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 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 YuV1 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. 
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 При разработке нефтяных и газовых коллекторов происходят различные процессы, начиная от варьирования физико-
химических свойств пластовых флюидов до изменения коллекторских свойств продуктивных пластов, что приводит к их
разрушению. Все эти процессы по-разному могут оказывать влияние на конечную нефтеотдачу. Исследования влияния 
глин на проницаемость песчаников проводятся более 50 лет, но до сих пор присутствие глинистых минералов в
породах-коллекторах представляет собой проблему для добычи нефти. При вытеснении нефти из продуктивных пластов 
происходит взаимодействие закачиваемой воды с глинистыми минералами породы, что приводит к значительным
изменениям в динамике добычи нефти по месторождениям. Особенно этот параметр может измениться при
поддержании пластового давления закачкой пресной воды, так как состав закачиваемой воды существенно влияет на 
проницаемость коллекторов. Кроме типа и пространственного распределения глинистых минералов, еще одной важной
составляющей, которая влияет на степень изменения проницаемости, является состав флюида. В основном снижение 
проницаемости происходит, когда закачиваемая вода менее минерализована, чем пластовая.  
Для установления зависимости набухаемости от глинистых минералов в работе проведен анализ результатов 1007
лабораторных образцов, которые были использованы для изучения минерального состава глинистых фракций. Для выявления
зависимости набухаемости от различных глинистых минералов было построено значительное количество графиков и
установлена зависимость между набухаемостью и смешанослойными обpазованиями гидрослюда-монтмориллонитового ряда, 
что позволило установить значения величины набухемости по другим месторождениям. Для определения влияния
набухаемости на изменение пористости введён коэффициент снижения пористости за счет набухаемости. 
Произведенный расчет запасов нефти по пласту ЮВ1 13 месторождений показал, что при учете набухаемости глинистых 
минералов величина запасов снижается в среднем на 8,6 %. Показано, что закачка пресной воды привела к разрушению 
пород-коллекторов месторождений с высокой набухаемостью и небольшей величиной пористости, что подтверждается
низкой выработкой запасов для других месторождений, характеризующихся противоположными значениями
набухаемости и пористости. Закачка пресной воды не повлияла на отбор от НИЗ. 
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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 μ computed 
tomography (μ-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 



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING 
 

НЕДРОПОЛЬЗОВАНИЕ 88 

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 YuV1) 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 
 

 
 

Fig. 1. Distribution of clay mineral content 
and YuV1 Reservoir Swelling by Fields 

 

 
а 

 
b 

 
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 
(R2) 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. (1) 
 

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 
Kp and oil and gas saturation Kogs 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 Kps. 
 = − H1 ,psК m  (2) 
 
where m – porosity, Н – swelling. 

Initial oil-in-place reserves are calculated by the 
formula [34–36]: 
 
 = ⋅ ⋅ ⋅ ⋅ θ ⋅ σin ,pno os oQ F h K K  (3) 
 
where Qin – initial oil-in-place reserves, th.t; F – reservoir 
area, thousand m2; hno – net oil thickness, m; Кp – open 
porosity factor, decimal units.; Кos – oil saturation ratio, 
decimal units; θ – correction factor, considering oil 
shrinkage, decimal units.; σo – oil density at surface 
conditions, t/m3. 

By addition of Kps to the formula for finding the initial 
in-place oil reserves, we get (4):  
 
 = ⋅ ⋅ ⋅ ⋅ θ ⋅ σ ⋅ .oin no p o pssQ F h K K K   (4) 
 

The calculation of oil reserves for Zone YuV1 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 Kps. Figure 4 shows a comparison of 
the approved oil reserves and reserves calculated with 
consideration to Kps for the fields.  

In order to determine the relationship between the 
impact of Kps 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 R2 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 
 

 
 

Fig. 3. Swelling dependence on MLF by fields: 
fields are indicated by different colours  

 
Swelling data by YuV1 reservoir of the fields 

 

Field Number of 
studies 

Swelling, % 
(fact) 

Swelling, % 
(calculation) R2 

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 

 
R e m a r k :  * – there were no data on the swelling of clay minerals 

for the fields. 
 

 
 

Fig. 4. Comparison of oil reserves by the fields 
 

 
Fig. 5. Results of construction the model 

from initial recoverable reserves (IRS) selection 
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Fig. 6. Results of construction the model from initial recoverable 

reserves (IRS) selection with consideration of Kpn  

 
 

Fig. 7. Dependence of initial recoverable reserves (IRR) 
selection on porosity М 

 

 
 

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 R2 has a 
sufficiently high value. 

Plot the Q = f (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. 

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 
fields [40–43]. This parameter may change especially 
when reservoir pressure is maintained by fresh water 
injection since the composition of injected water 
significantly affects reservoir permeability [44–49]. 

Figure 8 shows the displacement characteristics for the 
fields under consideration with identical development 
systems and well spacing. Since the beginning of 
development in fields 1-3 and 8, fresh (river) water has 
been used for the reservoir pressure maintenance system. 
Given the high swellability and low porosity, fresh water 
injection may have resulted in reservoir rock failure, 
confirming the low depletion of reserves (Fields 1 and 2) 
and vice versa. For fields 3 and 8 with opposite 
swellability and porosity, fresh water injection did not 
affect recovery from initial recoverable reserves. 
 

Conclusion  
 

1. The results of 1007 laboratory samples which were 
used to study the mineral composition of clay fractions 
were analyzed. 

2. To identify the dependence of swelling on various 
clay minerals a significant number of graphs were 
constructed; the relationship between swelling and mixed-
layer formations of montmorillonite hydromica, which is 
linear, was determined. Based on the results of building 
relationships for 13 fields a generalized relationship was 
obtained, which made it possible to calculate swelling 
values for other fields.  

3. To determine the effect of swelling on the change in 
porosity, a coefficient of reduction in porosity due to 
swelling (Кps) was introduced. 

4. The calculation of oil reserves for YuV1 reservoir 
of thirteen fields showed that, taking into account the 
swelling of clay minerals, the amount of reserves 
decreases by an average of 8.6 %. The range of decline 
ranges from 4.2 to 18.7 %. 

5. Regression analysis was performed to determine 
the relationship between the impact of Кps on oil 
production for fields and simulated recovery from initial 
recoverable oil reserves (initial recoverable reserves). 
This parameter was found to be very significant in the 
model. The calculation error is only 1 %, which indicates 
that with an increase in swelling, which entails a 
decrease in the pore space, the withdrawal from the 
initial recoverable reserves decreases. 

6. It is shown that fresh water injection led to 
destruction of reservoir rocks with high swellability and 
low porosity, as evidenced by low depletion of reserves. 
For other fields characterized by opposite values of 
swellability and porosity, fresh water injection did not 
affect the recovery from initial recoverable reserves. 
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