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The influence of rock heterogeneity on the stability of the well wall

Wptyw niejednorodnos$ci skat na stabilnos¢ sciany odwiertu

Yusif A. Orujov, Sakit H. Abbasov, Sevinc M. Abasova
Azerbaijan State Oil and Industry University

ABSTRACT: One of the complications that arise while drilling wells is hydraulic fracturing. Hydraulic fracturing pressure is the pressure
at which the integrity of the rock in the walls of the well is compromised, leading to the formation of artificial cracks. Various authors
have proposed formulas to determine the hydraulic fracturing pressure P, in the absence of actual data.
P,=087P,,
Py=0.85 (Pt = Proy) + Prey
Phj: [)u/(l _lu)] (Prock _Pres) +Pres
Py=[20/(1 = )] P

where: i — Poisson's ratio, which takes values of 0.25-0.4 for dense clay, 0.33—0.4 for clay with sandstone interlayers, 0.1-0.2 for shales,
0.3-0.35 for sandstone, 0.28—0.33 for limestone; P,,, P,., — rock and reservoir pressure, respectively. This study examines the problem
of determining hydraulic fracturing pressure taking into account the heterogeneity of rocks. The work can be roughly divided into two
parts. In the first part, the physical properties of porous bodies in contact with fluids are studied, treating them as a two-phase medium.
When a porous body comes into contact with fluids, the fluids penetrate into them, transforming them into a two-phase medium. The
term “fluids” refers to both liquids and gases, with real liquids considered incompressible and gases highly compressible. The remaining
part of the porous body, excluding the pores, is called the skeleton. Pores in porous bodies are connected through capillary tubes. In the
second part, the influence of the magnetic field and rock heterogeneity on the stability of the well wall is studied. Formulas are derived
to determine hydraulic fracturing pressure, depending on the mechanical properties of the rocks and the reservoir pressure. Based on
the theory of destruction, the critical value of excess pressure (or hydraulic fracturing pressure) is determined, which is necessary to
ensure the safety of drilling oil and gas wells. The machines used in drilling operations in the oil and gas industry must be easy to oper-
ate, reliable, and capable of long-time use. When designing such machines, considerations such as being lightweight, economical, and
quick and inexpensive to prepare should be taken into account from the outset.
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STRESZCZENIE: Jednym z probleméw wystepujacych podczas wykonywania odwiertow jest szczelinowanie hydrauliczne. Ci$nienie
szczelinowania hydraulicznego to ci$nienie, przy ktorym dochodzi do naruszenia integralnosci skat w §cianach odwiertu, co prowadzi
do powstawania sztucznych szczelin. Istnieje kilka wzoréw opracowanych przez réznych autorow, pozwalajacych okresli¢ ci$nienie
szczelinowania hydraulicznego P, w przypadku braku rzeczywistych danych.
P,=0.87P,,
Py=0,85 (Pper = Preg) + Py
th: [)u/(l —ﬂ)] (Prock_Pres) +Pres
Py=[20/(1 = )] P

gdzie: u — wspodtczynnik Poissona, ktory przyjmuje wartosci od 0,25 do 0,4 dla itowcow, od 0,33 do 0,4 dla itowcow z przewarstwieniami
piaskoweca, od 0,1 do 0,2 dla tupkow, od 0,3 do 0,35 dla piaskowcow, od 0,28 do 0,33 dla wapieni; P,,, P,., — odpowiednio ci§nienie
w skale i ci$nienie ztoza. Niniejsze badania dotyczg problemu okreslenia cisnienia szczelinowania hydraulicznego z uwzglgdnieniem
heterogenicznosci skat. Praca ta dzieli si¢ zasadniczo na dwie czg$ci. W ramach pierwszej czgséci przebadane zostaty wlasciwosci fizyczne
cial porowatych w kontakcie z cieczami, traktujac je jako osrodek dwufazowy. Gdy ciato porowate styka si¢ z cieczami, te przenikajg one
do niego, przeksztatcajac je w osrodek dwufazowy. Termin ,,ciecze” odnosi si¢ zardwno do cieczy, jak 1 gazow, przy czym rzeczywiste
ciecze sg uznawane za nieécisliwe, a gazy za wysoce $cisliwe. Pozostata czg¢$¢ ciata porowatego, z wyjatkiem porow, nazywana jest szkie-
letem. Pory w o$rodkach porowatych sa potaczone przez kapilary. W ramach drugiej czesci analizowany byt wptyw pola magnetycznego
oraz heterogenicznos$ci skat na stabilnos$¢ Scian odwiertu. Opracowano wzory na okreslenie ci$nienia szczelinowania hydraulicznego,
zaleznie od wlasciwos$ci mechanicznych skat oraz ci$nienia ztozowego. Na podstawie teorii zniszczen okre§lono krytyczng warto$¢
nadci$nienia (lub cisnienia szczelinowania hydraulicznego), co jest niezb¢dne do zapewnienia bezpieczenstwa podczas wykonywania
odwiertow naftowych i gazowych. Maszyny stosowane w operacjach wiertniczych w przemysle naftowym i gazowym musza by¢
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latwe w obstudze, niezawodne i przystosowane do dlugotrwatej eksploatacji. Projektujac takie maszyny nalezy od samego poczatku
bra¢ pod uwagg takie aspekty jak niska waga, ekonomicznos$¢, a takze mozliwos¢ ich szybkiego i niskonaktadowego przygotowania

do pracy.

Stowa kluczowe: heterogeniczno$é, warto$¢ zredukowana, pory, wlasciwosci fizyczne, Sciany odwiertu, stan zniszczenia, warto$¢

krytyczna, ci$nienie hydrostatyczne.

Introduction

We now derive formulas for the introduced physical prop-
erties of two-phase media. Let us accept the following nota-
tion. Porous body volume — V; skeletal volume — V;; volume
of fluid in the pores — V}; skeleton mass — m,; the mass of the
polymer whose pores are filled with fluid — m; mass of fluid
in pores — m,; density of the skeleton material — p; density of
a polymer whose pores are filled with fluid — p; density of pore
fluid — p. Three of these nine quantities — V, m, and m, — can
be measured directly. Two others, p, and p,, are known. The
remaining quantities can be determined through these three
quantities as follows (Horsrud 2001; Al-Ajmi and Zimmerman,
2005; Habibov et al., 2022).

m,=m—m, (1)
m;=Vip,=V-V)p, (2)
Vi=V-V, 3)
pe=mJV,=mJ(V-V) “)

From equation (1)
m, + m, = m.Thus, we have (m,/m) + (m/m)=1  (5)

Multiply both sides of equation (5) by the cross-sectional

area S, we get:
m,/mg+ m /mg=S

The first term on the left side of this equation represents
the cross-sectional area of the fluid column, and the second
term is the cross-sectional area of the skeleton.

Next, we derive an expression for the reduced Young’s
modulus of a polymer whose pores are filled with fluid. As is
known, under uniaxial tension, Hooke’s law takes the form:

e=0lE;0=FIS;e=F/SE (6)
where:
E —Young's modulus,
o — tensile stress,
F — tensile force,
& — elongation.

When the rod is compressed, the compression deformations
of the liquid column in the skeleton and pores are equal to each
other, that is, ¢, = ¢,. Therefore:

L/(S, - E)=T/(S," E)
where: T, and T, — compressive forces acting on the cross-

(N

-section of the skeleton and pores, respectively, S,, E,
and S, £, — cross-sectional areas of the skeleton and

fluid, respectively, and Young’s modulus. On the other
hand, the compression of both the skeleton, the fluid
column, and the general element are equal to each

other, i.e.
7 7 1 +1,
SA'EA' SI 'El (SA'+S1)E"

where:

E, —reduced Young’s modulus.

From the last equation:

E - mE +mFE, )
m

Thus, we obtain the formula for defining the Young’s modu-
lus for a two-phase medium.

The following expressions can be similarly derived for the
reduced sliding modulus G,, Poisson’s ratio v,, tensile strength
o,, creep kernel K, and relaxation kernel 7.

G - mSGS;m,G, (10)
v = msvx;mlv, a1n
o = mo ;m, ‘0, (12)
KV:mSKS Jrrnml-K, (13)
Fr=m“r°;m’r’ (14)

In equations (10)—(14), quantities with index s refer to the
skeleton, and quantities with index 1 — to fluid. Since liquids
and gases take the shape of the container into which they are
poured, the sliding modulus of liquids and gases can be con-
sidered zero. Thus, equation (10) takes the following form.

= m.X GS

G, (15)
m
Considering that m = m,+m;,and G, = ——— equation
(15) becomes: 2(1+v,)
m_._E (16)

»

- m,+m, .2(1+v3)

As can be seen from this formula, with increasing fluid mass
in the pores, the shear modulus decreases. However, the shear
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modulus depends on the mechanical properties of the skeleton,
not on those of the liquid or gas filling the pores. Considering
that m = m, + m,, equation (9) gives us:

_ mE +mkE,
2
(mx + ml)

p A7)

Since the volume of the skeleton during deformation is
small, and the pore volume changes significantly, if we treat
m, as a variable in equation (17) and take the derivative of E,
with respect to m;;

— ms(El _Es)

E :
(ms + m])

(18)

As can be seen from (18), E’ is positive when E, > E,,
and E] is negative when E, < E,. This means that regardless
of the fluid mass in the pores, when the Young’s modulus of
the fluid is greater than the Young’s modulus of the skeleton,
the reduced Young’s modulus increases with increasing mass
of the fluid and, conversely, decreases with increasing mass
of the fluid.

If the fluid in the pores of the polymer is incompressible,
v, =0.5. In this case, from equation (11):

my +m,-0.5
v, =t (19)

m,+m,

From the physical properties of the material, the coeffi-

cient of thermal expansion a and specific heat capacity c are
determined as follows:

— ms OCS +ml OC1

a 20
, - (20)
L) N

m_+m,

Statement and solution of the problem

Let us consider the stressed state of the well, taking into
account the heterogeneity of rocks, and determine the hydraulic
fracturing pressure.

Expression (17), defining the Young’s modulus of a two-
phase medium, can be shown in the following form:

E - Ev +Ey,

”

(22)
v, +V,

where:

E, —reduced Young's modulus of a two-phase medium,

E.—Young’s modulus of the solid skeleton phase,

E,—Young’s modulus of the liquid phase,

v, — volume of the solid phase,

v, — pore volume.
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It is known that the porosity coefficient e, of the rock is
determined by the following expression:

ey =v;/v (23)
where: v=v, +v,
Then, (22) will take the form:
E.=E +(E—E)e (24)

Similarly, for the reduced Poisson’s ratio v,, we obtain the
expression:
v.=v,+(v,—Vv,) e, (25)
where:
v,, v, — Poisson ratios of the solid and liquid phases, respec-

tively.

It is known that the drilling process is carried out under
pressure created by a column of drilling fluid, which is called
hydrostatic P,,, and is determined as follows:

Py =pgH (26)
where: H is the drilling depth. To prevent formation fluid
from entering the well, the hydrostatic pressure must
be greater than the reservoir pressure P,,. The required
drilling fluid density at a known reservoir pressure is
determined by the formula.

P +AP
p=— 27
where: £
AP is the excess pressure that is necessary for the pressure

to exceed the reservoir pressure.

It is normatively established that this excess should be 10%
of the formation value, but not more than 1.5 MPa.

The equilibrium equation for the near-wellbore zone has the
form (Fjaer et al., 2008; Gere and Goodno, 2011; Kheyrabadi
and Orujov, 2024):

do,
dr

+l(ch—cr¢)=O (28)
r

where:
oy, 0, — are the radial and tangential components of the
stress vector, respectively. In the case under considera-
tion, the generalized Hooke’s law has the form:
;=

2

ibz (ae, +be,)
(29)

Er
G[p :W(bgr +a€¢)

where:
&g and ¢, —radial and tangential components of the relative
deformation, respectively, a=1-v’l, h=v_+vZ.

It is known that the expressions defining the dependence of
relative deformations on displacements have the form:



_du
Y= —
u
8(p = ;
If we take into account (30) in (29), we obtain:
E, du u
Oy = sz Cl; + b;
¢ 31

o, = E, (b@+a£)
-\ dr r

If we take into account (31) in (28), we obtain the follow-
ing second-order differential equation for the displacement u:
d’u
—+——-—=0 32
ar* rdr r’ (32)
The general solution to equation (32) has the form:

u=Cr' +Cyr (33)
If we take into account (33) in (31), it turns out:
E C
Op = a2——rbz|:(a+ b)C2 — (Cl —b)r—zljl
(34)

E, C
. az_b2[<a+b)c2+(a—b)r—;}

where:
C,, C, — integration constants, which are determined from
the following boundary conditions.

atr=r, o,=—-B_ —AP 35
atr=r o,=-F, (35)
(a+b) 2 2
C=—r—"~FB,+AP-P )ryr
1 Er(}’b2+}"12)( hs rp)Ol
(36)
- _ta=b)

——— (B, +r
E (r +r )(} &
For movement, the following expression is obtained:
_ (a+Db) (P,
E (ro +7 )
_(a=b)
- @’0 hs +7’i )

(I"+I")

Thus, the stress-strain state will be determined as follows:

du 1
E, =—=—- —P
ar Er(roz+r12){ s

1
FAP=P K =
(37)

2.2
g 2o 1 {(Phsmp—ep)(wb)%—
.

¢ 2 2
r Er(r0 +7 )

1 2 2 wrt
c,=——| (& (P. +AP)+7r’P_)— (P +AP- P )}
R (r02+ri2)|: Qi/b( hs ) 1 rp) (hs rp) rz
! 2 : ron
6, =+ |+ (B +AP)+ ’P, )+ (P, + AP—P,)
(5 +17)

(r2(B, +AP)+ 1P, )(a— b)}
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It is known that the condition for the destruction of a body
under the influence of external forces has the form (Zhang
etal., 2010; Salem and Nooh, 2014; Aslannezhad et al., 2015;
Salem, 2016):

o +G; =20, (40)
where:
o,, — reduced tensile strength, which is defined as follows.

c,=0,+(0, —0,)e (41)
where:
O O, — Strength limits of the components of a two-phase
medium.

Destruction of the well wall occurs at » = r,,. Therefore, we
determine the stress at » = r:
G, =~P, ~AP

P, +AP)-2pP,
Considering that the formation radius », is much larger

S (42)

compared to the well radius 7., the values of o and f can be
taken as follows:
_ 1+
”12_’”02 b fe ”12_’”0 .
Taking (42) into account in (40), we obtain a quadratic
equation with respect to:

B, +AP(P, +AP)’ =2(B, +AP)P, +2F, =c,, (43)
The solution to equation (43) has the form:
B, +AP=P tc - P’ (44

For the existence of real solutions to equation (43), the
following condition must be met:
GrzB - Pr;z; 20
For any rock of the productive formation, this condition
is satisfied:

Rp S GrB (45)
Considering (27):
AP=P, +\|o}, — P, —pgH (46)

Chus, a formula was obtained that determines the critical
value of excess pressure at a given reservoir pressure. This is
necessary for safe drilling of oil and gas wells.

~ (B, +AP)+ 1P, ) (a- b)}

(38)

(39)
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Conclusions

1. Expressions were obtained for the mechanical characteristics
of polymers whose pores are filled with fluid.

2. With an increase in the fluid mass in the pores, the shear
modulus decreases.

3. It has been theoretically proven that when the Young’s
modulus of the fluid in the pores is greater than the Young’s
modulus of the skeleton, the reduced Young’s modulus in-
creases as the mass of the liquid increases, and conversely,
when the Young’s modulus of the liquid is less than that of
the skeleton, it decreases as the mass of the liquid increases.

4. When filling pores with an incompressible fluid, Poisson’s
ratio always increases with increasing mass of the fluid.

5. A formula was obtained that determines the critical value
of excess pressure at a given reservoir pressure, taking into
account the heterogeneity of rocks. This is necessary for
safe drilling of oil and gas wells.
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