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Abstract: Rock swelling and rock disintegration in the presence of drilling, stimulation and com-
pletion fluids are considered to be the main reasons for operational and production problems for
wells in clay-rich formations. The impact of these fluids on rock properties shall be established for
the effective treatment design. This paper describes the development of the experimental setup
for studying rock swelling in reservoir conditions and the application of this setup for the evalua-
tion of swelling mechanisms of shale rock samples. Swelling quantification was performed using
measuring piston displacement that was caused by rock swelling in a piston accumulator during
pressure maintenance. We studied the interaction of the disintegrated rock samples with water-based
and hydrocarbon-based fluids and supercritical CO2. It was found that alkaline water solution in
reservoir conditions causes swelling of the used rock samples in the amount of 1–3% vol. with a
direct correlation between the rock swelling magnitude and the total clay content. The change in
the rock volume in the presence of the used hydrocarbon-based fluid depends on the content of
organic matter, its distribution in the rock, and the clay content. The observed swelling degree in
the hydrocarbon fluid and CO2 was significantly lower (0–0.5% vol.) than in water. The proposed
methodology and obtained results can further be used for the optimization of various operations in
clay-rich formations.

Keywords: swelling; Bazhenov formation; clays; kerogen; carbon dioxide; hydrocarbon gel;
rock shrinking

1. Introduction

Shale formations are a vast source of hydrocarbons [1]. The exploration of shales in
the USA has overridden the balance in the world energy market since 2010 [2]. Shales
are a broad class of fine-grained, organic-rich layered sedimentary rocks [3]. The mineral
composition of shales is highly heterogeneous, varying from mostly silicates to mostly car-
bonates. Clays were shown to be the constituent determining the petrophysical properties
of shale rocks [4], which are different from the properties of conventional sandstones. Low
permeability [5], high hydrophobicity [6,7], and nano-scale pores [8] do not allow the per-
formance of hydrocarbon recovery using traditional techniques. Nowadays, most of such
reservoirs are developed using the combination of horizontal drilling and multi-stage hy-
draulic fracturing methods to enable a high inflow contact area with the reservoir. Different
types of fluids are used in the treatment, including water-based fluids, hydrocarbon-based
ones, CO2, foams, and others [9].
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It is known that the interaction of fracturing fluids with shales may lead to the damage
of the porous media, resulting in a decrease in the wells’ production performance [10]. The
extent of the damage is higher in tight rocks and shales [11] Several possible mechanisms
of the porous media damage include: clay swelling, solids migration, wettability alteration,
minerals dissolution and precipitation, and shale softening [12]. Clay swelling is defined
here as the process of increasing the volume of a rock due to the penetration of an external
fluid into the rock matrix. Swelling occurs at the contact of clay-rich rocks with mostly
water-based fluids [13,14]. This process may comprise two mechanisms, namely crystalline
and osmotic swelling [15]. The first mechanism implies water adsorption on the basal
crystal surfaces of clay minerals, which increases the clay’s structure c-spacing. The second
mechanism is based on the water influx into the clay structure because of the difference
in ions concentration between the pore fluid and the interlayer space in clay minerals
(osmotic swelling). Both mechanisms lead to clay volume expansion. Osmotic swelling
may also result in clay disintegration and fines migration. [16]. Water vapor imbibition
was also found to be responsible for the decrease in the elastic modulus and compressive
strength of shales, which may lead to higher rock deformation at stress and the shales’
mechanical failure [17]. Smectites and mixed-layer clays are the most water-sensitive clay
types [18]. However, destabilization of other clay minerals such as illite and kaolinite may
still lead to blockage of the pore throats, rock permeability impairment, and a reduction
in the conductivity of the hydraulic fractures [19–22]. Clay swelling and pore plugging
with migrating solids are closely related [23] as clay swelling lowers the critical retention
concentration, which leads to severe permeability decline.

There are several methods that can be used to address the swelling-induced damage.
The first one is based on the introduction of the clay stabilizers into the composition of
fracturing fluids. Potassium salts are the most common type of clay stabilizers. K+ ions
penetrate the interlayer space in clays and hold clay platelets together. [24]. However, the
use of potassium salts in concentrations that are required for the stabilization of clay-rich
formations is not always economical and has a certain negative impact on the properties
of fracturing fluids. For instance, it may significantly increase fracturing fluid friction-
pressure that will, in turn, result in a higher horsepower usage and a growth in fuel
consumption. Organic shale inhibitors were introduced as alternatives to inorganic salts.
Their stabilization mechanism is based on the adsorption of certain organic substances
on the clay surface to prevent water from penetrating the clay structure. Examples of
such compositions include organic amines, the ammonium salts of organic acids, cationic
surfactants, branched polyamines, and others. [25].

An alternative methodology for reducing the negative impact of clay swelling and
clay destabilization rests on using hydrocarbon-based drilling and fracturing fluids. For
example, organic liquids such as diesel fuel, jet fuel, crude oil, or even liquefied natural
gas [26] can be used as the liquid phase for fracturing systems. Another option considers
using supercritical CO2, which, as was shown by [27], does not interact with clays. However,
the presence of water in porous media may lead to the carbonate minerals’ dissolution with
the subsequent solids detachment and the plugging of pores [28]. On the other hand, CO2
may also positively impact the rock permeability as a result of accompanying chemical
reactions. This option can also be aligned with the utilization of industrial CO2.

Shale swelling in the presence of hydrocarbon fluids has also been reported. Its
mechanism is based on the absorption of light hydrocarbons by the organic matter that
presents in shales. The resulting shale rock swelling may lead to a reduction in pores’ size
and the deformation of kerogen agglomerates with the subsequent changes in the rock
structure. The revealed ability of shales to swell in the presence of non-aqueous fluids
decreases in sequence: CO2 > CH4 > C2H6 > C3H8 [29].

All these facts are of significant importance for developing the Bazhenov formation,
the shale-like formation in Western Siberia, which is a prospective source of hydrocarbons.
The Bazhenov formation’s matrix permeability varies between layers and is generally less
than 0.1 mD; its total porosity is up to 10–12%, but only about 25% of it may be attributed to
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intergranular porosity [30]; and its mineralogical composition is also very complex, varying
from carbonates to silicates [31].

There are several techniques used to assess the risks that are associated with rock
swelling and destabilization. One of the approaches is based on the use of the Zhigach–
Yarov device, comprising a sample chamber with a piston that is connected to a displace-
ment counter. [32,33]. Higher readings of the displacement gauge during experiments with
this setup correspond to the higher volume of rock sample expansion. It is a relatively
cheap and time-efficient method enabling simultaneous measurement for several samples.
However, this technique does not allow the performance of measurements in reservoir con-
ditions. Other used methods include the measurement of cation exchange capacity (CEC)
and capillary suction time (CST). The CEC method is based on defining the concentration
of absorbed cations in clay; lower CEC values correspond to lower clay swelling potential.
The CST technique is based on water retention by swelling clays and preventing capillary
suction into the filter paper, which is located below the tube with the water-clay paste.
Other qualitative and semiquantitative methods include the use of in situ X-Ray diffraction
with the assessment of lattice structural changes, and scanning electron microscopy of rock
particles after their interaction with fracturing fluid [34]. The risks of solids migration can
be assessed with roller oven tests. For this test, shale rock samples consisting of relatively
large particles (>0.21 mm) and fluid are loaded into the roller oven cell. The cell is heated
to reservoir temperature and is rolled to intensify the fluid—rock interaction. After this,
the obtained clays–water mixture is filtered through the screen and the fraction content of
small particles (<0.21 mm) is defined. A significant content of such particles indicates a
high risk of solids migration.

All the described techniques have certain drawbacks. First, the results of these tests
do not always have direct relation with the actual processes that take place at the reservoir.
Secondly, these tests are quite time-consuming. For example, paper [35] describes a testing
procedure with a duration of 150 h. Another challenge consists in matching reservoir
conditions which is not possible for most of the described testing procedures. Based
on these facts, we conclude that utilization of the existing techniques for the rapid and
reliable evaluation of rock swelling properties is challenging, and the development of a
new methodology is required for addressing the highlighted disadvantages.

In this paper, we describe the development of a new quantitative method for studying
rock swelling properties and the application of this method for the evaluation of the
interaction of Bazhenov rock samples with various fluids. The obtained results allow us
to conclude that the proposed method provides the quick and reliable assessment of rock
properties in reservoir conditions and may become a powerful tool for engineering various
operations in clay-rich formations.

2. Materials and Methods
2.1. Materials

Sodium bentonite was purchased from Alfa Aesar and used as is. Non-extracted shale
rock samples were selected from the deposit of core samples for five different layers of the
Bazhenov formation of the Palyanovskoe field. The corresponding depths of samples 1–2
were 2998.5–3002.5; 2994.5–2998.5; 1986.5–2994.5; 2983.0–2986.5; and 2978.0–2983.0. The
matrix density and matrix porosity of the used rock samples were defined using a PIK-PP
helium porosimeter. After this, the rock samples were crushed using a grinding mill and
then sieved. Fraction 63–250 µm was separated and used to prepare the bulk formation
samples for the swelling experiments.

Three fluids were used for the swelling experiments: 0.20% solution of sodium hydrox-
ide in distilled water, gelled hydrocarbon-based fracturing fluid, and CO2. Distilled water
was obtained by purification with Ellix, Millipore. Sodium hydroxide of ”pure“ grade
was purchased from “Rushim”. Diesel of “summer” grade was purchased at a local gas
station. Samples of the hydrocarbon-based fracturing fluid were prepared using diesel
as a liquid phase. Other components of the hydrocarbon gel (orthophosphoric ester and
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aluminum organic activator) were provided by ZAO Himeko. CO2 with 99.995% purity
was purchased from a Moscow gas refinery plant.

2.2. Methods
2.2.1. Pyrolysis

The rock samples were pyrolyzed with a HAWK (Wildcat technologies LLC, Humble,
TX, USA) pyrolyzer using the standard procedure [36]. The program included two heating
stages (in an inert gas and in the air). Generated hydrocarbons were detected using the
flame-ionization detector. An infra-red detector was used for the detection of the produced
CO and CO2.

Figure 1 shows an example of the dependencies that were registered during pyrolysis
of one of the rock samples. In the first stage, light hydrocarbons were evaporated during
the temperature increase to 90 ◦C (step S0), and then liquid hydrocarbons were evaporated
during the subsequent temperature increase to 300 ◦C (step S1). High molecular weight
hydrocarbons were cracked and evaporated at temperatures up to 650 ◦C (step S2). Tmax
was defined as the temperature that corresponded to the maximum rate of hydrocarbon
generation during S2 step (see Figure 1). CO2 quantities at the next pyrolysis stage (step S3),
at the oxidation stage (step S4), and during the carbonates’ decomposition (step S5) periods
were also recorded. The measured data were expressed in mg/g of the rock and used to
calculate the total organic carbon content (TOC, % wt.). The hydrogen index (HI) was
defined using the following equation:

HI = 100 × S2
TOC

(1)

where S2 is the hydrocarbon content that was extracted during step S2 of the described
pyrolysis procedure.
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2.2.2. X-ray Diffractometry

The mineral composition of the rock samples was defined using an XRD DRON-
3 diffractometer. The rock samples were crushed in an agate mortar, packed with an
amorphous film, and loaded into the diffractometer. The Range 2θ during measurements
was 0–100◦, the used current was 30 mA, and the voltage was 40 kV. The type of each
component and its content were defined using Match software. The COD-Inorg REV254652
2020.07.29 database was used for the analysis.
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2.2.3. Rock Swelling Study

For characterization of the swelling properties of the studied samples, a specially
engineered experimental setup was constructed. The scheme of the experimental setup is
shown in Scheme 1. The setup had two piston accumulators (PA1 and PA2) connected to the
high-pressure pumps LN-P. Distilled water was used as the hydraulic fluid in the pumps.
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Scheme 1. Experimental setup for studying rock swelling.

Before each experiment the crushed rock was loaded into a swelling cell made of a
chemically and thermally resistant polymer, PEEK (polyetheretherketone). The cell was
equipped with a moving cap and metal screens to prevent rock dissipation from the cell
(Figure 2). The weight of the crushed rock was calculated as the difference between the
weights of the loaded and the empty cell and it was nearly 50 g (±1 g) in all experiments.
After this, the loaded cell was installed into the PA1 accumulator. The cell was positioned
on the piston and was in tight contact with the accumulator cap. The evaluated fluid was
loaded into the PA2 accumulator. Then, both PAs were placed into an oven and connected
to the pumps. After this, the accumulators were heated to 110 ◦C for 12 h before the start of
the experiment.

The disintegrated rock sample in the cell was vacuumed with a diaphragm vacuum
pump for three hours with valves 1 and 3 opened and valve 2 closed. Then, valve 1
was shut, valve 2 was opened, and the fluid from accumulator PA1 was pumped into
PA2 until the maximum pressure of 23.6 MPa. Then, pump 2 was switched to ”constant
pressure“ mode to maintain 23.6 MPa. The hydraulic fluid pressure under the piston PA1
was typically 0.1–0.15 MPa lower than the pressure at pump 2. This fact can be explained
by the friction between the pistons and cylinders in PA1 and PA2 (see Figure 2). After the
stabilization of the pressure at pump 1, it was also switched to the “constant pressure“
mode. The pressure was maintained by controlling the pump intake rate (pump-in option
for pump 1 was disabled). The rock volume increase during the rock interaction with the
fluid that was loaded into the PA2 fluid caused the displacement of the PA1 piston. This
displacement and the change in the rock sample volume were computed from the fluid
intake volume at pump 1. The experiment was terminated when no change higher than
0.05 mL of the sample volume had been observed for 12 h.
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The rock swelling was quantified using a volumetric expansion coefficient α (% vol.)
and the absorbed fluid/rock mass ratio K (mg/g). These parameters were calculated using
the equations below

α =
∆V

Vrock
, (2)

where ∆V is the change in volume in the rock matrix volume, equal to the change in the
pump 1 volume, and Vrock is the initial rock matrix volume defined by Equation (3)

Vrock =
mrock
ρrock

, (3)

where mrock is the mass of the loaded rock sample and ρrock is the rock’s matrix density
defined as described in Section 2.1

K =
ρ f ∆Vf

mrock
(4)

where ∆Vf is the volume of fluid pumped by pump 2 into the cell after the pressure of
23.6 MPa was reached and ρf is the density of such fluid in reservoir conditions.

3. Results and Discussion
3.1. Rock Properties

Table 1 provides data for the pyrolysis of the studied rock samples.
According to [33], sample 1 corresponds to the MC3 catagenesis stage, whereas sam-

ples 2–5 correspond to the MC2 catagenesis stage. Both these stages are characterized by
high rock maturity. The lowest organic content was observed in sample 1. The highest TOC
was observed for samples 3–5. The highest S2 values were measured for samples 3 and
5, which indicates the significant presence of high molecular weight compounds in these
samples boiling between 350 ◦C and 600 ◦C. These high-molecular polymeric structures
may also swell upon contact with hydrocarbons.
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Data on the mineralogical composition and the matrix density of these samples are
given in Table 2. Table 2 also provides the values for the total clay content on the studied
rocks that were computed using Equation (5).

ωclays =
∑ ωclays−min

1 + 1.17 ∗ TOC
, (5)

where TOC—total organic carbon, % wt.; ωclays-min—clay content in the mineral rock matrix,
% wt.; ωclays—total clay content, % wt.; 1.17 is an average coefficient between TOC and
content of organic matter, which is characteristic of rocks at the MC2-MC3 catagenesis
stage [37].

Table 1. Pyrolysis data for the studied rock samples.

Sample

1 2 3 4 5

S1, mgHC/g 0.68 0.83 2.30 2.32 3.74
S2, mgHC/g 3.19 31.37 47.11 37.70 59.94
S3, mgCO2/g 0.36 0.23 0.25 0.52 0.45
S4, mGCO/g 41.99 108.37 184.98 191.21 314.01
S5, mgCO/g 3.92 1.06 4.21 30.19 2.14
TOC, % wt. 2.03 6.95 10.95 9.99 15.95

HI, mgHC/gTOC 157 452 430 377 376
Tmax, ◦C 441 439 437 434 435

Table 2. Mineralogical composition of the studied rock samples defined with XRD method.

Minerals
Sample

1 2 3 4 5

Albite 6.70 9.60 6.50 7.60 5.30
Anhydrite 2.90 0.00 0.00 0.00 0.00

Calcite 1.80 0.00 0.00 4.50 0.00
Pyrite 0.30 5.30 2.50 1.60 8.20
Quartz 85.50 53.10 56.70 28.50 24.80

Clays

Chlorite 0.00 6.20 3.40 3.70 5.70
Illite 2.80 19.40 22.30 31.60 29.00

Kaolinite 0.00 6.40 8.60 9.70 18.20
Mixed-layer 0.00 0.00 0.00 12.60 8.30

Matrix
density,
g/mL

2.11 2.36 2.54 2.31 2.72

ωclays, % wt. 2.74 29.60 30.40 51.57 51.58

The main component of these rock samples is quartz and clays, which cement the
materials. The samples also contain pyrite in the concentration up to 8% wt., which is typical
for the Bazhenov formation [38]. The studied rock samples also demonstrate significant
variability in their mineral compositions. Sample 1 consists mainly of quartz with a low
total clay content, whereas samples 3–5 contain more clays. Therefore, a higher degree of
swelling in water is expected for these samples. Sample 2 has transitional characteristics;
however, sample 4 has the highest amount of calcite and mixed-layer clays which means
that its swelling properties may be different from other samples.

3.2. Bentonite Swelling

The first swelling experiment was performed with sodium bentonite to verify the func-
tionality of the constructed experimental setup. Swelling in water is the intrinsic property
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of bentonite, consisting mostly of montmorillonite. The experiment was performed using
0.2% wt. NaOH solution to increase the degree of bentonite swelling [39]. Temperature
and pump 2 pressure during the experiment were 110 ◦C and 23.6 MPa, respectively. The
test results of this experiment are shown in Figure 3.
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mental dependencies. (b) Measured sample rock volume change (black) and approximation with
logistic function (red) with parameters A2 = 3.37, A1 = −0.01, x0 = 19.77, p = 2.25 (see Equation (6)).

The results of the performed experiment verified the applicability of the constructed
experiment setup for studying rock swelling in reservoir conditions. It was also found that
the dependence of the rock volume expansion on time (see Figure 3b) can be approximated
by a logistic function with satisfactory agreement (R2 = 0.99). This approximation may
be included in fracturing simulation software to better predict fluid’s impact on the rock
properties and treatment results.

f (x) =
A1 − A2

1 +
(

x
x0

)p + A2 (6)

A2 here denotes the function upper limit and swelling rate, and A1 is calibration
coefficient, while x0 and p define the swelling rate and the curve shape.

Bentonite volumetric expansion after two days was 14% vol. (see Equation (2)). The
absorbed fluid/rock mass ratio calculated according to Equation (4) was 76 mg/g. The
measured value of the expansion factor is significantly lower than the swelling degree
of bentonite at ambient conditions [40,41], which can be explained by the difference in
disjoining pressure. During swelling, disjoining pressure resulting from the electrical
double layer makes clay microlayers repel each other [42], which causes clay swelling and
the detachment of clay particles. From this perspective, an external hydraulic pressure
of 23.6 MPa that was applied on the packed clay microlayers may decrease the swelling
degree, counteracting the disjoining pressure and shrinking the electrical double layer. This
explanation is consistent with the results that were obtained by Zhou et al. [35], which show
a significantly lower degree of swelling in a sample consisting of 90% montmorillonite
under confining pressure.

3.3. Swelling of Crushed Rock Samples in Alkaline Water Solution

This section describes the results of applying the constructed experimental setup for
studying the swelling of the rock samples in 0.2% wt. NaOH solution. Figure 4 show
the dependencies that were obtained during these experiments. The defined swelling
parameters for all samples are summarized in Table 3. Sudden step-like changes in volume
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of the samples in Figure 5 are explained by the minimal friction pressure between the
call cap and the swelling cell body, as well as between the piston and the cylinder in the
accumulator PA 1 (see Scheme 1 and Figure 3) which needs to be overcome to move the
cap and the piston. Work on addressing these effects is currently in progress.
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Table 3. Results of the crushed rock swelling experiments in the presence of 0.2% wt. NaOH solution.

Sample Volumetric Expansion
Coefficient, % vol.

Adsorbed Water/Rock
Mass Ratio, mg/g

R2 for the Approximation
with a Logistic Function

Parameters of the Logistic Function
A1 A2 x0 p

1 1.69 13.51 0.82 0 0.37 59.2 3.00
2 2.09 9.53 0.93 0.00 0.47 25.5 3.00
3 1.55 17.15 0.98 0.03 0.40 71.7 5.30
4 2.34 96.02 0.91 0.00 0.66 17.9 3.00
5 3.25 18.06 0.99 0.06 1.38 126.7 1.40Minerals 2022, 12, x FOR PEER REVIEW 11 of 19 
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The volumetric expansion coefficients that were obtained in these experiments are in
the range of 1.5–3% vol. This is consistent with previous studies [35] and significantly lower
than the volumetric expansion coefficient that was defined for bentonite. Such relatively low
values may be explained by the lower total clay content, the high content of non-swelling
and low-swelling clays (illite, chlorite, and kaolinite), and the previously described impact
of hydraulic pressure. Figure 5 shows the cross-plot for the volumetric expansion coefficient
and the clay content. The relatively high swelling of sample 1 on this plot can be explained
by the presence of anhydrite at a concentration of 2.9% wt. It is expected that anhydrite
(CaSO4) may react with water and turn into gypsum (CaSO4·2H2O). Gypsum is known to
have a higher specific volume than anhydrite [43], so some additional swelling is expected.
Further, the volumetric expansion of sample 4 is lower than expected because of the highest
mixed-layer clay content. This phenomenon may be due to the presence of calcite, which
distorts clay swelling by shielding the clay particles. As with bentonite, the change of the
volumetric expansion coefficient can be approximated by a logistic function (the minimum R2

is 0.82 for the first rock sample). According to Table 3, the A2 and p values for all samples
are, respectively, lower and higher than the same parameters for bentonite, indicating a lower
swelling rate and lower final swelling degree of the rock samples (excepting sample 5).

3.4. Swelling of Crushed Rock Samples in Hydrocarbon-Based Fracturing Fluid

This section describes the application of the constructed experimental setup for evalu-
ating the swelling of the studied rock samples in the hydrocarbon-based fracturing fluid,
with the composition described in the Section 2.1. Figure 6 shows the dependencies that
were registered during the experiments with samples 1–5. The swelling parameters that
were defined for all rock samples in the hydrocarbon fluid are provided in Table 4.
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Figure 6. Sample rock volume change during swelling of the crushed rock samples in the
hydrocarbon-based fluid in reservoir conditions, (a–e) for samples 1–5, respectively.

The swelling of shales upon contact with hydrocarbons was described earlier [29,44].
The proposed mechanism of this process is based on the absorption of hydrocarbons by
kerogen with the simultaneous change in its volume. The relatively low values of the
volumetric expansion coefficients that were observed in this study are consistent with the
results of computational studies [26]. We also expect that the volumetric expansion values
in the presence of oil in reservoir conditions will be lower because of kerogen saturation
with petroleum hydrocarbons.
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Table 4. Results of the crushed rock swelling experiments in the presence of the hydrocarbon-based
fracturing fluid.

Sample
Volumetric Expansion

Coefficient,
% vol.

Adsorbed
Hydrocarbon/Rock Mass

Ratio, mg/g

1 0.117 4.15
2 0.852 4.02
3 0.537 3.47
4 0.433 3.44
5 0.490 3.40

The analysis of the swelling dependencies that were obtained in the presence of the
hydrocarbon fluid showed that these data cannot be approximated with sufficient accuracy
using any known function. This fact highlights the complexity of the swelling process
and its strong dependence on the rock samples’ nature and hydrocarbon-based fluid
composition, which includes not only diesel fuel, but also orthophosporic ether and organic
aluminum salts. The obtained volumetric expansion coefficients also do not correlate with
the TOC values as shown in Figure 7.

Minerals 2022, 12, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 7. Absence of correlation between volumetric expansion coefficient and TOC for the swelling 

experiments with the hydrocarbon-based fluid. 

Clays have the largest surface area among all shale minerals and possess the highest 

lability. If the rock organic matter is predominantly deposited on certain clays, the 

clay/TOC ratio should indicate the accessibility of the organic matter to hydrocarbons. 

Indeed, a higher clay content for the same TOC will mean a lower thickness of the organic 

matter ”film“ on clay particles, and a higher contact area between the organic matter and 

hydrocarbons. This hypothesis agrees with some observations from the performed exper-

iments. For example, the defined volume expansion coefficient in the presence of hydro-

carbons for the studied samples demonstrates a reasonable correlation with the chlo-

rite/TOC mass ratio (see Figure 8). However, because of the lack of statistical data, this 

dependence is not certain and is the subject of further research. 

Figure 7. Absence of correlation between volumetric expansion coefficient and TOC for the swelling
experiments with the hydrocarbon-based fluid.

Clays have the largest surface area among all shale minerals and possess the highest la-
bility. If the rock organic matter is predominantly deposited on certain clays, the clay/TOC
ratio should indicate the accessibility of the organic matter to hydrocarbons. Indeed, a
higher clay content for the same TOC will mean a lower thickness of the organic matter
”film“ on clay particles, and a higher contact area between the organic matter and hydro-
carbons. This hypothesis agrees with some observations from the performed experiments.
For example, the defined volume expansion coefficient in the presence of hydrocarbons for
the studied samples demonstrates a reasonable correlation with the chlorite/TOC mass
ratio (see Figure 8). However, because of the lack of statistical data, this dependence is not
certain and is the subject of further research.
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Figure 8. Cross-plot for the volumetric expansion coefficient and chlorite/TOC mass ratio in the
swelling experiments with the hydrocarbon-based fluid.

A Pressure decrease after 4 h was observed in some experiments with the hydrocarbon
fluid (Figure 9). This behavior may be caused by kerogen deformation upon contact with
high-molecular hydrocarbons [29]. Swelled kerogen may change its mechanical properties,
leading to the rearrangement of a disintegrated rock pore structure. The detailed description
of rock shrinking upon contact with fluids requires further investigation.
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3.5. Rock Swelling in CO2

This section describes the application of the constructed experimental setup for study-
ing swelling of the rock samples in supercritical CO2 in reservoir conditions. Figure 10
shows the dependencies that were registered during these experiments. The defined
swelling parameters are listed in Table 5. The parameters of the logistic function for
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samples 2 and 3 were not provided because the experimental data could not be reliably ap-
proximated.
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Figure 10. Sample rock volume change during swelling of the crushed rock samples in supercritical
CO2 in reservoir conditions, (a–e) for samples 1–5, respectively. Black curves show measured data,
red curves show approximation with logistic function (see Equation (6)).

According to the obtained results, the volumetric expansion coefficients in the presence
of CO2 and the hydrocarbon-based fluid are close to each other. This is consistent with
results of other studies and indicates CO2 interaction with the organic matter of the rock.
Further, some of obtained swelling dependences can be well approximated by logistic
function (see Figure 10).
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Table 5. Results of the crushed rock swelling experiments in the presence of supercritical CO2.

Sample
Volumetric Expansion

Coefficient, % vol.
R2 for the Approximation
with a Logistic Function

Parameters of the Logistic Function

A1 A2 x0 p

1 0.022 0.99 0.00 0.006 1.27 3.00
2 0.103 - - - - -
3 0.305 - - - - -
4 0.115 0.98 0.00 0.037 6.80 3.3
5 0.383 0.90 0.00 0.140 0.25 0.4

Figure 11 shows the cross-plot between the volumetric expansion coefficients that
were obtained in the experiments with CO2 and TOC of the used samples. The obtained
near-linear dependence can be explained by the quick penetration of the low-viscous CO2
into the rock matrix and its absorption within the volume of the agglomerates of the organic
matter. However, further studies are required for validation of this hypothesis because of
the insufficient amount of available statistical data.
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4. Conclusions

Optimization of the composition of drilling, stimulation, and workover fluids for
shale reservoirs requires the development of experimental methods for studying rock/fluid
interactions in reservoir conditions. In this paper, we describe the development of a new
quantitative experimental method for studying formation rock swelling in the presence
of various fluids and provide the results of its practical application. The proposed ex-
perimental setup enables the continuous measurements of changes in the rock volume
during rock–fluid interaction. This setup can be used to evaluate the swelling properties in
reservoir conditions with different types of fluids, including gases, foams, and water-based
or hydrocarbon-based fluids. The reliability of the proposed experimental methodology is
proven by the results of the swelling test with bentonite, as well as during the experimental
study using the rock samples from the Bazhenov formation.

The performed experiments demonstrated that water-based fluids cause swelling of
the studied shale rock samples. The measured rock volume expansion factors were 1–3%
vol. and they directly correlated with the clay content in each sample. These results are
consistent with the previously reported data for the swelling of shale samples at a confined
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pressure. Such a low magnitude of rock expansion, however, may be critical in shales with
ultra-low permeability. Some difference between the obtained and previously reported
expansion coefficients can be explained by a difference in the rock composition and the
composition of the used water-based fluids. The detailed study of the impact of these
factors on rock swelling, including the impact of formation fluids on various formation
layers, is the subject of our future research.

Exposure of the rock samples to a hydrocarbon-based fluid also caused rock expansion
in reservoir conditions with the duration of the swelling period up to 4 h. This effect was
explained by the hydrocarbons’ absorption by the organic matter of the rock. Interpretation
of the experimental data indicated that further exposure of the rock samples beyond the
4 h period to the hydrocarbon-based fluid might lead to a reduction in the rock bulk
volume. This can be explained by kerogen deformation upon contact with high-molecular
hydrocarbons and it is the subject of further research.

Exposure of the rock samples to supercritical CO2 in reservoir conditions also caused
rock swelling. The obtained swelling degree was similar to the swelling degree in the
presence of the hydrocarbon-based fluid.

We conclude that the observed phenomena may lead to a permeability impairment
in the near-fracture area with the subsequent reduction in a well production performance.
Application of the proposed experimental methodology should resolve this problem by
providing the tools for engineering the fluid composition with quantification of the fluid
impact on rock properties in reservoir conditions.
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