation interval depth, well
geometric parameters, and others.

It is possible to solve the problem of assessing the
cement stone integrity when performing various
technological operations by development of a well
lining model and determining the actual values of the
elastic-strength characteristics of the cement material,
as well as measuring excess pressures in the well. The
approach will allow us to identify a potential lining
seal failure, as well as to determine the maximum
permissible loads on the well lining. Furthermore, it
will establish requirements for the physical and
mechanical properties of the cement stone, as well as
develop recommendations for the technological

parameters of cumulative perforation. Additionally, it
will enable to assess the efficiency of various methods
to reduce the risks, considering specific conditions of
work on the secondary opening of productive
formations.

The excess pressures effect on the well lining
is closely connected with the methodological
techniques of blasting-perforation operations (BPO)
during secondary opening of formations. It is mainly
associated with the type of cumulative charges
(perforation systems) and the perforation density for
specific geological and technical conditions of its
operation. The excess pressures are defined as the
difference between the maximum measured value
and the hydrostatic pressure formed by the fluid
column in the well:

ljexc. = Pmax - Phyer (1)

where P, P, U By are the values of excess,
maximum, and hydrostatic pressures, respectively.
In this case, the casing is affected by the maximum
measured pressures.

Along with the development and application of
cement compositions having optimal elastic-
strength properties to ensure the integrity of cement
stone during blasting-perforation operations, special
equipment and technologies should be used to reduce
excess pressures [15, 26, 27]. Modern analogs of
pressure compensators, as mechanical implosion
devices (chambers) are used to reduce excess pressures
and to create a dynamic depression for cleaning
perforation channels, which is considered as their major
purpose. Implosive chambers that use technological
charges for their decompression, such as the "AP
technology" and "PURE,"” can lead to an additional
increase in pressure [28].

Less expensive methods of reducing pressures may
be selective perforation technologies with a decrease
in perforation density during the initial shot. It can
be implemented by a time delay in the operation of
each perforator in the assembly, with the first
perforation carried out in the most porous
(permeable) section of the productive formation. The
section will then act as a compensator, neutralizing
the explosive effect on the well lining. The simplest
method modification is the secondary opening of the
mentioned formation section with a reduced charge
density (5-10 holes) by a separate perforator run. An
even more effective modification is preliminary
drilling of several holes with drilling perforators.

Manufacturers of perforating systems are also
working on improvements aimed at preserving
cement stone behind the casing during blasting-
perforation operations. For example, specialists of
Promperforator LLC have developed a methodology
for perforation with paired grouping of charges.
In the perforators, cumulative charges are divided
into groups of one or more pairs of charges.
According to the field tests, the explosive impact
inside the perforator was reduced by at least 20 %,
the explosive load on the well lining was halved, the
reservoir drainage coverage and the feeding zone of
each perforation channel were increased [29].

Research on the theoretical and experimental
reasoning of the secondary perforation quality has not
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Table 1
Dynamics of excess pressure changes at a distance from the perforator up to 100 m
Charges
Field, number Perforation ReSCI’V?lI‘ Pressure, MPa
well type mass of of holes (total interval, m properties,
yP explosive, g explosives, g) ? Ko /Kiay  Puax (distance from blasting- P
XplOSIVes, g perforation device) exc
] 54.3 (1 m) 38.8
I‘mymkoe’ ZZIf’IIfTT }82 % %g’}f’] 33.3 20+20 (1333) 1599.0-1601.0 8/17 33.8 (50 m) 18.8
31.6 (100 m) 17.1
50.0 (1 m) 33.7
Tanypskoe, ZPK 102AT-M-03; . 50.3 (5m) 34.0
B 7PK 102AT-M10 28.0;27.5 20+20 (1110) 1563.0-1565.0 25/5 446 (20 m) 585
31.6 (40 m) 15.7
40 (1120) 1648.5-1650.5 10-19/7-50 38.1 21.0
Ié/Iokhovskoye, ZPK 102 AT-M-03 28.0 60 (1680) 1627.0-1630.0 11-20/8-30 - ;0(.29 - ;2.2
40 (1120) 1624.0-1626.0  11-18/6-27 388G m 318
R fe observed, the instruments were attached to a

Well B-Tanypskoe
Well A-Tanypskoe

50,3 sS4 l
E c e E
4¢ : ] b 40
EEX) = = s =ma 2

Well C-Mokhovskoye

ZPK 102AT-M-03 ZPK 102AT-M-03; M-10
(70 holes, 1120g) (40 holes, 1100 g)

— - 1]
ZPKT 105 N-TV Perforating
(40 holes, 1330 g) system

Mass of explosive

i )
0 Hydostatic pressure 6. charge, g

50} Distance from the perforator

Fig. 1. Pressure measurement results
during cumulative perforation

been conducted for a long time, and the well-known
fundamental recommendations were developed back in
the last century [30]. Within the traditional approach,
the perforation density typically 20 and 30 holes per
meter for terrigenous and carbonate reservoirs,
respectively, does not consider the bottom-hole and
formation pressures (depression, repression), the
composition of perforating fluids, and the reservoir
properties. Additionally, the physical processes
occurring in the rock and cement stone due to the
impact of short-term reversal load during the perforator
operation are not considered either. The influence
degree on the well lining from blasting-perforation
operations (BPO) is also not regulated in the state
standard for cumulative charges (GOST 55777-2013)
[31]. The document states that the charges should
provide minimal impact on the well structure integrity
during standard perforator operation. At the same time,
it is noted that the explosive mass (EM) should ensure
maximum penetration parameters while having
minimal impact on the well lining.

Measuring well pressure

At the initial stage of the research, measurements
of actual excess pressure values were carried out
during blasting-perforation operations using various
modifications of perforating-explosive equipment
(PEE). The measurements were conducted using
independent devices placed in close proximity to the
perforator and the interior pressure gauge located at
distances up to 100 m from the productive interval. To
provide detailed measurements in the nearest area to
the perforator, where the highest pressure values are

geophysical cable at distances of 1-3, 5, 10, 20,
25, and 40 meters from the cable head, while
simultaneous measurements were performed with 3
to 4 instruments. The autonomous devices included
modified electronic instruments AMT-10UM and ACM-8,
with sampling interval of 0.067 and 0.25 ms,
respectively (15,000 and 4,000 samples per second).

At distances of 5 meters or more from the
perforator, interior pressure gauges were installed, each
containing two instruments (columns). The wellbore
fluid pressure was transmitted through the pistons of
the instruments to the crushing columns located in a
sealed cavity, deforming their conical part. As a result
of measurements with a micrometer on the crushed
part's length, the maximum force at which the column
deformed was determined using the calibration table,
as well as the maximum pressure occurring in the
wellbore during cumulative perforation.

In total, over 100 measurements of maximum
pressures were performed during secondary opening of
terrigenous and carbonate reservoirs with various types
of perforators, using electronic and interior pressure
gauges, from which their excess values were calculated
(Fig. 1). The results did not establish a direct
correlation between the excess pressure P,. and the
mass of explosives, which is directly related to the
number of perforated holes. A considerable variation in
their values is noted across different types of charges
and perforating systems of various modifications.
Regarding the dynamics of pressure changes relative to
the distance from the perforator, it was observed that
the excess pressure values decrease systematically with
increasing distance from the cable head of the
perforating-explosive equipment. Moreover, in the
overwhelming majority of wells, the pressures 2, . at a
distance of 50 m from the perforator decrease by two
times or more [23].

As an example, Table 1 presents the measurements
and calculations of maximum and excess pressures in
wells A and B of the Tanypskoye and C of the
Mokhovskoye fields, where terrigenous deposits of the
Visean stage (Clv) with varying values of reservoir
properties were perforated. In well A, the reservoir
had the porosity and clay content (X, and K,,) of
8 % and 17 %, respectively. In other wells, as can be
seen from Table 1, these parameters are a bit higher.
Table 1, as well as Fig. 1, show that in wells A and B,
where high values of excess pressure were recorded,
reaching 38.8 and 33.7 MPa at 1 m from the

HEOPONOJIb3OBAHUE



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

perforator, they decreased by more than two times at
50 and 40 m above the perforator, respectively.

Their values were 18.8 and 15.7 MPa, which
corresponds to a reduction of 52% and 53 %
compared to readings from the instruments
installed near the perforating-explosive equipment.
At a distance of 100 m from the cable head, the
additional decrease in P,,. is insignificant and in the
well A it was only 1.7 MPa in relation to the
measurement by the instrument located at 50 m closer
to the perforating-explosive equipment.

Considering the dynamics of pressure changes in
Well B, it should be noted that the interior pressure
gauge installed at a distance of 5 m from the cable head
or 4 m from its electronic analogue, registered the
highest pressure of 50.3 MPa. According to the
measurements taken at 1 m from the perforator with an
autonomous device, the pressure was recorded at
50.0 MPa. The reason for the lower readings of
electronic devices, in comparison with pressure gauge,
lies in the discrete method of their measurements.

As an example, let us consider the dynamics of
pressure changes in well C of the Mokhovskoye field
during secondary opening of the interval 1624.0-
1626.0 m (Fig. 2). The maximum value measured by
the autonomous device ACM-8 at 2 m from the cable
head is 39.8 MPa, while the value recorded by the
AMT-10UM at 3 m is 38.8 MPa. From Fig. 2 it is
evident that after the perforator is initiated, within less
than 0.2 ms there is a sharp increase in pressure less
than 0.2 milliseconds, reaching 34.2 MPa (AMT-10UM).
Then, after the gases breakthrough into the internal
cavity of the perforator, its sharp drop to 25.0 MPa
occurs. The positive extreme of 38.8 MPa is reached by
the pressure after 2.4 ms, after which it decreases.
However, the extreme does not reflect the actual value
of P,.. The maximum pressure value is between two
adjacent points (samples) with the highest values,
recorded approximately at 2.3 and 2.4 ms. It is also
worth noting that the discrepancies in the pressure
values registered by the AMT and ACM devices are
explained by their different distances to the perforator
and different sampling times.

Thus, the assessment of the expected maximum
pressure values recorded by autonomous devices does
not exclude possible errors in their determination.
In cases where the sampling time coincides with the
extreme corresponding to the maximum pressure value,
the device will register it. However, the probability of
such a coincidence is low due to the relatively large
discretization step in measuring alternating pressures
arising during perforation. It does not allow the
obtained results to be used for an accurate assessment
of their absolute values during the initial period of
perforation effect on the lining.To increase the
accuracy, it is necessary to develop and use devices
with a higher sampling frequency or to rely on interior
pressure gauge.

In modeling the cement stone stability and the
production string under conditions of formation
opening by cumulative perforation, real pressure
measurements from wells C-Mokhovskaya and
A-Tanypskaya were used during the geological and
technological operations (GTO). The pressure values
were approximated along the wellbore using a power
dependence (Fig. 3).

B

Pressure, kgflem’
e

Time, ms

Fig. 2. Dynamics of pressure changes measured
by electronic gauges during perforation in well C

el 1 = 41.648x-0096

0 o] 10 15 20 25 30 35 40
Distance from perforation, m

Red-C-Mokhovskaya; Blue-A-Tanypskaya

Fig. 3. Distribution of measured pressure in wells
C-Mokhovskaya and A-Tanypskaya during cumulative
perforation and its approximation

Numerical modeling

For a reliable forecast of the wellbore zone stress-strain
state (SSS), the finite element method has become the most
widely used [32, 33]. The method allows for determining
the stress distribution field in the elements of well structures
and the surrounding rock mass, both with constant model
properties and in case of their transformation under
the influence of various factors, such as corrosion, wall
collapse, poor cementing, and others [34-36].

Numerical calculations and analysis of wellbore
zone stress-strain state were performed using the
ANSYS finite element modeling software package. The
software product has proven to be quite effective in
solving problems related to oil and gas geomechanics
[8, 33, 37]. It was assumed that the deformations of the
casing, cement and rock follow Hooke's law of linear
elasticity. The ANSYS software package implements the
fundamental relationships describing the behavior of
elastic materials, which are detailed in works [38, 39].

In the numerical method for calculating stresses
near a well, three types of equations are used:

- equations of motion (moments):

J0 ..
Ziy"’_pf; :0) 1',j: 1) 2’ 3; (2)
70X,

where 6; — stress tensor components; dx; — derivative
with respect to the j coordinate; pf, — mass forces;
— geometric relationships:

1(du, du,| .
== —2L+—2L\;i,j=1, 2, 3, 3
& Z[an axl.] fJ 3

where ¢€; — components of the strain tensor; u -
components of the displacement vector;
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RW RS RC RK
N le—
Py > “ Oh
— le—
Py Pc

Fig. 4. Cased well diagram: p, — pressure at the point
of contact between the well casing and the cement lining;
R, - inner radius of cement lining

1% 1 T

Fragment "A"

39m

]

76,85 mmi

84.15mm!

|
1osmm,______ 4}

Fig. 5. Finite element diagram of the near-wellbore
zone, used in calculations (red - casing column,
green — cement stone, blue - reservoir rock)

Table 2

Geometric characteristics of the model
and elastic strength properties of the column

Characteristics Value
Column outside diameter, mm 168.3
Column thickness, mm 7.3
Drilling tool diameter, mm 215.9
Model radius, m 5.0
Young's modulus of the column, GPa 200.0
Poisson's ratio of the column, fraction units 0.2
Yield strength of column steel, MPa 372.0

— physical relationships (in this case, Hooke’s law of
linear elasticity):

{o} = [DI{e}, Q)

where {c} - stress vector; [D] - matrix of elastic
constants; {€} — strain vector.

When using the finite element method, the above
equations are transformed into a system of linear
equations, which is solved with the unknown
displacement vector:

[KI{a} = {F}, )

where [K] - the global stiffness matrix of the system;
{u} - the nodal displacements vector of the model,
{F} — the vector of external forces.

Then, based on the calculated displacement vector,
stresses and strains are determined from expressions (2)
and (3).

We developed an axisymmetric finite element
calculation scheme to determine stresses in the wellbore
zone (Fig. 4, 5).

To assess the integrity of the cement stone in the
first approximation, a quasi-static problem was solved
using the pressure curves of the fluid in the well,
determined during experiments. Since the elastic
porous medium deformation under the shock wave
effect occurs over a very short period of time, the
undrained loading conditions were applied. In this case,
the stresses near a vertical well are expressed by
well-known equations for unsaturated rocks (using
undrained elastic constants):

2
o, =0,-(o, _pw)Tyzv;
) (6)

6,=0,+(0c, _pW)TZ;

where o, — lateral rock pressure; p, — bottomhole
pressure; r — current radius; R, - outer radius;
G — shear stress; 6, — radial stress.

Equations (6) are applicable to open wells. For
cased wells, these equations are valid in the range from
R, (the outer radius of the cement lining) to R,
(the radius of the feeding contour). In this case,
the bottomhole pressure p,, in the well is performed by
the pressure at the cement-rock contact p. (see Fig. 4).

The stresses in the casing and cement sheath are
calculated using Lame's formulas for a thin-walled
cylinder [8]:

_ 2R}p, - p,(R’ +R2)

" R @)
— p2(R12 + Rzz) — 2R12P1
0,2~ ’
Ry - R}

where Gg,1, 0o — shear stresses on the inner and outer
contours of the cylinder; R,, R, — inner and outer radii
of the cylinder; p,, p, — pressure in the inner and outer
contours.

Pressures p, and p, are the bottomhole pressure p,
and the pressures at the contacts p, and p, (the pressure
at the contact of the casing with the cement). To
calculate the contact pressures p; u r, the condition of
displacement continuity at the contact points is used.
For example, for the casing contact with the cement,
the condition of displacement continuity is expressed as
follows [8]:

u= s[(l—vf)oe—vs(1+v5)pJ= ©

|

= 5 [(1 -v3)o, -v,(1 +vc)pc}

|

where R,, R, R. - the inner and outer radii of the
casing and the nominal radius of the open hole; £ v, —
modulus of elasticity and Poisson's ratio of the casing;
E, v. — modulus of elasticity and Poisson's ratio of
cement stone.

The calculations used typical column characteristics
applied for oil fields in Perm Krai. It was assumed that
the well is directed vertically and consists of a
production casing, cement lining and a section of
reservoir rocks. The model height along the wellbore
was 39 m corresponding to the sections of measured
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pressures (see Figs. 3, 4, 5). The geometric
characteristics of the model and the elastic strength
properties of the casing are presented in Table 2.

Materials properties

The geological and physical properties of the
simulated reservoirs differed in the depth of occurrence
and the magnitude of reservoir pressure in particular
(Table 3). Table 3 presents the characteristics of the
elastic reservoir used in the calculations.

When constructing the model, it was assumed that
two formulations of cementing the production casing
could be used in the productive formation interval: a
modified cementing composition with an expansion
additive (composition No. 3) and one without
it (composition No. 1), both with a density of
1.85 g/cm® based on Portland cement of grade
PCT-I-G. Additionally, for comparison, an additive-free
cementing composition with a density of 1.85 g/cm?
based on Portland cement of grade PCT-I-G was
prepared (composition No. 2).

To determine the physical and mechanical
properties of the cement stone, samples with a diameter
of 30 mm and a height of 60 mm were prepared, and
their uniaxial compression tests were conducted
according to State Standard [40, 41].

The uniaxial tensile strength was determined by
splitting method on cylindrical samples according to
State Standard [40]. The prepared samples were stored
at room temperature to gain strength for 7 days. The
strength limit for the Brazilian test was calculated
according to ASTM-3967-16 (Fig. 6, D).

The elastic strength properties of the formed cement
stone were determined during laboratory experiments
based on regulatory documents; their average values are
presented in Table 4.

As can be seen from Table 4, the physical and
mechanical properties of the various compositions
differ significantly, especially the compressive strength,
which should influence the possible areas of cement
stone failure under the same load values.

The following boundary conditions were used in the
model:

— fixing the movements of the lower and upper
boundaries along the vertical axis;

— on the right boundary, the value of horizontal
stresses was set with the principle of effective stresses;

— on the left boundary (the inner wall of the column)
the pressure distribution was applied according to the
dependencies shown in Fig. 3.

Results

Using the constructed finite element model, a multi-
variant numerical simulation of the stress-strain state
in the near-wellbore zone during the cumulative
perforation was carried out. To analyze the column
stability, the maximum stress was compared with the
yield strength of steel (see Table 2). When studying the
stresses in the cement lining, the linear dependence
of the Coulomb-Mobhr failure criterion was used.

The main results of the calculations are presented
in Figs. 7-9. Fig. 7 shows the zones of failure in
the cement stone obtained for the two examined
wells using three types of cement. The data from Fig. 7

Table 3
Characteristics of productive formations w
used in calculations 5
Field, formation 9
Characteristics Sh-Gozhanskoe, Tanypskoe, (@)
T, BB Tl =
Young's modulus, GPa 30 6
Poisson's ratio, fraction units 0.25 &
Biot coefficient of the rock, fraction units 0.85 >
Average depth of perforation interval, m 1640 1600 @)
Reservoir pressure, MPa 17 15 fu
L
—
o, MPa o
relative longitudinal strain E
25 relative transversal strain O
|
20 D
=
15 <
10 g
4
5 —
o
8 6 4 2 0 2 4 6 8 . 103 (|
—
—
=
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Fig. 6. Cement stone strength determination for uniaxial
compression (formula 2) (a); Brazilian test (5)

Table 4

Elastic strength characteristics
of plugging materials

Number of the plugging

Characteristics materials composition
1 2 3
Young's modulus, GPa 11.3 8.6 8.8
Poisson's ratio, fraction units 0.179 0.139 0.143
Compressive strength limit, MPa 31.5 24.4 13.7
Tensile strength limit, MPa 4.08 3.46 3.49
Angle of internal friction,® 29.6 28.6 22.3

a

b c d e S

Fig. 7. Distribution of cement stone failure areas (in red) at
perforation in C-Mokhovskaya (a, b, ¢) and A-Tanypskaya (d, e, )
wells under well lining conditions with plugging material of
composition No. 1 (g, d), No. 2 (b, e) and No. 3 (¢, H

(horizontal to vertical scale ratio 1:200)

HEAPOMNOJIb3OBAHUE



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

|

|

a b c d

— —
R 105 133 150 175 2,08 2.7 249 2.72 m 624 960 1.09 1.33 1.56 1.80 2.03 2.21 ¢

Fig.8. Safety factor distribution of cement stone in wells
No. C-Mokhovskaya (a, b, ¢) and No. A-Tanypskaya (d, e, /)
under well lining conditions with plugging material
of composition No. 1 (a, d), No. 2 (b, e) and No. 3 (¢,
(horizontal to the vertical scale ratio 1:200)

200

Fig. 9.Distribution of radial displacements (m)
in the production casing of wells C-Mokhovskaya (a, b, c)
and A-Tanypskaya (d, e, f) under well casing conditions with
plugging material of composition No. 1 (a, d), No. 2 (b, )
and No. 3 (¢, H (horizontal to vertical scale ratio 1:200)

indicate that the largest failure zones occur for the
composition of cement material No. 3 (see Fig. 7 ¢, §)
for both wells C and A. This fact is consistent as
composition No. 3 has the poorest strength properties.
At the same time, for well A, the failure zones are a bit
larger, which is related to the highest pressure in the
well during perforation. The greatest thickness of the
failure zone is observed in the area of maximum
pressures near the perforation. Away from the interval,
the failure thickness decreases due to the pressure
reduction in the well.

For plugging material No. 1 under the same
conditions as for wells C and A, according to
calculations, areas of destroyed cement stone should be
absent, which is facilitated by good strength indicators

of the cement composition (see Fig. 7, a, d). For
composition No. 2, failure areas occur only in well A,
which is also related to a higher pressure of the gas
generated by the explosive (see Fig. 7, €).

The preservation coefficient of the cement stone was
calculated using the following equation (9):

k=—=, 9)

where, o, - strength of the cement stone under
uniaxial compression, MPa; o, — calculated effective
stresses acting on the cement stone, MPa.

For a more detailed analysis, Fig. 8 shows the
distribution of the safety coefficient in the cement
lining. It is assumed that if the coefficient is greater
than one, the material remains in an elastic
(undamaged) state, otherwise the cement is destroyed.
The results presented in Fig. 8 generally confirm the
results shown in Fig. 7.

From the data in Fig. 8 it follows that cement
composition No. 1 has the best safety coefficient and its
maximum value reaches 2.72 for perforation conditions
in well C, and 2.51 for well A. The lowest safety
coefficient is observed for cement composition 3 and is
0.63 for well C and 0.389 for well A.

Overall, the calculations presented in Figs. 7 and 8
indicate that high pressures in wells, resulting from the
explosion of cumulative charges, can lead to the
destruction of cement lining. Therefore, while casing in
the studied productive formations, the plugging
compositions should be selected to withstand the
technological loads, ensuring a safety margin. In
particular, it is recommended to use cement
composition No. 1.

Stress-strain analysis of the production column
showed that in all simulated cases, the stress
levels do not exceed the yield strength, indicating
its high stability. Fig. 9 presents calculated
radial displacements for the perforation conditions in
wells C and A, using three different cement
compositions. As observed from the data in Fig. 9,
the maximum displacements do not exceed 0.061 mm,
further confirming the column's stability under the
calculated conditions.

Discussion

Thus, the results of numerical finite element
modeling of stress-strain state in the near-wellbore
zone under cumulative perforation conditions and
considering three formulations of grouting mortar
were obtained in the research, which allowed for the
following main conclusions:

1. As part of the study, a numerical finite element
model of the near-wellbore zone was developed,
including the production casing, cement stone and a
reservoir rock section. The model allows for the
specification of the measured uneven pressure
distribution inside the well during cumulative
perforation, considering various elastic and strength
properties of the cement stone.

2. The calculations showed that when using the
plugging material with composition No. 3, extensive
failure zones occur for wells C and A, which is
associated with the low strength properties of the
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cement composition. At the same time, for well A, the
areas are larger due to the higher value of the recorded
pressure in the well during perforation.

3. For cement formulation No. 1, having better
strength properties, the calculated scenarios showed no
zones of failure; thus, in practice, it is most preferable
to use the formulation for well cementing. For
composition No. 2, zones of cement failure occur only
for well A, which is a consequence of the higher
pressure during perforation in the well.

4. The distribution of the safety factor values
confirms the identified zones of cement failure and
indicates that cement composition No. 1 has the best
safety factor, with a maximum value of 2.72 for the
perforation conditions in well C and 2.51 for well A.
The lowest safety factor is observed for cement
formulation No. 3, which amounts to 0.63 for well C
and 0.389 for well A, indicating that the cement
lining in well A is more susceptible to the risk of
collapse.

5. The column's stress-strain analysis showed that
the structural element of the well is quite stable in
the simulated conditions. The result is confirmed by
the radial displacements values in the column, which
in the worst-case scenario reach only 0.061 mm.

6. The numerical finite element model of the
wellbore zone and methodological approaches
developed within the research can be used in the
future, to select the optimal elastic strength properties
of cement stone, as well as for determining the
characteristics of the cumulative charge used for
perforation.

Conclusion

The research is devoted to solving the relevant and
significant problem of ensuring the well lining integrity.
Modern developments in materials and technologies for
cementing the casing strings of oil and gas wells enable
to make a reliable sealed lining. However, even at the
secondary opening of productive reservoirs, the integrity
of the lining can be compromised. It often results in cross
flow behind casing and inter-formation flows, leading to
early water breakthrough, which results in inefficient
and costly repair works.

To assess the stability of the lining elements (the
cement stone and casing pipes), measurements of the
pressure values generated during blasting-explosive
operations were taken, as well as studies to determine
the physical and mechanical rock properties and the
formed cement stone. These data were used in the
development of a numerical finite element model of the
wellbore zone in the perforation interval.

Based on the results of numerical finite element
modeling of the stress-strain state for the wellbore
zone in the studied interval during cumulative
perforation, the failure areas and the safety margin of
the cement stone were identified, along with the
radial displacements values of the production casing
in the perforation interval for two oil-producing wells.
The methodological approaches can be applied to
determine the optimal formulations of cementing
compositions for lining in the productive part of the
wellbore section, as well as for selecting the main
technological perforation parameters.
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