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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. 
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 Выполнен анализ устойчивости крепи для двух нефтедобывающих скважин при вторичном вскрытии продуктивных пластов
методом кумулятивной перфорации. При проведении исследований использованы данные прямых замеров величин давлений в
скважине на разном удалении от кабельного наконечника перфорационного устройства в момент детонации, которые
превышали 50 МПа. Значения давлений аппроксимировались вдоль ствола скважины с помощью степенной зависимости. Для
достоверного прогноза напряженно-деформированного состояния околоскважинной зоны интервала перфорации применялся
программный комплекс конечно-элементного моделирования ANSYS. Для определения поля напряжений строилась
осесимметричная конечно-элементная расчетная схема, высота модели вдоль ствола скважины составила 39 м. При 
моделировании учитывалось, что геолого-физические характеристики моделируемых пластов отличались глубиной залегания и
величиной пластового давления. Упругопрочностные свойства формируемого тампонажного камня были определены в ходе 
лабораторных экспериментов для различных рецептур тампонажных растворов. По результатам моделирования определены
области разрушения и запас прочности тампонажного камня, а также величины радиальных перемещений эксплуатационной
колонны в интервале перфорации. Разработанные модель околоскважинной зоны и методические подходы могут быть
использованы в дальнейшем при выборе оптимальных упруго-прочностных свойств тампонажного камня, перфорационных 
устройств и технологических параметров прострелочно-взрывных работ.

 
© 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 
Oil 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). 
 
© Чернышов Сергей Евгеньевич – заведующий кафедрой, доктор технических наук, доцент, лауреат премии Пермского края в области наук о Земле I степени 
(тел.: +007 (342) 219 82 92, e-mail: nirgnf@bk.ru). Контактное лицо для переписки. 
© Попов Сергей Николаевич – заведующий лабораторией, главный научный сотрудник, доктор технических наук (тел.: +007 (499) 135 73 71, e-mail: popov@ipng.ru). 
© Ксяопу Ванг – доцент, доктор технических наук (e-mail: wxp@upc.edu.cn). 
© Хайлун Чжао – экспериментатор, доктор технических наук (e-mail: zhl@upc.edu.cn). 
© Дерендяев Вадим Валерьевич – ассистент, аспирант (тел.: +007 (342) 219 88 06, e-mail: v.v.derendyaev@mail.ru). 
© Мелехин Александр Александрович – доцент, кандидат технических наук (тел.: +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, рр.194-203. DOI: 10.15593/2712-8008/2024.4.3 
 
Просьба ссылаться на эту статью в русскоязычных источниках следующим образом: 
Применение методов геомеханического моделирования для оценки устойчивости обсадной колонны при кумулятивной перфорации / С.Е. Чернышов, С.Н. Попов, Сяопу 
Ванг, Хайлун Чжао, В.В. Дерендяев, А.А. Мелехин // Недропользование. – 2024. – Т.24, №4. – С.194–203. DOI: 10.15593/2712-8008/2024.4.3 



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING 

НЕДРОПОЛЬЗОВАНИЕ 195

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: 
 
 Рexc. = Рмах – Рhydr, (1) 
 
where Рexc., Рмах., и Рhydr. 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 "∆P 
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  

 

Field, 
well 

Charges 
Perforation 
interval, m 

Reservoir 
properties,
Kpor /Kclay 

Pressure, MPa 
type mass of 

explosive, g 
number 

of holes (total 
explosives, g) Рмах (distance from blasting-

perforation device) Рexc 

Tanypskoe, 
A 

ZPKT 105 N-TV-SP1; 
ZPKT 105 N-TV-OP1 33.3 20+20 (1333) 1599.0–1601.0 8/17 

54.3 (1 m) 38.8
33.8 (50 m) 18.8
31.6 (100 m) 17.1

Tanypskoe, 
B 

ZPK 102AT-M-03; 
ZPK 102AT-M-10 28.0; 27.5 20+20 (1110) 1563.0–1565.0 25/5 

50.0 (1 m) 33.7
50.3 (5 m) 34.0
44.6 (20 m) 28.5
31.6 (40 m) 15.7

Mokhovskoye, 
C ZPK 102 AT-M-03 28.0 

40 (1120) 1648.5–1650.5 10–19/7–50 38.1 21.0
60 (1680) 1627.0–1630.0 11–20/8–30 40.9 23.9
40 (1120) 1624.0–1626.0 11–18/6–27 39.8 (2 m) 22.8

38.8 (3 m) 21.8
 

  
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 

observed, the instruments were attached to a 
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 Рexc. 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 Рexc. 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 (С1v) with varying values of reservoir 
properties were perforated. In well A, the reservoir 
had the porosity and clay content (Кpor and Кclay) 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 
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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 Рexc 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 Рмах.. 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). 

 
 

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

 

 
 

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): 
 

 ∂
+ ρ = =

∂
σ 0;  ,  1,  2,  3,ij

i
j j

f i jx  (2) 
 
where σji – stress tensor components; ∂xj – derivative 
with respect to the j coordinate; ρfi  – mass forces; 

– geometric relationships: 
 

  ∂∂
 ε = + =
 ∂ ∂ 

1 ;  ,  1,  2,  3,2
ji

ij
j i

uu i jx x  (3) 

 
where εji – components of the strain tensor; u – 
components of the displacement vector; 
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Fig. 4. Cased well diagram: ps – pressure at the point 
of contact between the well casing and the cement lining; 

RS – inner radius of cement lining 
 

 
 

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):  
 
 {σ} = [D]{ε}, (4) 
 
where {σ} – stress vector; [D] – matrix of elastic 
constants; {ε} – 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: 
 
 [K]{u} = {F}, (5) 
 
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): 
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where σh – lateral rock pressure; рw – bottomhole 
pressure; r – current radius; RW – outer radius; 
σΘ – shear stress; σr – radial stress. 

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

The stresses in the casing and cement sheath are 
calculated using Lame's formulas for a thin-walled 
cylinder [8]: 
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where σΘ,1, σΘ,2 – shear stresses on the inner and outer 
contours of the cylinder; R1, R2 – inner and outer radii 
of the cylinder; p1, p2 – pressure in the inner and outer 
contours. 

Pressures p1 and p2 are the bottomhole pressure pw 
and the pressures at the contacts pc and pS (the pressure 
at the contact of the casing with the cement). To 
calculate the contact pressures pS и rS, 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]: 
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where RW, RS, RC – the inner and outer radii of the 
casing and the nominal radius of the open hole; ЕS, νS – 
modulus of elasticity and Poisson's ratio of the casing; 
EC, νc – 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/cm³ based on Portland cement of grade 
PCT-I-G. Additionally, for comparison, an additive-free 
cementing composition with a density of 1.85 g/cm³ 
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, b). 

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-Mohr 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 
used in calculations  

 

Characteristics 
Field, formation

Sh-Gozhanskoe, 
Tl, BB 

Tanypskoe, 
Tl 

Young's modulus, GPa 30
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
 

 
a 

 
b 

 
Fig. 6. Cement stone strength determination for uniaxial 

compression (formula 2) (a); Brazilian test (b) 
 

Table 4 
 

Elastic strength characteristics 
of plugging materials 

 

Characteristics 
Number of the plugging 
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 

 
f 

 
Fig. 7. Distribution of cement stone failure areas (in red) at 

perforation in C-Mokhovskaya (a, b, c) and A-Tanypskaya (d, e, f) 
wells under well lining conditions with plugging material of 

composition No. 1 (a, d), No. 2 (b, e) and No. 3 (c, f) 
(horizontal to vertical scale ratio 1:200) 
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d 

 
e 

 
f 

 
 

Fig.8. Safety factor distribution of cement stone in wells 
No. C-Mokhovskaya (a, b, c) and No. A-Tanypskaya (d, e, f) 

under well lining conditions with plugging material 
of composition No. 1 (a, d), No. 2 (b, e) and No. 3 (c, f) 

(horizontal to the vertical scale ratio 1:200) 
 

 
a 
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c 

 
d 

 
e 

 
f 

 
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, e) 
and No. 3 (c, f) (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 c, f) 
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, e). 

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

=
σ

,c

e
k   (9) 

 
where, σ௖	 – strength of the cement stone under 
uniaxial compression, MPa; σ௘ – 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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