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Abstract

The article is focused on the inelastic deformations of rocks and their influence on the development of oil and gas

deposits. The influence of the relaxation deformation of rocks on the parameters of the reservoir development, such as

reservoir pressure, porosity, and oil saturation has been addressed. The numerical analysis was performed in assumption

that the oil-gas deposits are developed as a uniform grid of wells and under conditions when gas-oil interaction is

constant. The performed analysis demonstrates the process of the rock relaxation in regard to the defined specific

parameters during the development of the oil-gas deposits. It has been concluded that the rock relaxation has the

maximum effect on the oil-gas deposits when the initial reservoir pressure is the highest.
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Introduction

0il and gas fields in the subsoil of Earth are present in a
deformable state especially in the case of deep fields that
exist under high geostatic pressures and are exposed to
strong deformations in the course of their development.
In the past, these deformations of rocks characterized by a
nonlinear behaviour have been extensively investigated
[1-12] and allowed to predict the corresponding impacts
of deformation processes in oil and gas fields. The
numeric study of inelastic deformations under different
conditions in porous rocks during different stages of their
development and under non-equiaxial loading [11] has
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been performed. The results of this work demonstrate
that the evolution of the yield surface with deformation
has major influence on the resulting characteristics of
deformation patterns. Furthermore, shear-enhanced
compaction and strain localization in case of inelastic
deformation [12] has been studied in case of the strain
hardening behaviour in the sandstone samples under
drainage conditions.

Based on comprehensive study on deformation of
reservoir rock and multiphase flow in porous media a
three-dimensional and three phase-flow model for
prediction of the porosity and permeability changes was
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created [8] using a finite-difference method and self-
adaptive iterative approach. This study implies that the
deformation of oil formation may be elastic, elastic-
plastic, or plastic within the actual oil formation process
and during the oil exploitation.

Besides the noted features of the rock deformation,
other types of deformation, specifically relaxation and
creeping take place. It has been shown that at sharp and
considerable changes of pressure the porosity of the rocks
has a relaxation behavior [5] that vary from several hours
to several years. It was demonstrated that at long-term
influence of geostatic pressure the creeping deformation
possesses a hereditary property.

Furthermore, it was demonstrated [9,10] that the
specific rheological inelastic deformations of rocks have
significant impact on the oil/gas fields development,
among them creeping deformation of rocks provide the
greatest influence.

The goal of this study is in evaluation of the influence of
the inelastic deformation of rocks on the development of
oil-gas deposits. Compared to the earlier approaches
performed for either oil or gas fields separately, the
novelty of this study is in characterization of the coherent
nature of both oil and gas phases trapped in various ways
in sedimentary rock layers. This approach allows to
evaluate the deformation processes in the realistic
conditions and consider variations for establishing the
influence of rheological deformation of rocks on the
characteristics of the development of oil-gas fields.

Mathematical Basis for the Modelling
Approach

Filtration of Fluids in the Layers during
Relaxation Deformation of Rocks

The processes of water filtration in friable rocks
indicate that such rocks are often deformed. It was
demonstrated, that the deformed friable rocks and clay
deposits are not elastic, and should be characterized by
using a complex rheological approach.

The actual nonlinear dependence of porosity and
permeability of rocks on an average normal tension is
approximated as a linear or piecewise-linear deformation.
However, it can be different during the loading process
when the average normal tension ( 0 ) is increased and
in the process of unloading o reduction takes place.
Under loading conditions when decrease in reservoir
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pressure takes place, the rock is deformed with
compressibility f;. Under unloading conditions the

compressibilityis £, and > f3,,:

om om
e={5o) 2o (50)

where “I” corresponds to the rock loading, and “u” - to the
rock unloading.

The approach of the piecewise and linear deformation
of rocks when loading and unloading of the rock take
place in case of the elasto-plastic mode leads to the
solution of the following system of the linear differential
equations of the elastic mode:

b _ 2 t@ﬁo 2
™ avop o a ot (2)
W g2 @>
at_;(uv p at ot >0
k k

x| (3)

" umB B T B+ o)
where P - reservoir pressure; M - porosity of a layer; k-
permeability of a layer; ﬂl - compressibility of a liquid; £/
- liquid viscosity.

However, in many cases the piecewise and linear
deformation approach does not describe the filtration
mechanism in the deposits which deform under
complicated rheological conditions. It is necessary to
consider that the deformed deposit does not come to an
equilibrium state instantly.

Based on the assumption of the rheological mode of oil
layers, a theory of deposit filtration has been developed
based on Maxwell's medium deformation approach. It was
accepted that between the porosity and the pressure in
the layer the following relationship is valid:

am_ 5 P L P7PO (4
a ﬂc@t+ r (4)

where P, - initial pressure; S, and 4, - elastic

compressibility of the porous environment and viscosity
of rocks, respectively.
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The equation (4) in asymptotic case turns into the law of
elastic deformation. So, at ff,, —> o0 from (4) the

following equation can be derived:

om 0
=P S erm=my[L+ 8, (p—p)] )
where M, - initial porosity of a layer; By =£—C -
0

compressibility of a rock.

Further, the theory of a filtration in relaxation
environment has been developed [5]. In this case, a more
general relaxation relationship between the porosity and
the pressure of the layer has been derived:

m-my +7, o(m-my) o(p-Po)

= | (P=Po)+7, (6)

where 7 _ - porosity relaxation time; 7, - pressure

m p

relaxation time.
In case of T, = 0, from (6) the following equation can be

derived:

M 7 20 =m, [ 4, (- po)] (7)

In integrated form it turns into the following relationship:

m=mge " + %Iexp{— t_—r}[l+ B.(p—p,)jdr
T

2-mO m

(8)

Instead of (7) and (8), a more complicated law of porosity
relaxation has been used [5,9]:

m+ 7 %n =m, eXD[ﬂr(p— po)] (9

In integrated form it gives the following equation:

_t m. ¢
m=me ™ +°jexp[

m 0

_t—r
T

}exp[ﬂr(p - p)dr

(10)

m

From (7) and (9) in case of 7, =0, the equations of

porosity in linear and nonlinear elastic media can be
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derived. The laws for the speed and porosity relaxation of
the layers result in a following equation of a linear
relaxation of filtration:

- ov k op
V+TqE:—;V[p+Tp E} (11)

where T, -time of a relaxation of the speed (output) and

Tq<Z'p.

[t is necessary to note that Equation11 allows for special
cases, for example at Tq=7Tp = 0 Equation11 turns into

the Darcy's law. Substitution in Equation11l of the
continuity and in consideration of a linear dependence of
porosity, permeability, and density, a differential equation
of the relaxation filtration of liquid can be derived:

op 10 op
vz(p+‘[pEJ:;a(p+7qEJ (12)

This equation shows that dependence of porosity on
pressure reaches equilibrium only at small pressure
changes. However, at large pressure changes this
dependence has a relaxation character which needs to be
considered for all dynamic parameters of fluids in the
layer.

Further, the liquid filtration in the porous environment
presented by the Darcy's law takes into account porosity
relaxation under the law (7). In this case, an equation is
similar to Equation12:

op 10 op
V? = === — a3
(e ®]-22(p 02 0o

where 7, = Tm(l— gi), ,B* = moﬂ, +ﬂc.

Filtration of Fluids in the Layers at Creeping
Deformation of the Rocks

It has been demonstrated [5], that a general relaxation
behavior between porosity and internal reservoir
pressure is not accurate. This deformation dependence of
rocks should consider heredity that requires a description
of deformation processes in rocks and other rheological
interrelations specific to the creep of materials.

Copyright© Smirnova A, et al.



Petroleum & Petrochemical Engineering Journal

The hydrodynamic data for the wells of many deposits
confirm that the actual time of full stabilization of
reservoir pressures can be over several months. At the
same time the theory of the elastic mode shows that the
estimated time of this stabilization is much smaller. This
can be due to creeping deformations of the porous
environment, which in turn is directly related to the long-
term exposure to geostatic pressures.

The mathematical description of the relaxation
phenomena for liquid and gas filtration in the layers with
creeping deformation has been used [5] considering the
volume creeping of rocks. In this case, permeability and
porosity of rocks is described by the following equations:

’[ -7

ol 1+k je “(p-p,)dr | (149

tor

of 1+ mljef”“ (P—po)dz | (15)
0

where K - initial permeability of layer; M., K, - creeping

parameters (M, =1/ x4 - volume fluidity); 7, and 7, -

time of a relaxation of permeability and porosity of the
creeping environment, respectively.

It is necessary to note, that in (14) and (15) the fading
exponential function was used. Similar dependences of
permeability (14) and porosity (15) can be received using
other functions of a creep core. For example, for Abel
kernel:

k= k{1+ 5kj(t—r)‘“(p— po)dr} (16)
0

_m{1+5mf[(t

0

—7)"(p- po)df} (17)

where J,, 0, & - creeping parameters, and 0 < o <1.

The general dependence of the description of
permeability and the porosity differing from (14)-(15)
[5,9] in case of Volterra kernel:
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tr

to_
k=k|1+a,(p-py)+k e * (p-p)dr | (18)
0

t _tr

mlje " (p-po)dr | (19

0

m:mo 1+ﬂr(p_ p0)+

where &, and ﬁn - coefficients of elastic change of

permeability and elastic
environment, respectively.

compressibility of the

Computational Results and Discussion

While solving the problem of the influence of inelastic
deformations of rocks on the parameters of the oil-gas
deposits, an assumption is made that the deposit is
developed by a uniform grid of wells under condition of a
constant gas-oil contact (GOC). This is possible by
considering that despite the fact that both oil and gas are
the parts of the same deposit, the position of gas-oil
contact during this process does not change. The constant
GOC of gas-oil contact during the oil extraction is provided
by the rate of gas production from a gas cap with time. It
is assumed that the oil part of the deposit is developed at
a mode of the dissolved gas and the rocks are deformed
with relaxation.

The model addressing these issues has been derived
from the mass balance equation for the oil and gas and the
law of porosity relaxation. By using the mass balance
equation, it is justified that the deposit can be developed
by a uniform grid of wells when the energy of a reservoir
system within regular time intervals is evenly distributed
within the whole volume of the deposit.

The equations of mass balance for oil and gas can be
written as following:

g, =~ T o)
° dt|a(P)

=% (1 a)a(P)mP

am S(P)

)ﬂﬂ

q go Patm

(21)

Q= o = 2
¥ dtl (PP,
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. Q. =  Up = ey — mM
e G =y B =y G T
a(P)= a(P) ;E(P)Z Z(P); , - extraction of oil

a(R,) 2(Ry)

from a deposit (units of time); {,, (- extraction of

gas, from a gas cap and oil area, respectively; Po' P -
pressure of initial and current average weighted
reservior; M, , M -

mean porosity, corresponding

pressure Po and P ; O - average oil-saturation within
the limits of an oil part of a deposit; a(P) - volumetric
factor of oil; S(P)- solubility of gas in oil; Z(P)- gas
compressibility factor; V0 - volume of oil reservoir; Vg -
volume of gas reservoir; ﬂ - temperature amendment for

gas; F’at - atmospheric pressure; t - time of development.

Taking into account the rock relaxation, the average
porosity is determined from the equation:

mir, Z—T —expl 8. (P P,)] 23)

The equations (20), (21) and (23) allow to define the
time change of the average values of the reservoir
pressure (P), oil saturation (), and porosity (M) in
an oil part of the deposit.

To determine the unknown quantities of P, O and M
by solving the mass balance equations for oil and gas and
Equation23, the following system of differential equations
can be obtained:

dP —
E= f.(t,m,o,P)
do, —

= f, (t,m,o,P) (24

dm —
—=f-(m,P
ot —(m,P)

_ q,[p(P)+GF]+a(R,)Pf.

where f, = —
m[a(R,) — 0:¢'(P)]
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f = %{exp[ﬁr (P—P,)]-m};

1 - o
fcrl __E[qo(t)_'_o-lfﬁ]; (o3 _ﬁi
S(P)
P)=Pa(P)~ >\,
@(P) = Pa(P) 5
__ GF.P,

GF =

and GF is the gas-oil ratio.
The resulting system was solved by the Runge-Kutta
method [13] with the following initial conditions:

att=0-P=P;o=1 m=1.(125

In the case of deposits with non-linear elastically
deformable medium (7, = 0) and for fP and fﬁ the

values are as follows:

__ 0,[e(P)+GF] |
m{a(P,) + B,a(P,)P - 5,¢'(P)]
f_=p.mf, (26)

The extraction of gas from a gas cap in assumption of
constant GOC can be defined from Equation27 and by
differentiation of the right part of Equation22:

— P m  Z/(P)mP
qgg =\= fa +| = - — fp
Z(P)Po Z(P)Po z (P)PO

(27)

where fE and fP are defined according to the pressure

and porosity of the differential expressions. The
determined dynamics of gas extraction from the gas part
of the deposit ensures the preservation of the constant
GOC values in the process of oil/gas extraction.

The dynamics of a gas production from all deposits (

qg ) is defined from the following expression:

qg :qgg +GF'qo'
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The specified equation defines the basic parameters of
the oil/gas deposit defined by a uniform grid of wells at
constant GOC in presence of relaxation.

The effect of the rock relaxation time on the
parameters of the oil/gas deposit (reservoir pressure, oil
saturation, porosity) was evaluated considering that the

oil recovery constant (, =2000 m3/day, initial
reservoir pressure P,=40 or 60 MPa, and the time of
relaxation 7, =5 years (Figure 1 and Figure 2). The

results were compared to the corresponding data
obtained in a nonlinear elastic deformable environment (

7. =0).

P/Py

0.9 +

—— P,=40 MPa
P,=60 MPa
1-7,=0

2 - 7,,=5 years

0.8 1

07 A
06 A

0.5 A

0.4
0.3 -
02 4
0.1+

0 ! ! ! ! ! ! ! =
0 2 4 6 8 10 12 14 18 4 vears

Figure 1: Change in time reservoir pressure within the
oil/gas reservoir vs. time of rock relaxation at different
initial reservoir pressures.

that this kind of change in the development indices of the
deposit was also observed for oil saturation.

The results also indicate that the reservoir pressure
(and oil saturation) within the deposit in presence of
relaxation decreases faster than in presence of nonlinear
elastic and deformable environment, and on the contrary
the porosity within the deposit in presence of relaxation
decreases slowly than in presence of nonlinear elastic and
deformable environment (Figure 1 and Figure 2).

Based on the proposed model also it was confirmed
that in the deposits with high initial reservoir pressure
(e.g. 60 MPa) differences between the corresponding
values in time of reservoir pressure and porosity for
relaxation deformable environment are higher than for

nonlinear elastic deformable environment (7, =0).

The main conclusions following from the received
results of calculations are given in the following item of
article

It can be seen from Figure 1 that the influence of the
relaxation deformation of rocks on the change in reservoir
pressure during the initial development period (up to
about 2 years) is insignificant, and in the subsequent
moments it gradually increases. This may be due to the
fact that during this period of development, both in the
case of nonlinear elastic and in the case of relaxation
deformation of reservoir rocks, the porosity of the
formation was reduced in a small interval relative to the
initial value, and this resulted in an insignificant
difference between the corresponding values of the
reservoir pressure. Since the influence of the relaxation
deformation of a porous medium with respect to the
nonlinear - elastic deformation of the formation does not
disappear until the end of the deposit development
(Figure 2), its influence on the determined development
indices, accordingly, manifests itself in the main for the
whole period of reservoirs development, some marked
initial period of its natural exhaustion. It should be noted
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Figure 2: Change in porosity within the oil/gas
reservoir vs. time of rock relaxation at different initial
reservoir pressures.

Conclusions

The results obtained in this study indicate that the
most significant effect is related to the reduction of the
relaxation time related to the porosity of the deposit. In
deposits with nonlinear elastic deformations the porosity
decreases faster than in deposits within higher relaxation
environment. Decrease of porosity slows down with
increase in the time of a rock relaxation.

In deposits with nonlinear elastic deformations the
reservoir pressure (oil-saturation) decreases slowly than
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in deposits within higher relaxation environment.
Decrease of reservoir pressure (oil-saturation) slows
down with reduction in the time of a rock relaxation.

At the initial stage, the pressure decrease (oil-
saturation) in deposits with nonlinear elastic deformable
environment and with relaxation occurs equally fast.
However, with time and compared to the deposits with
relaxation environment, the process of a nonlinear elastic
deformation corresponds to the slower pressure
decrease.

Defined by the presence of gas in oil/gas reservoir,
pressure growth results in a noticeable difference

between the pressure with relaxation (7 =5 years) and

nonlinear elastic deformation (7, =0). In this case the

deformable environment becomes more important. Thus,
the growth of the initial reservoir pressure highlights the
effect of rock relaxation on reservoir pressure and oil
saturation.

It can be concluded that gas production for
preservation of the gas-oil contact in the deposits with
relaxation environment is more important than in
deposits with nonlinear elastic deformations. However,
this importance is more pronounced in the case of
deposits with high initial reservoir pressure.

Considering the rock relaxation, the parameters of the
oil/gas deposits have the highest values at the high initial
reservoir pressure. Specifically, the basic parameters of
the deep-laying oil/gas deposits at high initial reservoir
pressure are necessary to consider due to highly
pronounced effects of rock relaxation.
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