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The article describes the issue of determining the properties of rocks with different fluid saturation and the relationship between
changes in these properties from the stage of oil field development. The mineral composition of the studied clayey samples of oil
reservoir rocks was given. The process of changes in the strength and elastic properties of the rock due to different saturation
with kerosene and water was described. The dependences of the ultimate strength under uniaxial compression, elastic modulus
and Poisson's ratio for rocks of different fluid saturation were presented. The decrease in the strength and elastic modulus of
rock samples with complete replacement of kerosene with water reached 15-20%, and in comparison with the results obtained
for a sample in an air-dry state, the decrease in these same properties reached 30-40%. Based on the theoretical and practical
studies the need to determine the strength and elastic properties of rocks depending on saturation in real field conditions became
obvious. The results of filtration studies for clay rock samples were presented. It was established that a decrease in reservoir
pressure contributed to an irreversible decrease in the permeability of the studied clayey rocks. It followed that the introduction
of systems for maintaining reservoir pressure must be carried out as early as possible. An example of calculating relative
permeability, pressure distribution in the reservoir at a constant flow rate was given, graphs of the distribution of the water/oil
displacement front were constructed by year of field development with a plane-radial inflow into the well. The dependences of
the elastic capacity coefficient and piezoelectric conductivity of the rock on fluid saturation were presented. The obtained results
and the established dependencies are recommended to be used when predicting changes in the strength, elasticity and filtration-
capacitive properties of pore-type clay rocks at various stages of oil field development, including for planning well treatment.

IMogHnMaeTcs BOIPOC ONpefieieHHsI CBOKICTB TOPHBIX IIOPOJ Pa3/IMYHOM HACBHIIEHHOCTH (GIIIONaMU U CBA3M M3MEHEHUI 3THUX
CBOWCTB OT CTaJuu pa3paboTKu MecTopoxjeHHs HedTu. [IpuBeeH MUHepasIbHBIA COCTaB HCCJIeyeMBIX TJIMHHCTBIX 00pa3LoB
IIOPOA-KOJIJIEKTOPOB HquTI/I. Onucan nponecc H3MEHEHHs I[POYHOCTHBIX U YIPYrux CBOJICTB mnopoasl OT paBJ‘[I/IlIHOIjI
HaCBIIEHHOCTY KEPOCUHOM U1 BOZ[Oﬁ. HPI/IBE/Z[GHLI rpa(l)mcn 3aBUCUMOCTEN npenesia NpoYHOCTH IIPY OAHOOCHOM CXaTuH, MOOYJIsA
ynpyroctu u koapdunuenra IlyaccoHa [y NOPOA Pas/IMYHON HachlLeHHOCTH ¢uuongamu. CHUXXeHUE NMPOYHOCTH M MOAYJIS
ynpyrocta o6pasmnoB MOPOJs! IIPH MOJIHOM 3aMeljeHHH KepocuHa BOAoH gocruraer 15-20 %, a B cpaBHEHHH C pe3yJIbTaTaMu,
MOJTy4eHHBIMH [JIA obpaslja B BO3AYLIHO-CyXOM COCTOSIHUM, CHIDK€HHE 3THX Xe cBOHCTB pocturaer 30-40 %. Hcxoms us
IIPOBEICHHBIX TEOPETUYECKUX U I[PaAKTUYECKUX I/ICCJ'Ie/:[OBaHI/Il;'I, CTAHOBUTCA OquHI[HOﬁ HeOﬁXOI[I/IMOCTI: onpeneseHusa
MPOYHOCTHBIX M YNPYTHX CBOWMCTB TOPHBIX IIOPOJ B 3aBUCHMOCTH OT HX HACHIIIEHHOCTH B peaJibHbIX YCJIOBUAX Ha
MeCTOpOXJeHUH. IIpuBesieHb! pe3ysbTaThl (GUIbTPALMOHHBIX HCCAeNOBaHUI Ui 00paslioB TJIMHUCTHIX NMOPOJ. YCTaHOBJIEHO,
YTO CHHMXEHHE IIJIaCTOBOrO AaBJICHUA CIIDCOGCTByeT HeoﬁpaTnmomy CHMUXEHHUIO ITPOHUIAEMOCTU HCCJIENOBaHHBIX TJIMHUCTBIX
nopox. OTciofja cjefyeT, 4TO BHeJpeHHe CHCTeM MOANEPXaHUA IUIACTOBOTO MaBJIeHUs Ha MEeCTOPOXIEHUH Heo6XOoAUMO
OCyILIeCTBJIATh KaK MOXHO paHblle. [IpuBefieH IpuMep pacueTa OTHOCUTEJIBHBIX ()a30BBIX NPOHHUIIAEMOCTE, paclpejeeHHs
JaBJIeHNs B IJIacTe IIPH IOCTOAHHOM JebuTe, MOCTPOeHHl rpaduKy pacnpejiesieHls PpoHTa BEITeCHeHHsA HeTH BOAOM 110 rojjaM
pa3paboTKi MeCTOPOXAEHUsA INpH IUIOCKOPaguaJbHOM IIPUTOKE B CKBAXHHy. [IpuBefieHBl 3aBUCHMOCTU KoadduimeHTa
YIPYrOo€MKOCTH W IIb€30MPOBOMAHOCTH IOPOABI OT HACBIIEHHOCTH (I)J'IIOI/II[aMI/I. l'[cuIyquHme pes3yJsibTaThl M YCTaHOBJIEHHBIE
3aBHCUMOCTH PEKOMEH/IyeTCsl MCIO0JIb30BaTh NPHU NPOTHO3MPOBAHMHM M3MEHEHHs NPOYHOCTHBIX, YNPYrHX M (UIIbTPAIMOHHO-
€MKOCTHBIX CBOVICTB TJIMHUCTBIX nmopona IOpoOBOro TUIla Ha pas3/IMYHBIX CTagUuAX paSpaﬁOTKI/I Mecropomeﬂnﬁ He('IJTI/I, B TOM
4urcJie AJiA IJIaHUPOBaHWA NPOBEAEHUA Ie0JI0Or0-TeXHOJIOTHYEeCKUX Meponpnm'nﬁ.
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Introduction

The process of development and operation of oil fields
includes a set of various technical and technological
measures. It is customary to distinguish four main stages of
oil field development.

The first stage is characterized by an intensive and
constant increase in oil production, a rapid increase in the
operating well stock, and a sharp drop in reservoir
pressure.

Rock, which has been in equilibrium for a long time,
is deformed at the beginning of field development and
the construction of surface structures, underground
workings and gas storage facilities. The deformation of
the rock affects its filtration and capacitive and physical
and mechanical properties. The withdrawal of fluid
from the reservoir and the decrease in reservoir
pressure leads to an increase in the load on the rock
skeleton, which was previously supported by reservoir
(pore) pressure [1-12]. The stress state in which oil and
gas reservoirs are located is characterized by effective
pressure [13-17]:

paq):psu_n wi? (1)

where p - external pressure of overlying rocks; p -
reservoir pressure (internal); n — coefficient characterizing
the value of reservoir pressure going to the discharge of
external pressure [18-23].

The processes of pressure redistribution, deformation
and change in the structure of the void space (compaction
of the pore matrix, closure of cracks and caverns) are
mechanical in nature [24, 25].

The second stage of oil field development is characterized
by an increase in the number of wells, oil production and the
beginning of an increase in water cut.

Researchers [24, 25] note the importance of chemical
phenomena in hydrocarbon production. The authors
note that by the use of reservoir pressure maintenance
systems with water injection, chemical reactions, salt
precipitation, dissolution or leaching of reservoir rocks in
the zones of injection water penetration are possible in
the reservoir.

The third stage is characterized by a decrease in the
volume of produced oil, a significant decrease in the number
of operating wells and a constant increase in the water cut of
the extracted products.

The fourth stage is characterized by low rates of oil
production, high water cut, and a further decrease in the
number of operating wells.

At the described stages of oil field development, in
order to increase oil recovery and reduce the water cut of
the extracted products, various geological and technical
measures are used: acid or alkaline treatment of the
bottomhole zone of the reservoir (increasing permeability
and eliminating contaminants), using surfactants
(increasing the oil recovery factor), using hydraulic
fracturing, etc. All methods used to stimulate oil inflow into
the well affect the condition of reservoir rocks.

Thus, from the beginning to the end of the
development of an oil field, the host rocks are subjected to
mechanical and chemical action, their stress-strain state,
filtration and strength properties change. All the changes
undergoing by reservoir formations are interconnected.
The research task of the authors of this article is to
elaborate recommendations for the operation of oil fields
at any stage of their development taking into account the
obtained dependencies of strength, elastic and filtration
properties of rocks on the type of saturating fluid.
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Fig. 1. Samples of rock pre-saturated with kerosene:

a - dependence of tensile strength on the content of fresh
water in the samples; b — dependence of the modulus of elasticity
of rock samples on the content of fresh water in the samples;
cis the distribution of Poisson's ratio values according to the
freshwater content of the samples

Experimental Part

A series of experiments on fine-grained sandstone
samples were performed to simulate various stages of oil
field development. The composition of the rock-forming
part is arkose — feldspars (45-50 %), quartz (35-40 %), as
well as siliceous, quartz, quartz-micaceous and effusive
differences (about 15 %). Clay cement, main clay minerals
kaolinite and chlorite.

1. To determine the dependence of the strength and
elastic properties of rocks on the type of saturating fluid,
rock samples were saturated with fresh water and kerosene
in different ratios. In Fig. 1 freshwater saturation of 0 %
means that the sample is completely saturated with
kerosene. The tensile strength of the dry specimen is
shown separately in the graphs.

The determination of the modulus of elasticity E and the
Poisson's ratio v of the rock samples was carried out
simultaneously with the determination of the tensile strength
of the samples under uniaxial compression. The reduction in
the tensile strength of the specimens at full kerosene
saturation reaches an average of 20 % compared to the tensile
strength of the specimen in the air-dry state (see Fig. 1, a).
When oil is displaced by water, the water content in the
reservoir gradually increases, and the phase "Oil-water" ratio
changes in the rock.

In the experiment kerosene was used as a hydrocarbon
liquid in the samples. With a ratio of 50 % water to 50 %
kerosene the tensile strength of the specimens continues to
decrease to values of about 30 % of the tensile strength of the
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specimen in the air-dry state. An increase in the water content
of the samples leads to a decrease in the tensile strength
values of the samples up to 40 % of the tensile strength of the
rock sample in the air-dry state.

The decrease in strength of saturated rocks is explained by
the Rebinder effect [26-30]. Hydrophilic rock interacts with
saturating fluids (kerosene, water), the liquid is adsorbed on
the surfaces of existing micro cracks. In the process of loading
the specimen there operate forces which have a proppant
effect under the influence of fluid pressure. As a result,
existing cracks grow and new ones develop. Due to this
process the strength of the rock decreases and its plasticity
increases [31-37]. There are known the effects of reducing
the strength of the rock from the influence of surfactants
[38-40] and water of different mineralization [41, 42]. While
using the techniques of determining the mechanical
properties of rock by loading spherical indenters [43, 44] a
similar decrease in rock strength with an increase in water
saturation has been established.

The reduction of the elastic modulus of the samples at
full kerosene saturation can reach values of 10-30% of the
elastic modulus of the samples in the air-dry state
(see Fig. 1, b). With a water/kerosene ratio of 50/50 %,
the modulus of elasticity of the samples can be reduced to
30-35 %. With a further drop of the hydrocarbon phase
percentage in the samples the modulus of elasticity of the
rock decreases by up to 40 % compared to the modulus of
elasticity of the rock in the air-dry state.

Dependence of the modulus of elasticity of rock
samples on water saturation can be represented by the
formula:

E =9,8127 exp(-0,002 - SB), (€))]

where £- modulus of elasticity, 10° MPa; SB— water saturation,
decimal quantity.

Fig. 1, b, shows the distribution of the values of the
Poisson's ratio of samples from water saturation. From the
data presented, it can be seen that the Poisson's ratio of a
dry sample is less than the Poisson's ratio of saturated
samples. In the process of saturation, the rock interacts
with water and kerosene. An increase in the value of the
Poisson's ratio indicates that the rock in the saturated state
is more susceptible to irreversible plastic deformations and
becomes less brittle.

Analyzing the results obtained, it can be concluded
that the tensile strength, Young's modulus of elasticity and
Poisson's ratio of the studied rocks depend on the type and
composition of the fluid saturating the rock. When
determining the properties of rocks in laboratory
conditions, it is necessary to recreate the composition of
the fluid saturating the rock according to the operating
conditions of the deposit. When sampling, special attention
should be paid to maintaining their natural saturation.

Much work has been devoted to the study of the
permeability of reservoir rocks [45-49]. However, in order
to ensure a high degree of confidence in the proposed
recommendations due to the wide variability of the
described test conditions and the uniqueness of the studied
groups of the samples it is necessary to determine the
properties of the rocks for each specific case.

Filtration experiments were carried out on rock
samples to determine the dependence of permeability on
effective pressure. Fresh water was used for filtration. The
main parameters of the samples are given in Table 1.

Figure 2 shows the dependence of the coefficient of
relative change in the permeability k/kO of rock samples on
the effective pressure. As the effective pressure increases, the
specimen begins to deform. The existing filtration channels
begin to close, microcrack systems are formed, and previously
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Fig. 2. Dependence of the coefficient of relative changes
in permeability on the effective pressure: a — sample No. 1;
b - model No. 2

Table 1
Initial Parameters of Rock Samples
for Filtration Experiment
No Tensile strength of Modulus of Poisson
sam Porosity, % specimens under uniaxial elasticity, coefficient
ple. compression, MPa 10° MPa
1 17,3 28,08 8,02 0,16
2 10,3 27,16 8,08 0,17

closed pore voids are involved in the filtration process.
Despite the positive effect of creating microfracture
systems in the rock, the simultaneous development of the
clay swelling process is possible in clay reservoirs, which,
in turn, will adversely affect the permeability of the rock.
As shown in Fig. 2, a significant decrease in the coefficient
of relative change in permeability with an increase in
effective pressure to 22-24 MPa is associated with the
active development of the clay swelling process and an
increase in the plasticity of the rock due to the interaction
of the rock with fresh water. A further increase in the
coefficient of relative change in permeability (at an
effective pressure of 40 MPa) is associated with an
increase in the opening of cracks in the sample.

During the test for the sample No. 2, a discharge was
carried out to determine the permeability of the sample
when the effective pressure on the it was reduced after
realization of 50 % of loading from the ultimate sample
strength at volumetric compression (Fig. 3). Sample
unloading was carried out stepwise and identical to the
experiment during loading.

When the load was removed, the permeability was
not restored, which indicates the lack of elastic recovery
of the pore space for the tested clay reservoir samples.
The overall permeability reduction is up to 50 % of the
original value.

A decrease in reservoir pressure leads to an increase in
effective pressure and to an irreversible decrease in the
permeability of clay reservoirs. In the fields, it is necessary
to use appropriate reservoir pressure maintenance systems
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from the beginning of development. When planning and
carrying out geological and technical measures at wells,
it is necessary to take into account the influence of the
composition of injected fluids on the properties of
rocks, when conducting hydraulic fracturing, it is
necessary to consider the decrease in rock strength from
the current water cut.

Calculation of pressure distribution
in the reservoir considering water saturation

To determine the relative permeability coefficients of
rocks the following expressions were used:

_ EXO
kOB :(kOB)S (1 S;_SB‘CS,\J )
'\ 7 %n " Y

— \EXW
1_SOH_SBJ

(2)
kOH =(kOH)SWir(1_S -S
OH BC

where (k ) — final value of relative water permeability;

OB Son

S5 — current value of water saturation, decimal quntity;

S, —residual oil saturation, decimal quantity saturation by
the connected water; S,. - saturation by the connected

water, decimal quantit.; £XO - exponential value of relative

oil permeability; (kOH)sm — final value of relative oil

permeability; EXW - exponential value of relative water
permeability.

Fig. 4 shows the curves of relative phase permeability
together with the curve ]((kOH /W, / uB) according
to the auxiliary scale.

Let's consider a flat-radial inflow into a well. The flow
rate of a production well is determined by the formula (3):

Q =2nk @Jrkos h, ﬂ, 3)
my oM ) R
In—X
r

c

where p - fluid viscosity, MPac; k& — permeability, mD;
hsd) — reservoir thickness, m; AP - differential pressure,
MPa; R_ - radius of external reservoir boundary, m; r —
borehole radius, m.

The Buckley-Leverett method [50-57] was used to
determine saturation at the displacement front
Syos =58 %. To determine the time of breakthrough of
the displacement front into the well it can be used the
formula (4):

2
mnop T RK ham

01(s,)

4

The position of the displacement front at any given
time is determined by formula (5). The results of the
calculations are presented graphically in Fig. 5. The
displacement front breaks through from the injection well
to the production well in 2289 days (6 years and 4
months).

)]

In addition, the calculation of the pressure distribution in
the reservoir at a constant flow rate of the well from the
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distance between the wells was performed according to the
formula (6):

R
p(r)=pc- ko" ~ ln[;], 6)
ORARC

H B

where p_ - pressure at external reservoir boundary, atm;
Q, - well flow rate, m®/day.

The pressure distribution in the reservoir is shown in
Fig. 6 in logarithmic coordinates.

The curve corresponding to 50% water content and
50 % oil content in the rock has the largest pressure
reduction in the graph — the pressure at the bottom of the
well is 25 % lower than when the well is started at the
saturation by the bound water S,. = 20 %. For the "50 %
water" plot, the minimum pressure at the bottom of the well
is explained by the dependence on the relative phase
permeability (see Fig. 4). The rate of decline in oil
permeability is higher than the rate of increase in water
permeability.

Determination of the dependence
of elastic capacity and piezoconductivity
on saturation

Based on the results of studies of physical-mechanical
and filtration-capacitance properties it was found that
elasticity changes depending on saturation and stage of
development.

The relationship (7) is used to determine the reservoir
compressibility factor:

p=—sB=""—F—, (7)

where B — compressibility factor, Pa™; K — modulus of
volumetric elasticity, Pa; £ — modulus of elasticity, Pa;
v — Poisson's ratio (v = 0,17).

The elastic capacity of a reservoir is determined by the
expression (8):

B =mp, +B, ®

where B — fluid compressibility coefficient, Pa™; B, -
compressibility coefficient of rock, Pa™; m - porosity
coefficient, decimal quantity.

For saturated rock samples, the elastic capacitance
coefficient was assumed to be equal to the compressibility
coefficient. Figure 7 shows the values of the reservoir
elastic capacity coefficient. A trend line was drawn to the
average values obtained as a result of the calculation
based on experimental data.

The piezoconductivity factor is determined by the
relationship (9):

%= ]i=1<(k°“+k°BJ1” ©)
up Wy My B

where y - piezo conductivity, m?/s; k& - permeability,
mD; p — fluid viscosity, mPa«c; B - reservoir elastic
capacity coefficient, Pa™.

Figure 8, a, shows a graph of the dependence of
piezoconductivity on water saturation. The graphs are
limited to the values of water saturation of 20 and 70 %,
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Fig. 8. Graph of piezoconductivity variation: a - as a function
of water saturation; b — as a function of distance between wells
at the moment of approach of the displacement front to the well

since in the conditions of solving the problem the values of
the saturation of the bound water were S, = 20 % and
residual oil saturation S,; = 30 %. The change in
piezoconductivity is parabolic in nature.

Using the dependencies of the piezo conductivity
distribution of the reservoir on the saturation of the reservoir
with water, it is possible to determine the dependence of the
change in the piezo conductivity of the reservoir at a certain
point in time on the distance between the wells.

The fall of piezo conductivity with an increase in water
saturation is explained by a decrease in the mobility of oil
and water to a ratio of 50/50 %, as well as by the
inversely proportional relationship to the compressibility
coefficient, which, in turn, with increasing water
saturation, increases. After crossing the point
corresponding to the oil-water values 50/50 %, there is an
increase in piezo conductivity from water saturation.

Figure 8, b, shows the curve of change in piezo
conductivity as a function of the distance between the
wells at the moment of the displacement front approaching
the production well. The sharp jump in water cut and
piezo conductivity is explained here by the application of
the model of non-piston displacement of oil by water,
according to which before the displacement front, the
water saturation is equal to the saturation of bound water
Sc = 20 %. The relative phase permeability values for oil
in this area are significantly higher than the relative phase
permeability for water at the displacement front and
beyond it (845 = 58 %).

From the performed calculations it can be seen that the
piezo conductivity in the watered and non-watered zones
of the reservoir differs by about 2 times and, therefore, the
rates of pressure redistribution in these zones will be
different. This difference must be taken into account
during implementation of reservoir pressure maintenance
systems in order to prevent pressure reduction in
individual zones and thus reduce their permeability.

Conclusion

Based on the results of theoretical and experimental
studies, the following recommendations can be made:
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1. When taking samples in the field, special attention
should be paid to maintaining their natural saturation.

2. In case of leakage of the package of samples selected
for testing in laboratory conditions it is necessary to recreate
the composition of the fluid saturating the rock according to
the stage of field development since the strength, elastic and
filtration properties of the rock depend on this.

3. From the beginning of field development, it is
necessary to compensate for fluid withdrawal from the
reservoir by injection using reservoir pressure maintenance
systems. An increase in the effective pressure on the reservoir
rock in the process of oil field development leads to an
irreversible loss of permeability of clay rocks.

4. When choosing the water injection pressure in the
reservoir pressure maintenance system, take into account the
physical and chemical impact of water on the reservoir and
the associated decrease in strength and elastic properties in
order to prevent the effect of auto-fracturing and water
breakthrough into undesirable areas of the reservoir.

5. While planning and carrying out geological and
engineering operations at wells, it is necessary to take into
account the influence of the composition of injected fluids on
the strength, elastic and filtration properties of rocks.

6. Performing hydraulic fracturing take into account the
decrease in rock strength due to the current water cut of the
bottom-hole zone of the reservoir.
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