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KomiogeBrre ci1oBa:

PpaspylIeHus HOpoJ| KOJUIEKTOPOB,
HabyXaeMOCTh [JIMHUCTHIX
MUHEpasoB, U3MEeHeHNe
MPOHULIAeMOCTH, 3anacsl HedTH,
B3aNMOZeHCTBIE 3aKaY1BAEMOK
BOJIBI C TJIMHUCTHIMU MUHEpaaMU
TOPOJBL.

During the oil and gas reservoirs development, various processes occur, ranging from varying the physicochemical properties of
formation fluids to changing the reservoir properties of productive formations, which leads to their destruction. All these
processes can influence the final oil recovery in different ways. Research into the influence of clays on the permeability of
sandstones has been conducted for more than 50 years, but the presence of clay minerals in reservoir rocks still poses a problem
for oil production. When oil is displaced from productive formations, the injected water interacts with the clay minerals of the
rock, which leads to significant changes in the dynamics of oil production in the fields. This parameter can especially change
when maintaining reservoir pressure by injecting fresh water, since the composition of the injected water significantly affects the
permeability of reservoirs. In addition to the type and spatial distribution of clay minerals, another important component that
influences the degree of permeability change is fluid composition. Basically, the reduction in permeability occurs when the
injected water is less mineralized than the formation water.

To establish the dependence of swelling on clay minerals, the work analyzed the results of 1007 laboratory samples that were
used to study the mineral composition of clay fractions. To identify the dependence of swelling on various clay minerals, a
significant number of graphs were constructed and a relationship was established between swelling and mixed-layer formations
of the hydromica-montmorillonite series, which made it possible to establish the swelling values for other fields. To determine
the effect of swelling on the change in porosity, a coefficient for reducing porosity due to swelling was introduced.

The calculation of oil reserves for the YuV, layer of 13 fields showed that when taking into account the clay minerals swelling,
the value of reserves decreased by an average of 8.6 %. It was shown that the injection of fresh water led to the destruction of
reservoir rocks of fields with high swelling and low porosity, which was confirmed by the low production of reserves for other
fields characterized by opposite values of swelling and porosity. Freshwater injection did not affect production from initial
recoverable reserves.

Ipu paspaboTke HedTAHBIX U Ta30BBIX KOJUIEKTOPOB MPOMCXOJAT Pa3/IMYHble NPOLECCH, HAYMHAA OT BApbHUPOBAHMA (DUBHKO-
XMMHMYECKUX CBOMCTB IJIACTOBHIX (PJIIOMIOB 0 M3MEHEHHUA KOJUIEKTOPCKHX CBOMCTB MPOAYKTUBHBIX IIACTOB, YTO NPUBOAUT K X
paspymieHuio. Bce 3TH mpoleccs MO-pa3sHOMY MOTYT OKa3bIBaTh BJIMAHME Ha KOHeYHyH Hedreoraady. Mcciie[oBaHUA BJIMAHUA
[JIMH Ha TNPOHMIIAeMOCTh TeCYaHMKOB IPOBOAATCA Gosiee 50 JieT, HO A0 CHX ITIOP TPUCYTCTBUE IJIMHHCTHIX MUHEpPAasoB B
Nopo/iax-KoJlJIeKTopax npeJicTaBisgeT co6oi npobemy asis fo6bun HedTu. IIpy BhITeCHeHNH HedTH M3 NPOJYKTUBHBIX IJIACTOB
MPOUCXOAUT B3aUMOJENCTBUE 3aKauMBaeMOH BOJBI C TJIMHUCTHIMU MHUHepajaMM IOpPOJbl, YTO IPHUBOJUT K 3HAYUTEJIbHBIM
U3MEHEeHHAM B JUHAMUKe AOOBYM HedTU IO MecTOpoxkAeHHAM. OCOOEHHO 3TOT MapaMeTp MOXeT K3MEHHTBhCA MpH
No/IePXXaHUK TIACTOBOTO JaBJieHHsA 3aKayKoil MPecHO BOJBI, TAK KaK COCTAB 3aKaYMBAeMOI BOABI CYIIECTBEHHO BJIMAET Ha
NPOHUIIAEMOCTh KOJIJIEKTOPOB. KpoMe THIa M MPOCTPAaHCTBEHHOrO pacnpe/esieHHs IJIMHUCTHIX MUHEPAJIOB, ellle OJHON BaXHOM
cocTaBJAoNlell, KOTOpasA BJIMAET Ha CTeleHb M3MEHEeHUs NMPOHUIAeMOCTH, fBJIAETCA cocTas (uuonja. B 0CHOBHOM CHIDKeHUe
NPOHMIIAEMOCTH MPOMCXOJUT, KOTJla 3aKaulBaeMas Bojla MeHee MIHepaJI30BaHa, YeM II1acToBasd.

JInsa ycTaHOBJIEHHsA 3aBHCHMMOCTH HaOyXaeMOCTH OT TJIMHHCTBIX MUHEpajioB B pa0oTe NpoBefleH aHa/m3 pesysbraroB 1007
J1a6opaTOpHBIX 06PasLoB, KOTOPbIe ObLIA HCIIOJIB30BaHbI JUIA U3y4eHHs MUHEePaJIbHOTO COCTaBa IJIMHUCTBIX (pakiuil. 1A BbIABICHUA
3aBUCHMOCTU HaOyXaeMOCTH OT Pa3JIMuHBIX IJIMHHCTBIX MHHEPAJIOB OBUIO IIOCTPOEHO 3HAYMTENIbHOE KOJIMYECTBO TIpaduKoB U
yCTaHOBJIEHA 3aBHUCHMOCTh MeXJly HaOyXaeMOCTBIO M CMeIIaHOCJIOHHBIMU 06pa30BaHMAMH THAPOCIIIOa-MOHTMOPYJLIOHITOBOTO PAfia,
YTO TIO3BOJIMJIO YCTAaHOBUTh 3HAYEHMs BEJIMUMHBI HaOyXeMOCTH IO JpPYIMM MeCTOPOXIeHUsM. JiA onpefesieHus BJIMAHUA
HabyxaeMOCTH Ha M3MeHeHe TIOPUCTOCTH BBeAEH K03DOUIMEHT CHIDKEHHA IOPUCTOCTH 3a cyeT HabyXaeMOCTH.

IpousBeeHHbIH pacueT 3anacoB HedTu 1o mwiacty 0B, 13 MecTopoXxaeHuUil IOKa3asl, YTO IpU ydeTe HaOyXaeMOCTH IJIMHUCTBIX
MUHepaJIoB BeJIMYMHA 3a1lacoB CHIDKaeTcsl B cpefiHeM Ha 8,6 %. IToka3aHo, YTO 3aKkayka NpPecHOi BOJbI MPHUBeJa K Pa3pyIleHHIo
MOPO/I-KOJIJIEKTOPOB MECTOPOX/JIeHUI C BBICOKOH HabyxaeMOCThI0 M HeOoJiblIell BeJIMYMHON MOPUCTOCTHU, YTO MOATBEPXKAAeTCA
HU3KOH BHIPAOOTKOH 3amacoB JJiA JPYyrMX MECTOPOXIEHUH, XapaKTepu3yIOIUXCs MPOTUBOIOJIOKHBIMU 3HA4eHHAMU
HabyXaeMOCTH U MOPHCTOCTH. 3aKadka IIpecHoll BO/JbI He MOBJIUATA Ha oT60p oT HU3.
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Introduction

There are two types of destruction of reservoir rocks.
The first type is associated with the presence of swelling
clay particles and their mobilization. The second one
arises from specific technological operations and is
independent of mineralogy and rock texture. It is
important to identify reservoir rocks which will be
sensitive to water in order to correctly select a
development system for them. The destruction of the
reservoir rock of the first type depends on the type of
clay minerals, their distribution in the pore space and
the composition of the fluid. All clay-water interactions,
such as clay swelling and fine migration, occur at the
pore level [1].

Clay minerals are very small particles which belong
to the group of aluminum hydrosilicates and have a
maximum particle size of less than 0.005 mm [2-4].
Kaolinite, smectite and illite are three main groups of
clay minerals [5-7]. Montmorillonite accounts for 25 %
of all shales in shale-cemented sandstones and is
important for sandstones in view of the problem of
reservoir quality.

Studies of clays influence on the permeability of
sandstones have been carried out for more than
50 years, but until now the presence of clay minerals
in reservoir rocks is a problem for oil production.
The authors of the publication [8] stated that water-
based drilling muds are used more often as the water is
more environmentally friendly. However, water causes
hydration and swelling of the clay and therefore
reduces permeability [9]. Other authors [10] used oil
sands to measure air and water permeability, focusing
on the type and amount of clay. They showed that
the most sensitive to water are sands containing
kaolinite, illite and mixed clay (illite-montmorillonite),
and the least sensitive are sands with small amounts of
kaolinite and illite.

According to [11], one mechanism of the damage
for formation is reduced permeability near the wellbore
due to smectite swelling or kaolinite deflocculation
when these clay minerals come into contact with water-
based fluids.

Other authors [12] also noticed that both poorly
consolidated and rather dense formations containing a
large number of clays filling pores and vulnerable to
water-based fluids, such as kaolinite, montmorillonite,
chlorite, illite and mixed-layer clays, are similarly
susceptible to changes in the permeability of reservoir.

In the paper [13], the possible swelling mechanism
of clay particles lining the pores of reservoir rocks was
discussed in detail from the point of view of Donnan's
osmotic and membrane effects in relation to intra-
partial swelling. Swelling of expanding clay mineral
particles in contact with relatively fresh water is
considered the most common cause of water sensitivity
problems encountered in oil production. The swollen
particles restrict flow in the pores of the rock, and the
smallest expanded plates break off, dispersing in water
inside the pore, and further restrict flow when they get
stuck in the constrictions of the pores. Grains of non-
expanding clay minerals interact specifically with
water, but are not able to swell and disintegrate to the
same extent as grains containing expandable minerals.

The studies presented in [14] showed that if the
reservoir sands contained traces of montmorillonite, water-
sensitive changes in reservoir permeability occurred due to
dispersion and fine migration: as the water cut increased,
the swelling clay plates moved apart and collapsed. In
general, under favorable colloidal conditions, non-swelling

clays such as kaolinite and illite can be released from
the pore surface and these particles then migrate with the
fluid flowing through the porous formation. In contrast,
swelling clays such as smectite and mixed-layer clays
first expand under favorable ionic conditions before
disintegrating and migrating. In other words, non-swelling
clays can also be said to interact with water, but this
interaction is smaller than that of swelling clays.

One of the parameters that also control the degree of
change in reservoir permeability is the spatial
distribution of clay within the pore structure, which for
natural sandstones is associated with clay origin. Both
swelling and non-swelling clays can be clastic and
authigenic. Clastic or allogeneic clays are a dispersed
matrix of clay granules and fragments equal in size to
sand particles [2, 15]. Authigenic clays are found in the
form of loose grain coatings, pore lining, pore filling,
pseudomorphic substitutions and fracture filling and
have a significant impact on reservoir quality.
Authigenic clays have a greater impact on formation
damage due to their direct vulnerability to pore fluids
than clastic clays, which are tightly packed in the
matrix of the rock. Montmorillonite found in sandstones
is of both clastic and authigenic origin and appears as a
pore lining. Authigenic kaolinite is the most common
clay mineral in sandstone reservoirs and mainly forms
scales that fill pores [16, 17].

In addition to the type and spatial distribution of
clay minerals, another important component that affects
the degree of change in permeability is the composition
of the fluid. Most of the permeability decrease occurs
when the injected water is less mineralized than the
formation water. Change in the chemical composition of
the aquatic environment changes the degree of swelling,
as well as the type and amount of exchange cations,
present between layers of montmorillonite. Since the
presence of salt in the water slows down the swelling of
the clay [18], in work [19] it was used distilled water
without the addition of salts to maximize the swelling
of the clay and estimate its maximum effect on
the permeability of the sample. Experiments [19]
combined core flooding with X-ray p computed
tomography (p-CT) to study the swelling of clay
minerals and its effect on the permeability of a loose
porous medium. Clay was added to the balls of soda

lime and quartz grains as a coating: swelling
(montmorillonite) and non-swelling (kaolinite).
Permeability changes in the experiments were

monitored as a function of time using pure water. All
clay-coated samples showed a 10-40% reduction in
permeability, compared to similar data from samples
without coating.

In general, permeability decreased with increasing
clay content. A 39 % increase in montmorillonite
particle volume was observed by CT immediately after
saturation of the sample with water, i.e. swelling
occurred almost instantaneously after contact of water
with clay. In contrast, kaolinite particles had a volume
increase of 15 %, which was primarily associated with
hydration of clay pellets with water. Calculated porosity
reduction attributed to clay swelling ranged from 0.4 to
1.7 %, including samples coated with both
montmorillonite and kaolinite. According to the authors
[19], such a decrease in porosity leads to a decrease in
permeability by only 2-5%, which is primarily
connected with the high initial porosity and
permeability of the selected samples. Overall, the study
confirmed that fine migration is the primary cause of
reduced permeability in a large number of kaolinite-
coated samples (non-swelling clay). Growth of swelling
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clays such as montmorillonite was found to have
minimal impact on permeability in high porosity
samples (36-40 %). Extension of the model to samples
with lower porosity and higher clay content showed
that swelling will significantly contribute to a decrease
in permeability [19].

According to the author [20], the study of phase
permeabilities in the case of combined filtration of oil
and fresh water, leading to maximum swelling of clay
minerals, is of great interest. But with long-term
injection of fresh water, by the effect of of clay particles
dispersion, the reservoir is damaged. Also, swelling of
the shale component of the reservoir leads to a decrease
in effective porosity, which makes it necessary to
measure the reservoir saturation taking into account
the new effective porosity, which is not an easy task.
The change in the structure of the pore space due to the
swelling of the clay component affects the filtration of
water more significantly than the filtration of the
hydrocarbon liquid.

The following conclusion was made by the results of
research [20]:

- swelling and deformation of clay particles leading
to the restructuring of the porous medium structure are
the main factors changing the permeability of the rock
and affecting the nature of water filtration in clay-
containing reservoirs;

- swelling of clay particles in the reservoir rock has
a selective effect on reducing phase mobility. The ratio
of ultimate phase permeabilities of oil and water in
swollen rock increases compared to the ratio of these
parameters in conservative reservoir systems. The effect
increases with increasing rock swelling intensity.

Methods of Research

The existing methods for determining the mineral
composition of rocks by X-ray diffraction analysis (XRD)
make it possible to determine the content of clays of
various mineralogical composition, attributed to
kaolinite, chlorite, mica-containing particles, etc. Each
clay mineral has different swellability and solubility
factors and may have different effects on oil
displacement capacity during filtration of fresh and
mineralized water [21, 22].

Analysis of core material obtained from wells
located in the fields of Western Siberia, beds of
terrigenous deposits of the Jurassic group (bed YuV,)
shows that kaolinite is the predominant clay mineral
(Fig. 1). Kaolinite has a 1:1 layered structure and low
base exchange capacity (3.3 meq/100 g for kaolinite).
It is a non-swelling clay, but it is easily dispersed and
migrates [23, 24].

To establish the dependence of swelling on clay
minerals, it was carried the analysis of the results of
1007 laboratory samples, which were used to study
mineral composition of clay fractions [25]. Layers of
various layered clay minerals are similar to each other
and can interbedded. The most common minerals
are built by two types of layers (for example,
montmorillonite hydromica or hydromica kaolinite).
The swelling capacity of mixed-layer minerals may be
higher than that of montmorillonite minerals, since the
alternation of layers may cause some weakening of the
relationship between individual structural units [26].

To detect the dependence of swelling on various clay
minerals, a significant number of graphs were
constructed. However, the relationship is established
only between swelling (S) and mixed-layer formations
(MLF) of the mica-montmorillonite series, which is
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Fig. 1. Distribution of clay mineral content
and YuV, Reservoir Swelling by Fields
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Fig. 2. Examples of constructing the swelling
dependence on MLF by fields: a —field 1; b - field 2

linear in nature. S = f relationships (MLF) were built
for 13 fields. The square of the correlation coefficient
(R?) ranges from 0.7735 to 0.9845.

Examples of field relationships are shown in Fig. 2.
By results of construction of dependencies as per 13 fields,
it was obtained a generalized relationship (Fig. 3),
described by the equation:

S = 0,3458 - MLF + 0,1181. (€9)]

Thus, the obtained equation was used to determine
the swellability values for the field where the MLF data
were presented and the swellability values were absent
(fields 14 and 15). The table shows the swelling data —
actual and calculated values for testing the equation.

In their work [27], the authors drew attention to the
fact that the methods for determining porosity factors
K, and oil and gas saturation K,, of rocks on core
samples, which are used in estimating oil and gas
reserves and in plotting petrophysical relationships, do
not take into account such factors as swelling of clay
material, loss of swelling moisture in the process of
drying core samples, abnormal density of swelling
moisture (interlayer water) and residual water. In the
opinion of V.D. Dakhnov [28], swelling moisture
volume of clay particles are not taken into account from
the volume of open pores of the rock and, accordingly,
are excluded when calculating the coefficient of
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residual water of reservoirs. In laboratory methods,
samples are pre-dried at 105-120 °C to determine
porosity and residual water content. In this case, some
of the interlayer water is removed, which leads to an
increase in the amount of residual water and open
porosity. Other authors also noted that swelling
moisture is removed from clays during heating of
samples at temperatures from 70 to 250 °C and with a
decrease in initial humidity the rate of bound water
removal is higher [29-32]. During drying the samples of
average humidity at a temperature not exceeding 105 °C,
the swelling moisture loss is about 10 %, while when
boiling in toluene in the temperature range 110-120 °C,
the moisture loss is not less than 15 % of the total.

Experimental Data

In our opinion, it is important to know the swelling
value for each pay zone and take it into account when
designing a waterflood system [33], as well as when
calculating oil and solution gas reserves, since their value
may be overestimated.

To determine the effect of swelling on the change in
porosity, we introduce the coefficient of reduction in
porosity due to swelling and denote it as K.

K, =1-2, @
ps m

where m - porosity, H — swelling.
Initial oil-in-place reserves are calculated by the
formula [34-36]:

Qin:F~bm-I(p~I(os-9-Ga, 3

where Q,, - initial oil-in-place reserves, th.t; F — reservoir
area, thousand m? A, — net oil thickness, m; K, - open
porosity factor, decimal units.; K, — oil saturation ratio,
decimal units; 6 - correction factor, considering oil
shrinkage, decimal units.; o, — oil density at surface
conditions, t/m>.

By addition of K, to the formula for finding the initial
in-place oil reserves, we get (4):

szF-ilm-I(p-I(os-e-Ga-I(ps. @

The calculation of oil reserves for Zone YuV,; of
thirteen fields showed that, taking into account the
swelling of clay minerals, the value of reserves decreases
by an average of 8.6 %. The range of decline ranges from
4.2 to 18.7 %. A significant decrease is observed in
reservoirs with high K. Figure 4 shows a comparison of
the approved oil reserves and reserves calculated with
consideration to K, for the fields.

In order to determine the relationship between the
impact of K, on oil production, we will perform
regression analysis [37-39] for the fields and model the
recovery from initial recoverable oil reserves using the
following parameters: reservoir rock permeability, net
oil-saturated thickness of the reservoir, sand content,
compartmentalization, sweep and oil saturation factors,
porosity. Data on fields with at least 20 years of
development were used in regression analysis.

According to the results of regression analysis the
normalized R? turned out to be negative sign (Fig. 5).
Regression coefficient F has a fairly high value of 0.67.

We perform a regression analysis and replace the
values of the average porosity for the reservoir with the
porosity recalculated with consideration to swelling, and

25
20 p=10,3458x + 0,1181 .
- - R =10,9443
o 13 M
- L _
=4_"; L ] .-
z 10 o8
w [ ] e
_s L) .:.at.-
o . 008
ssifl™"
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0 3.38.
0 10 20 30 40 50
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Fig. 3. Swelling dependence on MLF by fields:
fields are indicated by different colours

Swelling data by YuV, reservoir of the fields

DEVELOPMENT AND OPERATION OF OIL AND GAS FIELDS

i e e oleton
1 120 3.4 3.2 0.948
2 222 2.1 2.1 0.9585
3 78 0.7 0.8 0.9147
4 241 1.3 1.3 0.9464
5 85 0.8 0.7 0.8376
6 27 0.7 0.6 0.7819
7 45 1.9 1.9 0.9663
8 43 0.7 0.9 0.7735
9 26 1.8 1.9 0.9681
10 9 1.2 1.1 0.9845
11 31 1.7 1.7 0.9793
12 8 1.5 1.5 0.9715
13 19 0.8 0.9 0.9042
14 19 - 0.9
15 34 - 0.7

Remark: * - there were no data on the swelling of clay minerals

for the fields.
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Fig. 4. Comparison of oil reserves by the fields

Regression Statistics

Multiple R 0.9283

R-square 0.8617

Normalized R-square | —0.1063

Standard error 20.858

Selection from IRS, %

Observations 9

1 i

" Fields
—+ Selection from IRS, % - Selection from IRS (model 1)

Fig. 5. Results of construction the model
from initial recoverable reserves (IRS) selection
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ch Standard error 11724
%]
Observations 9
! . s
Fields
—+ Selection from IRS, % —=- Selection from IRS (model 1)

Fig. 6. Results of construction the model from initial recoverable
reserves (IRS) selection with consideration of K,
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Fig. 7. Dependence of initial recoverable reserves (IRR)
selection on porosity M
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Fig. 8. Displacement characteristics by fields

denote as M. The results of the construction are shown in
Fig. 6. The calculation error is 1 %. Normalized R® has a
sufficiently high value.

Plot the Q = £ (M) relationship, the construction results
are shown in Fig. 7. The square of the correlation coefficient
is 0.657, which indicates a significant relationship between
the parameters under consideration.

Thus, it can be concluded that with an increase in
swelling, which entails a decrease in the pore space, the
withdrawal from the initial recoverable reserves
decreases.
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When oil is displaced from producing reservoir the
injected water interacts with clay rock minerals, which
leads to significant changes in oil production dynamics by
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