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At different stages of oil and gas field development, a reservoir undergoes various stress-strain states. The change of
reservoir pressure during development results in the change in physical and mechanical properties of the reservoir. In terms
of geochemistry, the fluids also affect the properties of the host rocks. The process of reservoir fluid extraction can clog
flow channels with washed-out rock particles and deposited paraffins and salts, but also decrease the strength and elastic
characteristics of the rock.

The article provides a brief analysis of operations affecting the causes of changes in the physical, mechanical, porosity and
permeability properties of formations during drilling and oil-field development. The method of theoretical calculation of
changes in the formations’ porosity and permeability is provided.

To establish the convergence of theoretical calculation methods with real data, the tests to determine the uniaxial
compressive strength and the filtration experiments on terrigenous samples of a West Siberian field were carried out. Water
and kerosene in different proportions were used as saturating fluids in the experiment to determine physical and mechanical
properties. Based on the data obtained, the dependencies of the modulus of elasticity and the uniaxial compressive strength
on different types of saturation were derived, with diagrams and calculating formulas given. In the filtration experiment, the
influence of effective pressure on permeability of samples at volumetric compression was determined. The dependencies of
permeability decline on the sample axial load were established.

The obtained dependencies can be used to work out geological and engineering procedures for well stimulation and field
development management during the entire operational life cycle.

Ha pasmuusbIX dTamax pa3pabOTKH HE(TSHBIX M Ia30BbIX MECTOPOXKICHHMIl IUIACT MCIBITHIBACT PA3IHYHBIC HATPSDKCHHO-
e OpMHEPOBAHHEBIC COCTOSIHISL. VI3MEHEHHe IIacTOBOTO IaBICHHS B IPOLECCe Pa3pabOTKH NMPHBOAUT K CMEHE (DH3HKO-
MEXaHHYEeCKHX CBOUCTB IuiacTa. C TOUKM 3peHUs TEOXUMHH, Ha CBOICTBA BMEILAIOIIHNX MOPOJ TAK)KE OKA3bIBAIOT BIIHSHHE
camu mommbl. IIpomecc U3BIEYCHMS IUIACTOBOM JKHAKOCTH MOXET BBI3BIBATH HE TOJNBKO 3aKyHOPHBAaHHE
(UIBTPALMOHHBIX KAHAIOB BHIMBIBAGMBIMH YACTHI[AMH IOPOJBI U BHINAJCHHEM MapadhHUHOB H COICH, HO U yMEHbBIICHHE
IPOYHOCTHBIX U YIPYTUX XapAKTEPHCTUK MOPOIBL.

B cratbe mnpuBeleH KpaTKHil aHamu3 pa0OT, 3aTPAarMBAIOIIMX INPHYMHBI M3MEHEHHS (U3UKO-MEXaHHYSCKHX U
(UIBTPaIIMOHHO-EMKOCTHBIX CBOMCTB IUIACTOB B Ipolecce OypeHHs M pa3pabOTKH MecTopoxkaeHui Hedru. IlpuBeneHa
METO/IMKA TEOPETHYECKOI0 pacueTa H3MEHEHHIT TOPUCTOCTH H MPOHUIAEMOCTH IIACTOB.

JUist yCTaHOBJIGHHS CXOIMMOCTU TE€OPETUYECKHX METOJIOB Pacuera ¢ pealbHbIMU JaHHBIMH OBUIN IIPOBEICHBI HCIBITAHUS
10 OIPEACICHHIO Mpefielia MPOYHOCTH TPH OZHOOCHOM CXATHH U (HIBTPALMOHHBIC SKCIEPUMEHTHl Ha TEPPUTCHHBIX
obpa3suax OIHOro W3 MecTopoxkIaeHHi 3amagHoii CuOupu. B SKcIepuMEeHTE IO ONpEneNeHHI0 (PU3NKO-MEXaHHIECKHX
CBOMCTB B KAueCTBE JKMUIKOCTEH HACHIIICHHS HCIIONB30BAINCH BOJA U KEPOCHH B PA3IMYHOM COOTHOLIeHMH. Ha ocHoBe
TOJTy4EHHBIX JJAHHBIX OBLIM BBIBEICHBI 3aBUCHMOCTH MOJYJISl YIIPYTOCTH M MPeZielia IPOYHOCTH HPU OJHOOCHOM CXKaTHH OT
Pa3INYIHOrO BHAA HACHICHHOCTH, IPUBEACHE! IpaUK U pacueTHble GOpMyIsl. B QHIBTpaiiOHHOM SKCIEpUMEHTE IPU
00BEMHOM CXAaTHH OINPEIEIIOCh BIHAHHE 3()(PEKTHBHOTO MaBICHHA Ha HPOHHIIAEMOCTh OOpasoB. YCTaHOBICHBI
3aBHCHMOCTH yMEHBIICHHS IPOHHIIAEMOCTH OT OCEBO} HAarpy3KH Ha 0Opaseir.

ITonydyeHHBbIE 3aBHCHMOCTH MOXKHO HCIIONBb30BaTh MPU IOATOTOBKE TIEONOTO-TEXHHYCCKHX MEPOIPHATHII IO
UHTeHCU(DHKALUHI IPUTOKA U IIPH YIPaBICHHH Pa3paboTKOil MECTOPOXKICHHS Ha MPOTHKCHHHU BCETO )KU3HEHHOTO [UKIIA.

Daniil A. Karmanskiy (Author ID in Scopus: 57209507897) — Engineer of the Laboratory Physical and Mechanical Properties and Rock Facture (tel.: +007 921 865 20 64,
e-mail: karmanskiy.da@yandex.ru). The contact person for correspondance.
Dmitriy G. Petrakov (Author ID in Scopus: 57015158900) — PhD in Engineering, Head of Oil and Gas Department (tel.: +007 921 788 19 62, e-mail: petrakovdg@mail.ru).

Kapmanckuii Jlanumia AJjleKcaHIpPOBHY — HIDKEHep Jabopartopud (HU3MKO-MEXaHHYECKHMX CBOWCTB ¥ paspylieHHs TOpHbIX mopox (tem.: +007 921 865 20 64,
e-mail: karmanskiy.da@yandex.ru). KoHTakTHOE JHIIO JUISI TIEPETTUCKH.
IerpakoB [IMutpuii [ennajabeBUY — KaHIUAAT TEXHUYECKHUX HAYK, AeKaH HedrerazoBoro daxynbrera (Ten.: +007 921 788 19 62, e-mail: petrakovdg@mail.ru).

Becrauk [THUITY. I'eonorus. Hedrerazosoe u ropaoe aeno. 2020. T.20, Nel. C.49-59. DOI: 10.15593/2224-9923/2020.1.5



50 ISSN 2224-9923. Bectauk I[THUITY. I'eonorusi. Hedrerazooe u ropuoe aeno. 2020. T.20, Nel. C.49-59

Introduction

The equilibrium state of rocks, which has
established over geological time, undergoes changes
starting from the exploration and development stage
(Fig. 1). At each stage of development, different
physical (variation/maintenance of reservoir pressure,
perforation, hydraulic fracturing, etc.) and chemical
(application of chemical methods to enhance oil
recovery, etc.) factors have a certain effect on the
reservoir's porosity, permeability and physical-
mechanical properties [1-2].
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Operation

E f + at all stages
E h ) of development
=] : '
2 I '
oy ' :
3 E ' Workovers

I Voot

! '

|

I | O 111 '
H ' ' 2
! ' | 1V
Drilling-in Well re-entry Time

Fig. 1. Main stages of field development

Surfactant influence during well-drilling was
determined in order to increase the drilling rate and
reduce pressure at hydraulic fracturing [3-9].
However, due to the complexity of processes
occurring in the formation, there is often little effect
of reducing the strength of rocks from the application
of surfactant solutions in practice [10-11]. In the
research works [12—13], the change in rock properties
is associated with the chemical composition, dielectric
permeability and electrical conductivity of saturating
fluids. Mineralization of water used in reservoir
pressure maintenance system can influence rock
permeability [14-18]. The influence of effective
pressure on pore compressibility and change in
permeability is studied in detail in [19-31].

To improve the accuracy of development
engineering it is recommended to use all available
data on the field and reservoir, as well as to
constantly monitor their changes over time.

Porosity and Permeability of Formation
as a Function of Reservoir Pressure

The main component of the stress state is
formed by the weight of the overlying strata, and it

almost never changes during field development.
Provided there is a connection between the
formation and surface waters, the pressure in the
formation will correspond to the hydrostatic head
pressure of exposed fluid. Where during pool
formation the reservoir fluid had no possibility to
reflux, such a reservoir will have abnormally high
pressure. In both cases, optimum reservoir pressure
should be maintained in order to prevent
irreversible reservoir deformations that will result
in significant reduction in porosity and
permeability and sharp drop in flow rates.

The study [19] describes the procedure for
calculating the change in permeability and porosity
by the loading method while maintaining the
constant pore pressure. The deformation at uniaxial
compression at drainage is measured by the formula:

_ _Gifi_(l_mo)&Kpo _ B
e=e, = == DPefs

(l—mo)(k1+27\,2) 1—m,

where Glfl is fictitious stress, MPa; m, is porosity,

unit fraction; B,K,BK s porous medium
cementation; p, is reservoir pressure, MPa; p

is effective pressure, MPa; B = , where

A +2A,
A,, A, are the first and second Lamé parameters,
respectively.
The ratio e€=B,K 1is called mechanical

characteristic of rock formation, a criterion of the
degree of soil compaction or of rock cementation.
The closer the cementation index e is to unity, the
harder is the particle repack, and the harder they
are bound to each other [19].

The effective pressure is determined by the
formula:

Def =—(5{1+(1—m0)BOKp0 =
:q_(l_mo)ﬁleo =g —np,y,

where ¢ is the full load applied, MPa.

The authors [32] claim that due to small
capillary pressure values, its effect on the effective
pressure is negligible.

The coefficient n=(1-m,)B,K shows what

share of pore pressure should be taken into
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account. In the article, the value n = 0.8 was used
for the calculations, which corresponds to
the calculated cementation factor value
e=B,K=0,2-0,3 [19,33-43].

The relation between the porosity increment
Am, the sample volumetric deformation Ae and
the pore pressure increase increment [19] is
established from the equations of continuity and
generalized Hooke's law [19]:

Am=(1-m,)(1-B,K)(Ae+B,Ap).

Compressibility coefficients of pores, medium
and skeleton of the rock are determined by
the formulas [19]:

B o L |Der _ B
! vnop Ap* mO ,

_Am 1 Av,
e T e
_Ae 1 Av
B ==

where B, is compressibility of pores, MPa™'; B, is
compressibility of medium, MPa'; v, is
compressibility of rock skeleton, MPa™'; v, is
initial volume of sample; Av is change of its full
volume; Avyop 15 change of pore volume; Aps is
recorded (simultaneously with pore pressure) value
of applied load (effective pressure), MPa.

The diagram of porosity dependency on
effective pressure is described with high accuracy
by the exponential relation [19]:

m=m,expla, (Pf _pof )]’

where m is the porosity coefficient at pressure p;
my is the porosity coefficient at initial pressure p{ ;
a, =P, is the pore compressibility coefficient,

MPa".
Permeability is calculated as a function of
porous medium:

a/ay,
m

=k, [_) |
m,

where k, m is permeability and porosity at effective
pressure; a,,a, are coefficients of change in

m

permeability and compressibility of  pores,
respectively, MPa ', ¢ . /a, =10 for sandy rocks.

Results of Experimental Studies

To determine the effect of rock saturation on
the properties of terrigenous rocks, the strength
and elastic characteristics were studied [44-46].
Rocks (mainly sandstone) from West Siberian
deposits, occurring at a depth of approx. 1,800 m,
were used as the sample material.

Figure 2 shows the results of determining the
uniaxial compressive strength and modulus of
elasticity. Following the study results, no
dependency between water saturation of the
sample and the Poisson's ratio was determined. The
following designations were adopted: group 0 — air-
dried samples; group 1 — samples fully saturated
with kerosene; group 2 — samples saturated with
25 % water and 75 % kerosene; group 3 — samples
saturated with 50 % water and 50 % Xkerosene;
group 4 — samples saturated with 75 % water and
25 % kerosene; and group 5 — samples fully
saturated with water.
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Fig. 2. Dependency of ultimate strength (a) and modulus
of elasticity (b) on the type of saturating fluid

The indicated groups can be related to the stages
of development: groups 1 and 2 can be referred to the
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stages of well bringing-in and production build-up in
the field; group 3 corresponds to the stage of
consistently high level of production; and group 4
and 5 denote the stages of production decline and
watercut increase in the well production.

The dependency of the rock sample modulus of
elasticity £, GPa, on fluid saturation can be
represented as follows:

E =9,8127exp(—0,002 - Sw),

where Sw is water saturation, unit fraction.

The flow experiment (Fig. 3, a, b) was carried out
at a confining pressure of 40 MPa, which corresponds
to the rock pressure at a depth of 1,800 m. Low-
mineralized water was pumped through the water-
saturated sample with constant flow until the pore
pressure level-off. After that, the axial load applied on
the sample was increased in stages: the first stage of
loading was 2 kN, followed by the increase from 10
to 50 kN in increments of 10 kN, six stages in total
(see Fig. 3, a). After testing, the sample was broken
down to determine the ultimate strength [47-49].

The core sample permeability coefficient k, m?
(1 Darcy = 1.02:10"2 m?), was calculated using
Darcy’s law
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Fig. 3. Permeability change dependency
on the axial load at volumetric compression (a)
and on effective pressure (b)

k:u~L-Q
S AP’

where W is dynamic viscosity of fluid, Pa-s; L is
length of the core sample, m; Q is a given rate of
fluid flow through the core sample, m®/s; S is the
cross-sectional area of the core sample, m’;
AP is pressure drop at the core sample edges at the
given flow rate, Pa.

The effective pressure for each stage was

determined by the formula:

Pef = Prock +pvert _ppora

where pyock 18 confining pressure, MPa; py is axial
pressure applied, MPa; p,, 1s pore pressure in
the sample, MPa.
The permeability change coefficient was
calculated from the expression:
ki

Ak ="t
kO

where k£ is the permeability coefficient of the
i-th stage; and k, is the permeability coefficient
of the first stage, mD.
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Fig. 4. Dependency of relative deformations (a)
and change in permeability (b) on saturation
and effective pressure
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Figure 3, b presents the dependency of the
change in permeability on effective pressure. With
the increase of effective pressure on the sample from
20 to 40 MPa, a 20 % decrease in permeability is
observed. At the effective pressure of 60 MPa, the
permeability decrease is approx. 30 % from the initial
value, and the process is gradually reduced.

Results of Theoretical Studies

Using the experimental elasticity modulus
dependency on water saturation, changes in relative
deformation and permeability were calculated.

Fig. 4 (a) shows the dependency of reservoir rela-
tive deformations on saturation and effective pressure.

With the growth of water content in the reservoir,
relative deformations increase, i.e. the rock becomes
more plastic, while the uniaxial compressive strength
decreases. The prevalence of plastic deformations
causes irreversible compression of the reservoir and
results in decrease in the elastic strength of the rock.
The relative deformation increment at the effective
pressure increase is higher in water-saturated
samples, which is also due to an increase in plasticity
in the presence of water. Fig. 4 (b) presents the
dependency of permeability change on saturation and
effective pressure. The largest decrease in
permeability is observed at a significant decline in
formation pressure and increase in watercut (line 5).

It should be noted that the results obtained
experimentally and computationally are reproducible.
The calculated decrease in permeability with an
increase in effective pressure from 30 to 40 MPa
is 6.67 % for fully water-saturated rock. A laboratory
experiment with an identical sample retrieved a
value of 6.6 % at an increase of effective pressure in
the same range.

Conclusion

The results of theoretical and experimental
research prove the necessity of studying the
properties of rocks in various saturated states.

The type of saturating fluid determines strain,
strength and elastic properties, as well as changes
in porosity and permeability.

The decrease in strength of rocks and the
prevalence of plastic deformations occur with the
formation pressure decline, and also due to gradual
increase in watercut. All of these can affect the
projected outcome of mining engineering operations
to enhance production.

The method used to estimate the change in
permeability has produced the result similar to the
experimental data. Nonetheless, it should be noted
that since the studies were conducted for
hydrophilic reservoirs, similar studies should be
performed for hydrophobic rocks.
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