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GEOMECHANICAL NUMERICAL MODELING IN THE STUDY OF THE STRESS-
STRAIN STATE OF THE BOREHOLE ZONE

Abstract. This article examines current geomechanics issues related to numerical
modeling of stress-strain states in the near-wellbore zone during oil and gas field development.
Methods for stress field analysis are presented to identify potential failure zones for structural
components of the main casing string and wellbore perforations. An example of calculating
reservoir permeability using effective conditional stress modeling in the near-wellbore zone for
wellbores is provided. The research is illustrated by an analysis of calculation results based on
the finite element method using CAE programs and mechanical properties of rock masses taken
from each field. The rock mass stress is calculated using the Mohr-Coulomb criterion, and the
results are compared. Modeling of the stress-strain state in the near-wellbore zone showed that
in the case of a partial absence of cement stone in the casing, failure zones can occur due to
tensile and compressive stresses, which increases the likelihood of accidents during well
operation. It is shown that the considered methods and numerical models of near-wellbore zones
can be used in the future, and the assessment of near-wellbore stresses can be used to justify
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the parameters of wells in other oil and gas fields.

Key words. Numerical modeling, finite element method, stress-strain state, destruction
zone, permeability, Mohr-Coulomb criterion.
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YHFBIMA MAHBIHJIAFBI AHMAKTBIH KEPHEYJII JE@OPMAUMSLIBI KYWIH
3EPTTEYJE TEOMEXAHUKAJIBIK CAHJ/IBIK MOJEJIJIEY

Anoamna. byn Makanaja MyHal jKoHe ra3 KeH OpBIHJAAPBIH Urepy Ke3lHJe YHFbIMa
MaHBIHJAFbl aliMaKTarbl KepHeysl JIehopMalMsanblK KYHIepal CaHIblK MOJEIbJeyre
OailTaHBICTBI TEOMEXaHWKAHBIH KeHOIp ©3eKTi Mocenenepi KapacThIPbUIaabl. Y HFbIMA
OKINAaHBIHBIH HETI3r1 IIereHaey OaraHachIHBIH KYPBUIBIMIBIK 3JIEMEHTTEpPl MEH nepdoparus
apHaJIapbIHbIH BIKTUMaJl Oy3bUly aliMakTapblH aHbIKTay YIUIH KEpPHeY OpiciH Tajjay YIIiH
oaictep ycbiHbulFaH. CaHbulay TECIKTepl YIUIH YHFbIMa MaHbIHAAFbl KEPHEY/I1 THIM/II IIapTThl
MOJIENZIEY Ke31HJe KaOaTThIH OTKI3TILITITIH €CeNTeyre MbICal KeNTIpIATeH. Op KeH OpbIHHAH
aNbIHFAaH Tay JKbIHBICHIHBIH ~MEXaHHKAJIBIK KacHeTTepiH KojmaHa oTeipbin, CAE
OariapyiaMaliapMeH COHFbI 3JIEMEHTTEP /IICIHE HEr13/eIeH eCelTen HOTHXKelIepIH aHaIu3/1en
FBUIBIMM €HOEKTE MJUIIOCTpalus KepiHic TankaH. Tay-keH MaccuBiHiH KepHeyl Mop - Kyion
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KPUTEPHsACHl ~ TapanblHAaH  €CENTENIreH JKOHE  HOTIJKENEpl  CcajbICTBIpMAibl  TYpAE
KapacThIpbUIFaH. YHFbIMa MaHbIH KepHeynl — JaedopManusibl KyHiH Mojaenbaey Oarania
LEMEHT Tachl illiHapa OoJIMaraH jkafdailla CoO3blUIYy KOHE KbICY KepHeyJepiHeH Oy3buly
aiiMakTapsl Iaijaa 00ybl MyYMKIH €KEHIH KOepCeTTi, OyJ1 yHFbIMajap/bl MaijajaHy Ke31HIe
amaTThIK JKaFgaiaapablH naiga 00my BIKTHMAJABIFBIH apTThipansl. KapacTeipelnran opictep
JKOHE YHFbIMa MaHBIHAAFbl alMakKTapAblH CaHIBIK MOJEIbACPIH OonamiakTa KOJlJaHyFa
Oonaabl, YHFbIMa MaHbBIHIAFbl KepHeysiepal Oaranay Oacka MyHail 3>KoHE Ta3 KeH
OPBIHAAPBIHAAFBl  YHFBIMAHBIH ~ [apaMeTpiiepiH  Heri3jey  MakcaTbiHAa — KOJIJaHyFa
OOJIATBIHIBIFBI KOPCETLITEH.

Kinm ce30ep. CanliblKk MOZIeNb/CY, EKTI DIEMEHTTEpP S/1cCl, KepHeyi-aedopMaiusibl
KYHi, Oy3bLTYy aiiMarel, OTKI3r1IUTIK, Mop-KyJioH Kputepuschl.
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TEOMEXAHUYECKOE YACJIEHHOE MO/IEJIMPOBAHUE ITPH
WCCJIEJJOBAHUM HAIIPSI)KEHHO-TE®OPMUPOBAHHOI'O COCTOSIHUS
OKOJIOCKBAKUHHOM 30HBI

Annomayus. B 1aHHOH CTaThbe paccMaTPUBAIOTCA AKTYaJIbHBIC BOIIPOCHI T€OMEXaHUKH,
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CBSI3aHHBIC C YMCICHHBIM MOJEIMPOBAHHEM HaMpPsKEHHO-Ie(DOPMUPOBAHHOTO COCTOSHUS B
MPHUCKBAXKMHHOM 30He MTpH pazpaboTke He(PTAHBIX U Tra30BBIX MecTopokaeHHH. [IpeacTaBnensl
METO/Ibl aHaJu3a TOJsi HANpPsKEHWH I8 BBISBJICHUS BO3MOMKHBIX 30H pa3pylIeHHs
KOHCTPYKTHUBHBIX 2JIEMEHTOB OCHOBHOW 00CaJHOM KOJIOHHBI U 1epdOpalMOHHBIX KaHAJIOB
CTBOJIa CKBakKMHBI. lIpHBeneH mpumep pacuera MPOHHUIIAEMOCTH TiacTa MpH 3¢ (eKTHBHOM
YCIIOBHOM MOJEIUPOBAHUH HANPSKEHUH B MPUCKBAKMHHOH 30HE O CTBOJIOB CKBAJKHH.
Hayunas pa®ora WIIIOCTpHUPYETCS aHAIM30M pe3yJbTAaTOB pPacyeTOB HA OCHOBE METO/a
KOHEYHBIX 2JIEMEHTOB ¢ ucroyib3oBaHueM CAE-nporpaMm ¢ MCIOJIb30BAaHHEM MEXaHUYECKHUX
CBOMCTB TOpPHOHM TMOPOABI, B3ATHIX C KaKIOro MectopoxacHus. I[IpoBeneH pacuer
HaNPsSHKEHHOCTH MacCHBa TOPHBIX TOpoJ o Kputepuio Mopa-KynoHna v npoBenieHo CpaBHEHHE
pesynetaToB. Monenuposanne HJIC B mpUCKBaKMHHOW 30HE MOKa3alo, 4TO B clydae
YACTMYHOTO OTCYTCTBHS LEMEHTHOIO KaMHS B KOJIOHHE BO3MOKHO BO3HHKHOBEHHME 30H
paspylICHUs 3a CYET PACTATUBAIOUIMX W CKUMAIOIIMX HANPSLKCHWHM, 4YTO YBEIHYMBAET
BEPOSITHOCTh BO3HUKHOBEHHS aBapHil NpH OJKCIUIyarauuH ckBaxuH. llokaszano, uto
paccCMOTPEHHBIE METOABl W UHCJICHHBIE MOJCIH OKOJIOCKBAKHHHBIX 30H MOTYT OBITh
MCITIOJIb30BaHbl B JAJIbHEHIIIEM, a OLIEHKAa OKOJIOCKBAKMHHBIX HANPSHKEHUM MOKET ObITh
MCITOJIb30BaHa JUIsi OOOCHOBAaHHMS MapaMETPOB CKBAXKWH Ha JPYrUX He(TSIHBIX M Tra3oBbIX
MECTOPOKICHHUSIX.

Knrouesnvie cnosa. Uucinennoe MOJCITMPOBAHHE, METOJ KOHECYHBIX JJIEMCHTOB,
HaNPHKEHHO-Ie(POPMUPOBAHHOE COCTOSIHUE, 30HA Pa3pyLIeHHs, TPOHUIIAEMOCTh, KPUTEPHI
Kynona—Mopa.

Introduction. In recent years, more and more attention has been paid to the problems of
geomechanics in the development of oil and gas fields. Determining the reliable stress-strain
state of the reservoir and well design allows one to avoid emergency situations during drilling,
construction and operation of wells, increase the efficiency of creating hydraulic fracturing
cracks in the reservoir, prevent intense sand production for weakly cemented reservoirs, study
the transformation of the stress field when creating perforation channels, predict variations in
filtration-capacitive properties (FCP) with an increase or decrease in fluid pressure in the
reservoir and near the well, etc. [1,2,3,4]. Currently, methods for creating 1D geomechanical
models of wells and 3D models of fields are widely used [5,6]. The relevance of their
application is beyond doubt, however, these models have their limitations. In particular, they
do not allow for a full consideration of all the structural elements of the well (column, cement
stone), an assessment of the probability of casing failure in the presence of intervals of absence
of cement stone behind the casing, a study of the well stability during the hardening of the
cement slurry, a prediction of the transformation of the non-uniform stress field near the
perforation channels, etc.

Solving such problems requires creating special numerical models of borehole zones that
allow for taking into account the geometric features of the borehole structure and voids near it
(perforation channels, intervals without cement stone, etc.), as well as conducting a full-fledged
analysis of the stress field for subsequent prediction of the occurrence of possible failure zones
in the column, support or rock, and variations in the reservoir properties of reservoir rocks
[7,8,9]. This publication examines a number of geomechanics problems related to calculating
the stress-strain state (SSS) of the rock mass and borehole using the finite element method. The
main results of the performed modeling are presented, and the main most significant
conclusions related to increasing the efficiencies of oil and gas field development using
geomechanical calculations are formulated.
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Research materials and methods. Examples of calculation and analysis of stresses in
the near-wellbore zone. In numerical modeling of the SSS, differential relations are used to
describe the elastic and poroelastic behavior of a solid. Due to the use of the variational
principle and the law of conservation of energy, differential relations are transformed into
systems of linear equations that are solved by a numerical method. Below are considered some
of the most relevant numerical models with the main results.

Results and discussion.

Modeling of changes in the SSS and permeability of reservoir rocks when creating slot
perforation. During the modeling, a finite element scheme of a section of a vertical well was
used, presented in Illustration 1. The height of the model was 0.75 m, the radius was 5 m, the
radius of the open wellbore was 0.108 m. 4 slot channels were simulated, shifted along the
circumference by 90°, due to the symmetry it is sufficient to use a sector of the model in the
form of a quarter of a cylinder. The channels had a horizontal cross-section in the form of an
ellipse with radii of 0.4 and 0.02 m. In this model, the column and cement stone were not taken
into account, but it was assumed that filtration through the walls of the well is absent and occurs
only through the walls of the slot perforation.

Table 1 presents the geomechanical properties of the reservoir rock and the pressure
values. The creation of a depression on the formation of 2—-8 MPa in the well was simulated;

the calculations were made using the example of a terrigenous reservoir of one of the oil
fields in the north of the West Kazakhstan region.

1 Table - Mechanical properties of rock and pressure values used in calculations

Ne | Characteristics Value
1 Elastic modulus, GPa 20.00
2 Poisson's ratio, units 0.17
3 Biot's coefficient, units 0.85
4 | Ultimate strength under uniaxial compression, MPa 24.00
5 | Angle of internal friction, degrees 28.00
6 | Permeability, mD 99.00
7 | Formation depth, m 4400.00
8 Vertical stress, MPa 41.00
9 Horizontal stress, MPa 33.00
10 | Formation pressure, MPa 16.00
11 | Formation depression, MPa 2-8

It was assumed that with a change in effective stresses, permeability decreases due to rock
compaction. To determine the permeability value, the dependence given in the publication
[10] was used:
K = Ky — Ao, Ac=0

{K = Ky + kAo, Ag<0
where
Ko — initial permeability of the formation, mD,;
K — current permeability, mD;
Ac — change in average effective stress, MPa;
A — permeability reduction coefficient, mD/MPa;
K — permeability recovery coefficient, mD/MPa.
To assess the destruction zones, the Mohr-Coulomb criterion was used in the following form:

|
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01 —p =0+ (03 _p)i:%za

where

G1, 63 — principal maximum and minimum stresses, respectively, MPa;

o — ultimate strength of rock under uniaxial compression, MPa;

¢ — angle of internal friction, deg;

p — formation pressure, MPa.

As a result of the calculations, the distribution fields of effective stresses were obtained for
different degrees of depression on the formation. Illustrations 2—4 shows some of the main
results of the calculations.

Figure 2 - Distribution of average effective stresses in MPa (a) and permeability in mD (b)
near the well when creating slot perforation for a depression of 5 MPa

ANSYS!

-43.2222 45 1.58 5.00885
-72.4111 54,3333 36,5554 18 o 1

Figure 3 - Distribution of the magnitude of change in effective stresses (in %) in the model as
a whole (a) and on the section along the middle of the cracks (b) near the well when creating a
slot perforation for a depression of 5 Mpa
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Figure 4 - Areas of destruction (plastic deformation) of the reservoir rock according to the

Mohr-Coulomb criterion as a whole in the model (a) and on the section along the middle of the
cracks (b) near the well when creating a slot perforation for a depression of 5 Mpa

As a result of these calculations, the following main conclusions were made:

1. Based on the obtained stress distribution field (Illustration. 2, 3), they are shown to be
significantly restored (reduced) when creating slit perforation, which leads to the restoration of
the reservoir rock permeability. The area of stress restoration is located near the well within a
radius equal to the length of the slits.

2. Using the dependence of permeability change on effective stresses, the distribution of
this reservoir rock characteristic under the influence of the changing stress state of the formation
was determined. The results of the calculations showed that the most intensive permeability
restoration occurs on the lateral surfaces of the slits (see Illustration. 2b).

3. Evaluation of the rock destruction area after creating this type of perforation using the
Mohr-Coulomb criterion showed that the perforation cracks are sufficiently resistant to the
effects of stress and areas of plastic deformations occur only near the well (see Illustration. 4).

Modeling of reservoir rock stress-strain state when creating cumulative perforation.

During the modeling, a finite element scheme of a vertical well section was used, shown
in [llustration. 5. The height of the model was 0.167 m, the radius was 3 m, the radius of the
open wellbore was 0.108 m. 4 cumulative perforation holes were simulated, shifted along the
circumference by 90°, due to symmetry, it is sufficient to use a model sector in the form of a
quarter of a cylinder. The channels were set in the form of an ellipsoid with radii of 0.3 and
0.06 m.

In this model, the column and cement stone were also not taken into account, but it was
assumed that filtration through the well walls is absent and is carried out only through the walls
of the perforation channels.

|
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Figure 5 - Finite element scheme of the near-wellbore zone, used to model the change in the
stress-strain state during the creation of cumulative perforation

Table 2 presents the geomechanical properties of the reservoir rock and the pressure
values.

The creation of a depression in the well of 2-10 MPa on the formation was simulated,
the calculations were made using the example of carbonate reservoirs of two oil fields in the
north of West Kazakhstan Region.

2 Table - Mechanical properties of the rock and the pressure values used in the calculations

%: | Chatacteristios Rozhkovskoye Chinarevskoye field
field

1 Elastic modulus, GPa 30.00 28.00

2 Poisson's ratio, units 0.3 0.30

3 Biot's coefficient, units 0.55 0.60

4 | Ultimate strength under uniaxial compression, MPa 35.00 30

5 | Angle of internal friction, degrees 32.00 30

6 Permeability, mD 98.00 100.00

7 | Formation depth, m 1680.00 1790.00

8 Vertical stress, MPa 42.00 45.00

9 | Horizontal stress, MPa 24.00 25.60

10 | Formation pressure, MPa 17.50 18.60

11 | Formation depression, MPa 2-10 2-10

As a result of the calculations, distribution fields of effective stresses were obtained for
different depression values on the formation. Then the stress values were analyzed for the
occurrence of destruction zones based on the application of the Coulomb-Mohr criterion.
Illustrations 6 and 7 illustrate some of the main results of the calculations.

|
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a b

Figure 6 - Distribution of average effective stresses in MPa near the well when creating
cumulative perforation for Chinarevskoye field at a depression of 2 MPa (a) and 10 MPa (b)

Figure 7 - Dynamics of reservoir rock destruction zones near holes

Cumulative perforation according to the Mohr-Coulomb criterion, for oil fields of the
Rozhkovskoye (a, ¢, €) and Chinarevskoye (b, d, f) fields at a depression of 2 MPa (a, b), 6
MPa (c, d) and 10 MPa (e, f)

Based on the results of these calculations, the following main conclusions were made:

1. Based on the obtained stress field, it was shown that near the perforation channels, the
area of increasing stresses is comparable with the area of decreasing stresses, which suggests
that significant permeability recovery with this type of perforation is unlikely to be possible.

2. Evaluation of the destruction areas according to the Mohr-Coulomb criterion revealed
that when creating cumulative perforation, destruction zones near the holes can occur already
at a depression of 2 MPa, which can lead to negative consequences, in particular, to clogging
of the perforation channels and a reduction in the amount of fluid flow into the well.

3. The developed numerical finite element model of the near-wellbore zone

can be used in the future to calculate the non-uniform stress field when opening layers by
cumulative perforation using the example of other productive objects of oil and gas fields.
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Modeling the SSS of the well structure and determining the stability of the production
string under conditions of partial absence of cement stone.

To calculate the stress field a flat finite element scheme was created, including: a casing
string, cement stone with an area of its absence, a section of reservoir rock near a vertical well
with a radius of 5 m (Illustration 8). Due to symmetry, only half of the selected cross-section
of the near-wellbore zone was considered. Illustration 8 shows the finite element scheme of the
model used in the calculations.

absence of cement

R — radius of the model, r, — radius of the open borehole, rw — inner radius of the column, t. —
thickness of the cement stone, tw — thickness of the column

Figure 8 - Finite element diagram of the section of the near-wellbore zone, used to
calculate the stability of the column in conditions of partial absence of cement stone

Table 3 summarizes the initial physical characteristics of the model using the example of
the Zhanazhol deposit of one of the fields of the Aktobe region: the physical and mechanical
properties of the rocks and the production string, as well as the values of the external stresses
affecting the model.

3 Table - Physical characteristics of the model used in calculations

Ne Characteristics Value
1 Modulus of elasticity of rock, GPa 40.00
2 Poisson's ratio of rock, units 0.22

3 Modulus of elasticity of cement, GPa 12.20
4 Poisson's ratio of cement, units 0.13

5 Modulus of elasticity of casing, GPa 200.00
6 Poisson's ratio of casing, units 0.20

1 Yield strength of column steel, MPa 539.00
8 Formation depth, m 3200.00
9 Vertical stress, MPa 70.40
10 Horizontal stress, MPa 52.00
11 Formation pressure, MPa 35.00

As aresult of the calculations, stress distribution fields were obtained for different values
of the angle of the cement-free sector. Then, the stress values were analyzed for the occurrence
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of zones of destruction in the column based on the yield strength of the column steel. [llustration
9 shows some of the main results of the calculations.

| |

Figure 9 - Dynamics of destruction zones in the production casing due to its poor cementing
for the sector of absence of cement stone with an angle: a —25° b —35°, ¢ —45° d—60°; e —
90°; £— 110° (blue color — destruction from compressive loads, red — from tensile loads)

The calculations of stresses in the well structure in the conditions of partial absence of
cement stone allowed us to draw the following main conclusions:

1. Numerical modeling showed that maximum stresses in the column arise when the
pressure in the void space 1s minimal.

If the pressure in the interval of absence of cement stone 1s equal to the formation
pressure, then it partially compensates for the pressure in the well, which leads to a decrease
1n stresses.

2. Based on the analysis of the areas of destruction of the production casing, it was
concluded that plastic deformations in the column begin to appear at an angle of the sector of
the void space of approximately 25°, while there are

areas of destruction from both tensile and compressive stresses. With increasing the
sector angle of the void space, the damaged areas of the casing also first increase, and then
begin to decrease and completely disappear for a sector angle greater than 110°.

3. Calculations have shown that for the considered conditions of modeling the formation
and well design, the production string can be in a stable state even with a partial absence of
cement stone in the annular space. At the same time, for each specific formation and each
specific well design, its own calculation of the SSS and its analysis are required to determine
the conditions for maintaining the integrity of the production string of the well.

Conclusion. The results obtained in this scientific work allow us to make the following
main conclusions:
1. The article considers several examples of numerical modeling of the stress-strain state

s
Ne3 (35) 2025 https://ojs.wkitu.kz/ 506



BKUTY XABAPHIBICHI. FouibiMu #KypHai ISSN 2706-6266
BECTHUMK 3KHUTY. Hayunsrii :xypuan ISSN 3007-1062
BULLETIN OF WKITU. Scientific journal ISSN 3007-1070

near a well using the finite element method. The presented results were obtained using special
numerical models of near-wellbore zones, taking into account their main structural elements
and the geometry of voids near the well (perforation channels, intervals without cement stone).

2. Modeling of slot perforation channels showed that areas of unloading (reduction) of
effective stresses arise near the holes, which should lead to restoration of the reservoir
permeability and indicate the effectiveness of this perforation method.

3. Based on the calculations of the stress-strain state near cumulative perforation holes, it
was shown that the destruction of their walls is possible even at small depressions on the
formation, which indicates that the selection of optimal well operating modes requires
preliminary calculations of the stress field that arises after cumulative perforation.

4. Modeling the stress-strain state of a well under conditions of partial absence of cement
stone showed that areas of destruction from tensile and compressive stresses can occur in the
column, which increases the likelihood of an emergency during well operation.

5. The considered methods and numerical models of near-wellbore zones can be used in
the future to assess stresses near a well for development conditions of other oil and gas fields
in order to select the most effective technology for completion and optimization of well
operating parameters.
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