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Abstract

The article presents an overview of the assessment and modelling of the stress state of rocks in the near-wellbore
zone of horizontal wells during acid stimulation of the formation for improving the efficiency of oil and gas field
development. A numerical finite element model of near-wellbore zone of the reservoir drilled by a horizontal
section was compiled using one of oil fields in the Perm Territory as an example. The distribution of physical
and mechanical properties of the terrigenous reservoir near the well was determined considering transformation
under the action of mud acid for different time periods of its injection. Multivariate numerical simulation was
performed and the distribution of horizontal and vertical stresses in near-wellbore zone was determined with
regard for different values of pressure drawdown and changes in stress-strain properties depending on the area
of mud acid infiltration. It was found that a change in elastic modulus and Poisson's ratio under the influence of
acid led to a decrease in stresses in near-wellbore zone. Analysis of the stress distribution field based on
the Coulomb — Mohr criterion showed that the minimum safety factor of rock even after the effect of mud acid
was 1.5; thus, under the considered conditions of horizontal well modelling, the reservoir rock remained stable,
and no zones of rock destruction appeared.
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Introduction

Acid treatment of formation is one of the most frequently used enhancement methods for
intensifying the inflow of hydrocarbons into the well as well as cleaning the near-wellbore zone
from the components of technological fluids used in drilling [1-3]. Despite a high efficiency of
this method, it also has disadvantages — under the action of acid reagents, not only the substances
clogging the near-wellbore zone, but also the rock matrix minerals dissolve. On the one hand,
this effect is manifested in increasing permeability; on the other hand, the chemical interaction
of rock and acid should lead to a deterioration in stress-strain properties of reservoir. During acid
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treatment of a carbonate reservoir the effect of acid usually leads to the appearance of “worm-
holes” [4-6] and should not significantly affect the wellbore stability, whereas for a terrigenous
formation, due to dissolution of intergranular rock cement, a major decrease in Young's modulus
and ultimate strength of reservoir rock will occur [7, 8].

When studying acid effect on core samples, the impact of this reagent on permeability is often
investigated, and the amount of pore volumes for acid breakthrough and the Damkohler number are
determined [4, 6, 9]. At the same time, the effect of acid compositions on physical and mechanical
properties of reservoir rocks was not sufficiently investigated. In some articles by foreign experts
[9-11] the effect of acid treatment on the dynamic Young's modulus and Poisson's ratio was investi-
gated; however, only carbonate reservoirs and filtration of a small amount of pore volume of acid
composition were investigated — prior to its “breakthrough” from the opposite end of samples. At the
same time, as shown in publications [12-14] based on the studies of core samples, the porosity and
permeability properties of reservoir rock can change not only under the influence of physicochemi-
cally active liquids, but also of the changing effective stresses. In this case, the shows of conjugated
mechanical and chemical effects will even more intensely transform the natural properties of reservoir
rocks (porosity, permeability, physical and mechanical properties, etc.) and affect the stress-strain
state of formation, stability of wells and their productivity (injectivity).

When modelling acid action on the formation, the geometry of the forming wormholes and their
impact on permeability are usually investigated [15-17] as well as possible chemical reactions of the in-
teraction of reagent with rock minerals [18]. However, the influence of such effects on the stress-strain
state of the near-wellbore zone and the destruction of rocks was not sufficiently investigated.

One of the most efficient methods of developing oil and gas fields is the use of horizontal wells
[19-21], since in this case the filtration area increases. The use of wells with a horizontal shaft is most
efficient in low-permeability reservoirs. This type of wells is most efficiently used in development of
low-permeability formations [21-24]; multi-stage hydraulic fracturing cracks are created including
the use of acid reagents as fracking fluid [23-25]. Despite the fact that the efficiency of fracking is
directly related to a reliable determination of stress-strain properties and the stress state of formation,
this problem was virtually not investigated from the viewpoint of joint geomechanical and chemical
effects.

Well stability is very important, since wellbore walls can collapse in the process of drilling
and operation, which can lead to an emergency when developing oil and gas fields, particularly, for
horizontal [26], deep and superdeep wells [27]. To solve this class of problems, 1D geomechanical
modelling methods are currently widely used [28-30]. However, this approach has certain disadvantages:
stresses are commonly calculated only on wellbore wall, so their distribution at a distance from
the wall cannot be determined; well design (column, cement stone) is not taken into account; stress
state cannot be calculated near the perforation channels, or perforation holes are considered ideally
as cylindrical surfaces [31].

This article based on the numerical finite element method considers how a change in stress-strain
properties during acid treatment affects the transformation of stresses in the near-wellbore zone and
stability of the open horizontal hole in the terrigenous reservoir. Numerical simulation was performed
using the example of a well drilled in one of oil fields in the southern Perm Territory. Mud acid was
considered as a reagent, which is quite often used for this type of reservoir, primarily due to its ability
to dissolve clay particles [32, 33].

Methodology

Papers [7, 8] present the results of laboratory experiments in which the effect of different num-
bers of pore volumes of acid reagent on stress-strain properties of core samples taken from a terri-
genous reservoir was investigated. Core samples were 6 cm long and 3 cm in diameter. Mud acid,
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which comprised 12 % hydrochloric acid (HCI) and 3 % hydrofluoric acid (HF), was used as a rea-
gent. During experiments residual water saturation was created in samples, and oil saturation was
modelled using kerosene. At the start of the experiment, kerosene was injected into samples, then
different pore volumes of acid reagent were filtered, and samples were kept under its influence
for 4 h, and at the end of the experiment, kerosene was injected again. As a result of research,
it was ascertained that acid treatment of formation led to a decrease in Young's modulus and com-
pressive strength and to an increase in Poisson's ratio (Fig.1).

As can be seen from Fig.1, acid treatment resulted in an almost threefold decrease of elastic
modulus, 18 % decrease of compressive strength and an approximately twofold increase of
the Poisson’s ratio. With increasing number of pore volumes over 100, samples were destroyed after
acid filtration; in Fig.1, the area on the graph over 100 pore volumes is highlighted in pink.
The significance of dependence is given; its value is less than 5 %, which points to applicability
of the ratios used; this is also evidenced by sufficiently high coefficients of their correlations.
The dependences in Fig.1 are used for the numerical computation of the stress state of a horizontal
well under conditions of acid treatment of the formation.

Numerical simulation was performed in the ANSYSS finite element modelling software package
[34-36]. This software implements the numerical computation of differential equations describing the
poroelastic behaviour of a solid body:
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Veo+f=00rVe(c'—opl)+ f =0,

ag, +ip+v-q=8,
Km
where o is stress tensor;  — derivative operator; Ve« — divergence operator; ¢’ — effective stress
tensor; o — Biot coefficient; p — pore pressure; I — second-order unit tensor; f — force vector;
ev — volumetric strain of rock matrix; Kn — Biot modulus; q — fluid flow vector; S — flow source.
The following ratios are also applied for stress and strain relationship:

o' =Dg°®,

where €° is strain tensor; D — matrix of elastic constants.
Darcy's law was applied to describe fluid flow in a porous medium:

q=-kvp/p,

where Kk is the second-order permeability tensor; V — gradient operator; p — fluid viscosity.

To calculate the stress field in ANSYS, a finite element model was created using the poroelastic
finite element cpt212, including a 20 m thick formation section and an open hole well with a 0.108 m
radius (Fig.2). The well was in the centre of reservoir at a depth of 10 m from its roof. Due to the sym-
metry, only half of the selected section of the near-wellbore zone was considered.

The main physical characteristics of the model for the conditions of the considered terrigenous
reservoir in one of oil fields in the southern Perm Territory: elastic modulus of rock without acid treatment
is 11.8 GPa; Poisson's ratio of rock without acid treatment 0.116 u.f.; Biot coefficient 0.85 u.f.; angle of
internal friction of rock 30 deg; reservoir depth 1,500 m; vertical stress 33 MPa; horizontal stress
15.8 MPa; reservoir pressure 15.5 MPa; pressure drawdown 1; 5; 10 MPa. Vertical and horizontal stresses
were calculated for an average formation occurrence depth of 1,500 m. Since the value of Biot coefficient
was not determined in experiments, it was taken as a constant equal to 0.85.

The following boundary conditions were adopted in the numerical model:

« at the lower boundary, displacements in direction of the normal to the surface were fixed (zero
displacements along the vertical axis);

« vertical stress was applied to the upper boundary calculated from the formation depth and
average density of rocks in the overlying strata equalling 2,200 kg/m?;

« horizontal stress determined from vertical stress and Poisson's ratio of rock was applied to the
right lateral surface;

A

'ﬁ;_ ‘ 20m

A
4

250 m
Fragment A

Fig.2. Finite element scheme used
to compute the stress state of a horizontal well
under conditions of mud acid treatment
of formation
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« at the left boundary, due to the symmetry of the
model, displacements were fixed in direction of the
normal to the surface (zero displacements in horizon-
tal direction).

Using the compiled finite element model, multi-
variate numerical computations of the stress state of
the near-wellbore zone were accomplished taking into
account gradual infiltration of acid into the reservoir.
It should be noted that non-stationary filtration of
liquid was not calculated, and the distribution area
of acid reagent was taken based on data from article [7].
Figure 3 shows how the stress-strain properties of
rocks change at different time of filtration and expo-
sure to mud acid. The change in these characteristics
takes into account, in addition to filtration time of
reagent, its effect when holding samples without
filtration for 4 h. In the process of computation, in
addition to transformation of physical and mechanical
properties, pressure drawdown also varied simulating
well operation after acid treatment. Pressure draw-
down is 1; 5, and 10 MPa.

Discussion of results

Figures 4, 5 show the distribution of horizontal
and vertical stresses in case of limiting pressure draw-
down values (1 and 10 MPa) and mud acid reagent
injection time (14 min and 4 h). As can be seen from
Fig.4, 5, an increase in pressure drawdown in most
computation versions led to the growing values of ef-
fective stresses, both horizontal and vertical. At the
maximum acid injection time, the maximum values
of effective stresses decrease at the same pressure
drawdown. The minimum values of effective stresses
behave as follows: for the horizontal stress compo-
nent and pressure drawdown 1 MPa, they increase, at
pressure drawdown 10 MPa, decrease; for the vertical
component at pressure drawdown 1 and 10 MPa, they
decrease.

Analysing Fig. 4, 5, it can be concluded that there is a tendency to stress reduction in near-wellbore
zone at acid treatment, which is associated with a change in elastic characteristics of rocks. It should be
also noted that at pressure drawdown 1 MPa, the distribution of tensile stresses (negative values) is rec-
orded in the upper and lower parts of the well. Despite the fact that their value is small — a maximum of
1.78 MPa (Fig.4, a), tensile strength of rock can decrease under the influence of acid, which can lead to

rock inrushes in these areas.

The next stage involved the assessment of the strength of reservoir rocks near the well based on
the Coulomb — Mohr criterion. Fluid pressure in the formation was taken into account in computa-

tions, so this criterion was written as follows:
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a2

1+sing

c,—ap =USC+(G3—0cp)1_Sin(p,

where 61, o3 are the principal maximum and minimum stresses; USC — ultimate strength of rock under
uniaxial compression; ¢ — angle of internal friction; p — formation pressure.

Fig.6 shows the results of determining the safety factor of reservoir rocks based on the Coulomb —
Mohr criterion at pressure drawdown 1; 5, and 10 MPa for different time of reagent injection. If this
factor is higher than 1, this points to rock stability; if it is less than 1, then its destruction is likely.

Computation results showed that for the simulated conditions, the destruction of reservoir rocks
should not occur, although the minimum safety factor is 1.5, i.e. rocks are close to destruction.
As can be seen from Fig.6, the area with the lowest safety factor lies near the lateral surface of the
well, which is caused by the effect of vertical stresses, which are much higher than the horizontal
ones. A decrease in elastic properties due to the action of mud acid reagent led to a decrease in stresses
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after injection of mud acid reagent for 14 min (a, b) and 4 h (c, d)

re

=
e S W oo R s

L W R P D O
PR RN T
N
P e ]
EBHEaE R T -
BB b e e R
B2 e
R I N ue
omi i S e
WR RN e R

Fig.5. Distribution of vertical effective stresses at pressure drawdown 1 (a, ¢) and 10 (b, d) MPa
after injection of mud acid reagent for 14 min (a, b) and 4 h (c, d)

115
This is an open access article under the CC BY 4.0 license



I Journal of Mining Institute. 2025. Vol. 272. P. 110-118
; 5 © Sergei N. Popov, Sergei E. Chernyshov, Wang Xiaopu, 2025

I I C I
I I f I
5.55 6.06

1 511 2.01 2.52 3.02 3.53 4.03 4.54 5.05

Fig.6. Distribution of rock safety factor near the well for pressure drawdown 1 (a, d), 5 (b, €)
and 10 (c, f ) MPa after injection of mud acid reagent for 14 min (a, b, c)and 4 h (d, e, f)

and an increase in safety factor, especially in the upper and lower parts of the well (Fig.6, f), while an
increase in pressure drawdown value led to an increase in this parameter in the areas under consider-
ation and a decrease in the lateral area of the well.

In the course of further investigation of this problem it is planned to compare field data on hori-
zontal wells in which mud acid treatment will be conducted to assess the probability of sand ingress
depending on exposure time and volumes of reagent injection, as well as changes in permeability in
the near-wellbore zone.

The investigation results can be applied to terrigenous reservoir rocks of the Tulskii and
Bobrikovskii producing formations in the southern group of fields in the Perm Territory with similar
porosity and permeability, physical and mechanical properties. Difference in permeability values
leads to a change in acid filtration area depending on time, and the difference in initial mechanical
properties will lead to other ratios describing the relationship of their change depending on the
injected pore volumes of reagent, which can require additional laboratory and numerical experiments.

Conclusion

Using the example of a terrigenous reservoir in one of oil fields in the southern Perm Territory,
the analysis of the stress state of reservoir near the open hole of a horizontal well was conducted
taking into account the transformation of the stress-strain properties of rocks under the action of mud
acid reagent. Based on results of analysis, the following main conclusions can be drawn:

« As part of this work, the numerical finite element model of a region of terrigenous formation
was compiled including an open hole of a horizontal well and allowing for changes in stress-strain
properties of reservoir rocks during mud acid treatment.

* Using the compiled model, a multivariate numerical simulation of the stress state of reservoir
was accomplished for different values of pressure drawdown and filtration time of mud acid reagent.
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* Analysis of stress distribution field showed that an increase in pressure drawdown led
to increasing values of effective stresses in reservoir, while the consequence of a change in elastic
properties of rocks under the influence of acid was, on the contrary, their decrease.

+ Based on application of the Coulomb — Mohr criterion, the distribution of rock safety factor
was determined, which showed that the reservoir was in a stable state both without the effect of mud
acid, and with treatment of the near-wellbore zone with this reagent. At the same time, an increase in
pressure drawdown led to a decreasing rock safety factor, and the effect of acid led to its increase.

* The numerical model compiled as part of the work can be used to calculate the stress distribu-
tion field near horizontal wells for other types of reservoirs, both considering and without considering
the change in stress-strain properties under the action of not only mud acid reagent, but also different
other physicochemically active liquids.
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