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Abstract. The article presents a theoretical and experimental substantiation of the method of directional unloading of
the reservoir in fields with low-permeability reservoirs. The relevance of the article is due to the reduction of hydro-
carbon resources in modern conditions and the need to create new efficient environmentally friendly technologies to
develop hydrocarbon deposits with hard-to-recover reserves, primarily with low-permeability reservoirs. The results of
a theoretical study of the stress-strain state in the vicinity of a well, both cased and open, are presented. They are
necessary to develop programs for laboratory testing of core specimens from the studied fields. A technique for physical
modelling of deformation processes in the bottomhole zone with a decrease in pressure at the well bottom in a true
triaxial loading unit is described in order to determine the parameters of the process impact on the formation reservoir,
leading to an increase in well productivity. The method was applied to the conditions of the low-permeability reservoir
at the Verkhneviluchanskoye oil and gas condensate field in the southwest of the Republic of Sakha (Yakutia). Expe-
rimental studies were carried out on a unique scientific unit for true triaxial loading, created at the IPMech RAS, the
Triaxial Independent Loading Test System. The directional unloading method was adapted for the studied field, the
process parameters of successful application of the method were determined: the bottomhole design, the drawdown
values necessary to increase the permeability of the bottomhole formation zone.
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Introduction. In the context of reducing hydrocarbon resources, when large and accessible de-
posits are mostly depleted, there is a need to extract hard-to-recover reserves, primarily from low-
permeability reservoirs [1, 2]. In this regard, the development and adaptation to the conditions of
specific deposits of new and efficient technologies is becoming increasingly important [3]. Among
such technologies are multi-stage hydraulic fracturing [4, 5], wave action [6, 7], and method of di-
rectional unloading of a formation [8, 9]. Today, both domestic [10] and foreign teams [11, 12] are
engaged in improving the scientific foundations of the multi-stage hydraulic fracturing. Main areas
of research are numerical simulation of fracture propagation [12], creation of models for studying the
evolution of hydraulic fracturing parameters and calculating well productivity considering changes
in various process factors [11, 13], experimental study of fracture development in the reservoir [14,
15]. Particular attention is paid to the search for new methodological foundations for assessing and
accounting for the parameters of low-permeability formations [16], improving approaches to planning
hydraulic fracturing activities [17, 18] and methods for monitoring the use of hydraulic fracturing
[19]. When studying the wave action on the formation, the influence of the amplitude and frequency
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of oscillations on the characteristics of the formation [20, 21] and fluids [22], oil pressure gradient,
capillary interfacial tension [23], etc. are considered. The use of wave methods is often considered in
combination with other formation stimulation methods [24, 25]. There are also alternative environ-
mentally friendly methods of stimulation, for example, influencing the formation with an electric
field [26, 27], the use of polymer flooding [28], injection of carbon dioxide [29, 30], plasma-pulse
impact on the reservoir [31].

Methodology. Over the past 30 years, the Institute for Problems in Mechanics of the RAS has
been conducting active scientific research in the field of creating innovative technologies for the ex-
traction of hydrocarbon raw materials. A geomechanical approach to the development of fields with
low-permeability reservoirs is being advanced. It consists in increasing the permeability of a pay by
controlling the stress state of the formation due to its directional unloading from rock pressure. The
stress state in the formation in the vicinity of the well is influenced by two factors, the pressure in the
well and the geometry of the bottomhole (presence of casing and slots, density and type of perfora-
tion). These studies resulted in the creation of a new way to increase the productivity of oil and gas
wells, the method of directional unloading reservoir (DUR).

The DUR method was successfully tested at a number of oil fields in Western Siberia and the
Perm Krai [32]. When implementing the DUR method, first of all, it is necessary to determine the
stresses that must be created in the rock for its fracturing and destruction, and to answer the question
of what process operations are necessary for this purpose. For different reservoir rocks, conditions of
their occurrence, formation pressures, these conditions are different [33]. Therefore, in order to adapt
the DUR method to the conditions of a particular field, a series of tests of rock specimens from this
field is carried out according to special loading programs on the Triaxial Independent Loading Test
System (TILTS) [34], which makes it possible to recreate the stress and strain states that actually
occur in the formations of oil and gas fields in cubic rock specimens. The experiments result in a
conclusion about the most effective conditions to implement the DUR method at this field, and the
expected effect is assessed.

The use of the DUR method in fields with low-permeability reservoirs, due to their increased
strength, may require the preliminary introduction of stress concentrators into the formation, perfo-
ration of a certain type and density, which is necessary to initiate the fracturing process in the reser-
voir, as well as its intensification. This is necessary even in open-hole wells, for which the application
of the DUR technology is most effective.

The TILTS is a unique experimental stand for studying the deformation and filtration properties
of rocks. Its distinguishing feature is the possibility of creating true triaxial stress states in cubic rock
specimens. In addition, such a unit makes it possible to study the effect of stresses arising in rocks on
their filtration properties.

Before carrying out experiments, it is necessary to draw up programs for loading specimens at
the TILTS, corresponding to the stresses that actually arise in the formation during well operation.
For this purpose, mathematical calculations, both analytical and numerical, are carried out. On their
basis, programs for loading specimens are compiled. Then each of these programs is implemented at
the TILTS. When testing, it is established for each of the programs, in which part of it, respectively,
at what drawdown value, inelastic deformation of the rock occurs with its fracturing or loosening,
accompanied by an increase in permeability. Thus, the preparation of loading programs for specimens
IS an important task.

The following are calculations to determine the stresses acting in the vicinity of perforations in
cased and open wells. The stress state in the vicinity of the perforation hole is determined by the external
stress (away from the well or perforation hole), the fluid pressure inside the well and the perforation
hole for an open well, and the back pressure on the rock from the cement and the fluid pressure inside
the perforation hole for a cased well.
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? Stresses in the vicinity of an open-hole vertical well. The ex-
/_E\ ternal stress for the well is the stress from the rock pressure in the
\{/ depth of the formation q (Fig.1).

i In the case of uniform all-round compression, the stresses

around an open well in the coordinate system r, z, ¢, associated
with the well, according to the solution of the Lame problem [35],
are equal to:

Or oz Go

or(r) =—(q + pw)(R/1)* + q;

Oo

(1) = (q + pw)(R/r)* + q; (1)

Or

Gz(r) = q’

Oz
v where pw is the pressure in the well; R is the well radius; r is the

i distance from the well axis to the considered point; p»>0,q<0
Fig.1. Stresses in the vicinity (hereinafter, the compressive stresses are considered negative).
of the well The effective stresses with which the soil skeleton is loaded:

sr(r) = — (o + pw)(R/r)? + q + p(r);
Se(r) = (q + pw)(R/r)? + q + p(r); (2)

s(r) = q + p(r).

Thus, when the pressure in the well decreases, i.e., with increasing drawdown, the stress com-
ponents s, and s; in the bottomhole formation zone (BFZ) increase in absolute value, and the radial
stress sy decreases.

The effective stresses on the wall (r = R) of an open well, considering the fact that p(r) = pw on
it, from (2) are equal to:

SrZO, SZ:q+pW1

So = 2(q + pw).

3)

Stresses in the vicinity of a cased vertical well. Back pressure pc acts on the well wall from the
side of the cement, pc > 0. Effective stresses in the vicinity of the well:

sr(r) =— (a4 + pe)(R/r)? + q + p(r);
So(r) = (q + pe)(RIT)* + g + p(r); (4)

s2(r) = q +p(n).
Assuming that on the boundary of a cased well, after the cement slurry has hardened, the pressure
is completely restored to the value of the rock pressure, i.e., pc = |q|, from formulas (4) we have

Sr =S¢ =S:=( + Po, (5)

where po is formation pressure.

Thus, a change in pressure in a cased well without perforations does not affect the stress state in
its vicinity.

Stresses on the perforation hole surface in an open well. The external stress for the perforation
hole is not the stress from the rock pressure in the depth of the formation, but the stress (1) acting
around the open hole of well (Fig.2).
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Stresses in the vicinity of a perforation hole are deter- o2
mined by the superposition of solutions to the Lame problem
[34] and a problem similar to the Kirsch problem [36]
(Fig.3).

In the coordinate system r’, z’, ¢’ on the perforation hole )
wall, i.e., at r' = Rn, where Ry is the perforation hole radius T g)‘
(Fig.3, a), to change the stresses depending on the distance ::

from the well axis, we have

-

-

-
N

@y @ @/ Fig.2. Stresses in the vicinity
o' (N==p,, oz (N=0,("), Oy (=20, +p,. (6) of a perforation in an open well

At the top point N of the vertical section of the perfora-
tion hole (Fig.3, b), for changing stresses depending on the
distance from the well axis, we have l l

(=0, cP(=0, @ (r=3(cy(N-5,). (7)

The sum of components (6) and (7) with the superposi- - !}‘
tion of stress fields at point N: o —* =
Gr'(r) = _pwv Gz’(r) = Gr(r) ’ G(p'(r) = 3G(p(r)_62 + pw' (8) 7'
b
Subject to (1)
N
6 (N==p,, o,(N=—(a+p,)(R/r) +0; - T
O¢-07—» el
o, (N =3(q+ pW)(R/r)2+2q+ P, - 9) —

Then the effective stresses on the perforation hole wall,
given that p(r) = pw on it, are equal to:

5.1 =0, 8, (N =—(a+p,)(R/T) +q+p,;

Sy()=3(q+ pW)(R/r)2+2(q+ p,) - (10)
It can be seen from expressions (10) that the stresses along the perforation hole wall vary de-
pending on the distance from the well wall.

Fig.3. Stresses in the vicinity of a perforation
for Lame problem 1 (a)
and Kirsch problem 2 (b)

Forr=R
S =S,=0, S, =5Q+p,)- (11)
Forr=2R
S =0, S, =3/4(a+p,), S,=11/4(q+p,)- (12)
Forr=3R
S =0, S, =8/9(q+p,), S, =7/3(A+p,)- (13)

Stresses on the perforation hole wall in a cased well. As follows from formula (5), the perforation
hole in the cased well is under the action of external stress that occurs in the vicinity of the cased well
and coincides with the natural stress from rock pressure in the depth of the formation. Therefore, the
stresses in its vicinity are given by formula similar to the expressions for an open well (1) and (2), in
which the well radius must be replaced by the perforation hole radius, and the distance from the well
axis, by the distance from the perforation hole axis. We have:
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o

o =—(d+py)(Ry /r’)2 +q;
oy =(q+ pw)(Rh /r’)2+q; (14)

o, =(q,
for effective stresses

S =—(d+p,)(Ry/ r')2 +q+p(r);
Sy =(a+ P, )(Ry /') +a+p(r); (15)

S, =q+p(r).

Thus, in a cased well, the stresses along the perforation hole wall are constant and equal (assuming
in (15) r'=Rn, p(r) = pu):

S, =0;
Sy =2(q+p,); (16)
S, =q+p,.

It can be seen from (1), (2) and (14), (15) that the stress distribution in the vicinity of the perfo-
ration hole in a cased well, depending on the relative distance from the centre of the perforation hole,
coincides with the stress distribution in the vicinity of an open well depending on the relative distance
from its centre.

From expressions (11)-(13) and (16) it follows that the concentration of the maximum compres-
sive effective stress a = S,/q on a part of the perforation hole wall for an open well is much higher
than for a cased one. If at complete drainage of the well (pw = 0) on the entire perforation hole
wall in a cased well, a = 2, then on the entire perforation hole wall in an open well, the value of
o exceeds 2. On the well wall at r = R, the concentration is maximum (o = 5) and gradually decreases
with distance from the well: at r = 2R o = 2.75, at r = 3R a = 2.33, etc.

Specimen testing programs. For testing at the TILTS, cubic rock specimens were made from
a low-permeability reservoir of the Verkhneviluchanskoye oil and gas condensate field with a per-
meability in the range of 0.01-49.4-103 um?. The Yuryakhsky pay of the field is stratigraphically
confined to carbonate deposits, composed of dolomites and dolomitic limestones. Formation pres-
sure is close to hydrostatic 17.5 MPa. The core material for testing was taken from a depth of about
h = 1750 m, where the absolute value of rock pressure |q| = yh with an average density of overburden
of y =2.3 g/cm® is 40.25 MPa.

During the tests, the specimens were loaded according to programs that corresponded to the
stresses arising in the vicinity of the well for three bottom hole designs: open hole, perforation in
a cased well, perforation in an open well.

Stresses on an open well boundary. The corresponding loading program for the specimens is
shown in Fig.4, a and is built on the basis of formulas (2), in which r = R¢ is assumed. The y-axis
plots the stresses si, S2, S3applied in the TILTS to the specimens along three axes. For an open well,
they correspond to the absolute values of the stresses s;, Se, Sr acting in the vicinity of the well (see
Fig.1). Point A in Fig.4, a corresponds to the stresses in the soil skeleton before drilling the well,
point B — the state when the well is drilled and the pressure in it is equal to the formation pressure;
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points on the segment BC — a decrease in pressure at
the well bottom (point C — complete “drainage” of
the well).

During the experiment, the components of speci-
men deformation along three axes and its permeability
in the bedding plane are measured.

Stress near a perforation hole in a cased well. If the
perforation hole length is large enough, then the stress
state that occurs in the vicinity of the walls of the hole is
similar to that in the vicinity of an open well. Therefore,
the specimen testing programs for these two cases will
be the same. However, if the length of the hole is small,
then to describe the stresses in its immediate vicinity, one
can use the solution of the problem of the stress field in
the vicinity of a hollow sphere, which is under the action
of internal pressure pw and loaded far away with an all-
around compressive load q [36].

In this case, a radial stress or and two circumferen-
tial stresses o and o, act near the perforation hole tip.
Accordingly, the rock soil skeleton is loaded with effec-
tive stresses Sr, Se, Se.

Figure4, b shows the specimen loading program
corresponding to the change in stresses near the perfora-
tion hole tip with a decrease in pressure pw at the bottom
of the well; s, Sz, S3 are the stresses applied along axes 1,
2, 3 to the specimen in the TILTS. They correspond to
the absolute values of stresses sy, So, Sr acting at the per-
foration hole tip sr = 0, se =S, = 3/2(q + pw) [36].

Stress near a perforation in an open well. It is
shown that stresses along the perforation surface in an
open well vary depending on the distance from the well
axis according to expressions (8)-(10). They are maxi-
mum near the well wall and minimum near the hole tip.
The experiment simulated the change in stress at a point
on the perforation surface, at a distance of r = 1.25R from
the well axis.

Figure 4, ¢ shows the program for specimen testing,
built on the basis of formulas (10). The stresses s, S2, S3
plotted in it correspond to the absolute values of the
stresses s:1, S¢', Szracting in the vicinity of the perforation.

Specimen test results. Three specimens from the
Verkhneviluchanskoye oil and gas condensate field were
tested at the TILTS according to the above programs.
When tested according to programs that simulate the
change in stresses in the vicinity of an open well (Fig.4, a)
and a perforation in a cased well (Fig.4, b), the speci-
mens during the entire experiment were deformed elas-
tically without an increase in permeability up to stresses
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Fig.4. Loading program “open well” (a),
“perforation in a cased well” (b),
“perforation in an open well” (c)
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corresponding to the complete drainage of the
well. The initial permeability of the specimens was
11.5and 1.4 mD.

A different pattern was observed when testing
the specimen according to the program “perfora-
tion in an open well”, shown in Fig.4, c and simu-
lating the change in stress at a point on the surface
of the perforation, spaced from the well axis by
a distance r = 1.25R. Fig.5 shows the deformation
curves of the specimen during the experiment and
the change in its permeability.

Figure 5, a shows that when modelling the
pressure drop in the perforation vicinity in an open
well, the specimen was elastically deformed to
a stress of s, = 120 MPa, and then its inelastic de-
formation began and the specimen was destroyed
at s, = 126 MPa. Since the stress s, applied to the
specimen in the loading block of the TILTS corre-
sponds to the absolute value of the hoop stress S|
in the perforation vicinity, then from expression
(10) we have pw = |q| — (25/98)s2. Accordingly, the
beginning of inelastic deformation of the specimen
corresponds to the pressure at the bottom of the well
pw = 9.6 MPa, and the destruction of the specimen
corresponds to the pressure pw = 8.1 MPa.

Initial permeability of the specimen ko was
0.4 mD, and during loading the specimen at the
stage of its destruction, it increased to 7.8 mD
(Fig.5, b).

Figure 5, ¢ shows a photo of the specimen
after testing. It clearly shows the system of frac-
tures formed in the specimen, which led to an
increase in its permeability.

Conclusions. 1. From the practice of operating
gas wells, especially in fields with low-permeabi-
lity reservoirs, it is known that a decrease in pres-
sure at the bottom of cased wells with a perforated
bottomhole practically until they are drained does
not lead to an increase in well production.
A similar pattern is often observed for open wells.

It follows from formulas (3) and (16) that
when the well is completely drained, i.e., at pw = 0,
both on an open hole surface and on a perforation
surface in a cased hole, there are maximum com-
pressive hoop stresses equal to 2g. The absence of
an increase in well flow rate in this case indicates
that the creation of deep drawdowns in wells with
such a bottomhole design does not lead to the oc-
currence of stresses in the formation sufficient to
initiate fracturing and destruction of the rock in
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the bottomhole zone. In other words, it will not be possible to increase the productivity of wells
with such a bottomhole design using the DUR method.

In this case, pre-perforation of an open well can help, since as follows from (10)-(13), compres-
sive stresses arise in the vicinity of the perforation, which significantly exceed the stresses in other
well bottomhole designs.

This conclusion is confirmed by the results of the experiments presented in the work.

2. From formulas (10)-(13) it follows that a significant stress concentration on the surface of
a perforation in an open well occurs no more than at a distance of 2-3 hole radii from its axis. With
a well radius of 75 mm, this is 150-225 mm from its axis. Moreover, the zone of rock fracturing and
destruction is the larger, the larger the perforation (15).

Therefore, the optimal perforations in an open well for the DUR method implementation should
be short enough, but wide. In this case, the effect of using DUR method will be maximum.

3. The geomechanical approach using physical modelling of deformation, destruction, and fil-
tration in pays can serve as the basis for the development of new efficient and environmentally
friendly technologies for increasing the productivity of oil and gas wells and increasing oil recovery
from formations with hard-to-recover reserves.
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