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Abstract:

The study of the influence of cyclic loading on the permeability of rocks has been
conducted for a long time. Despite the extensive research database, the actual reasons
for the decrease in permeability during loading have not been fully revealed. One of these
reasons, as described in the research, is the migration of colloids. This paper presents the
findings of a study on colloid migration as one of the causes of permeability degradation
in porous rocks under cyclic loading. Permeability is measured by injecting nitrogen
at a constant pressure. The cyclic loading program is designed to eliminate the effects
of residual deformations, creep, and gas slippage. Direct and reverse nitrogen blowings
with increased injection pressure were performed between loading cycles. These blowings
promote colloidal movement within the porous medium, blocking pore throats and changes
in permeability. A notable aspect of this work is that cyclic testing was performed before
and after the saturation and drying procedure. Stuck colloids that cannot be moved by
blowing are mobilized during saturation and drying. Comparative tests of cores after
saturation and drying confirm the effect of colloid migration on permeability and enable the
examination of whether plastic deformations caused permeability degradation in previous
loading cycles. Additionally, it was observed that when saturated, new colloids can detach
due to the Rehbinder effect, significantly reducing permeability.

1. Introduction

Currently, using porous underground rocks as natural reser-

To predict the performance characteristics of reservoirs, it is
necessary to model the changes in permeability during cyclic

voirs for storing natural gas and hydrogen is highly relevant
(Liu et al., 2010; Metwally and Sondergeld, 2011; Heller et
al., 2014; Wu et al., 2023). Aquifers and depleted oil and
gas fields are used for underground gas storage (Siqueira
et al,, 2014; Haghi et al., 2018; Gao et al., 2020; Ge et
al., 2022; Almutairi et al., 2023). During the operation of
natural reservoirs, the injection and extraction of gases cause
seasonal cyclic changes in reservoir pressure. These cyclic
pressure fluctuations gradually degrade the reservoir prop-
erties, resulting in decreased efficiency and reduced service
life of the reservoirs (Yang et al., 2015; Vogler et al., 2016;
Anyim and Gan, 2020; Zhou et al., 2020; Kluge et al., 2021).

filling and emptying. To achieve this, rock samples are tested
under laboratory conditions using cyclic confining pressure to
simulate variations in pore pressure (Yang and Hu, 2018; Lei et
al., 2020; Liu et al., 2020; Xin et al., 2021; Wang et al., 2022;
Kozhevnikov et al., 2023). Numerous experimental studies
have observed that the curves depicting the reduction and
restoration of permeability under loading are most accurately
represented by power law functions (Li et al., 2014; Zheng
et al., 2015; Milsch et al., 2016; Kozhevnikov et al., 2021;
Nolte et al., 2021; Stanton-Yonge et al., 2023). Experimental
equations may be the most straightforward approach to model
permeability. However, when cyclic loading is involved, the
permeability of rocks tends to decrease gradually. Further-
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more, the permeability curves do not align across all cycles,
and permeability hysteresis becomes apparent (Selvadurai and
Gtlowacki, 2008; Civan, 2021).

Typically, authors attribute the decrease in permeability
for porous and fractured rocks under cyclic loading primarily
to mechanical compaction (Hofmann et al., 2016; Yang and
Hu, 2018; Blocher et al., 2019; Chen et al., 2022; Wang et
al., 2022). Elastic and plastic deformations during loading
result in a reduction of pore channel size and a decrease
in hydraulic conductivity. During unloading, the flexible ex-
pansion of pore channels partially restores permeability, but
not entirely. To accurately assess the impact of mechanical
compaction on permeability, it is essential to determine the
extent to which elastic and plastic deformations contribute
to the decrease in permeability. It is also necessary to ex-
amine whether plastic deformations permeability at relatively
low loads, considering the Kaiser effect, which suggests the
absence of irreversible deformations.

2. Materials and methods

Eight dry samples were used in this study — four porous
limestone samples and four sandstone samples (with a diame-
ter of 30 mm and length of 30 mm) obtained from a depth of
1,500 m. These rocks were oil-bearing and were sourced from
the C1bb and C2b formations in the Perm region of Russia.
The properties of the rock samples are presented in Table 1.

Evaluating the impact of mechanical compaction on per-
meability poses a challenge because current methods measure
apparent permeability, not true permeability. The movement
and transportation of colloids in a porous medium occur during
the flow of fluids and gases (Bedrikovetsky et al., 2011;
Torkzaban et al., 2015; Deb and Chakma, 2022; Kozhevnikov
et al., 2022b; Wang et al., 2023). However, routine core
tests do not assess the effect of colloids on permeability
(Raziperchikolaee, 2023). Previous studies (Kozhevnikov et
al., 2022a, 2023) have shown that the measured permeability
can be influenced by colloidal migration during fluid and gas
injection. While a decrease in permeability was observed in
samples upon kerosene injection (Kozhevnikov et al., 2022b),
the effect of colloid migration on rock transport properties was
not always observed during nitrogen injection (Kozhevnikov
et al,, 2023). Due to their low viscosity and detachment
forces, the low mobilization activity of gases necessitates
high-gradient blowings between loading cycles to assess the
presence of colloids in core samples and their impact on
permeability. Blowings between loading cycles can lead to
a 20% decrease in permeability through colloid migration,
but experimental studies have shown that blowings did not
change permeability in all samples. At the end of testing,
an equilibrium state was established in the samples, in which
colloid migration was no longer possible, and some pores were
blocked, resulting in unchanged permeability. This raises ques-
tions: Were no colloids present in the samples with constant
permeability, or were they not formed during cyclic loading?
After testing in samples with stable permeability, is further
colloid migration possible, and would it cause an increase or
decrease in permeability? Can the samples be cleaned from
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colloids, and what would be the resultant permeability?

These questions can be answered by directly observing the
pore space, such as computed tomography (CT). Computed to-
mography allows for the evaluation of the internal structure of
rocks and any changes that may occur. Assessing the structure
of rocks is a relatively simple task, even at low resolution.
However, identifying subtle changes becomes challenging,
even with high resolution and under significant loads, as in
the example of work (Hu et al., 2020), where the confining
pressure reaches 36 MPa, and changes in the structure are
barely noticeable. It is important to note that the accuracy
of comparative tomography is influenced by the presence
of reference points and the precision of sample positioning
during tomography. Even a slight displacement of tomogram
layers during scanning significantly affects the final image
and complicates the identification of changes in the porous
medium after loading. In situ measurements can address this
issue but require specialized equipment that may not always be
available in core research institutes. Therefore, there is a need
for simple and accessible testing methods to assess the effect
of colloids on the permeability of rock samples. To evaluate
the factors contributing to the final change in permeability, we
have proposed a new technique, outlined below.

The structure of the samples was studied using scanning
electron microscopy and CT. Based on the tomography results,
three-dimensional (3D) models (Fig. 1(a)) and the connected
pore space of the samples were obtained (Fig. 1(b)). To-
mography showed the relative homogeneity of the samples
and the absence of cracks and compactions, which allows
for comparative studies and acceptance of these samples as
homogeneous. The resulting microphotographs clearly show
the mineral grains (quartz crystals in Fig. 1(c)), pores, and tiny
particles with sizes of several microns, fragments of mineral
grains and cement. Grains, small pores, and colloids (Fig. 1(c))
and their sizes are not distinguishable on CT scans with a
resolution of 30 um (Fig. 1(b)), which is a common problem
when using microtomographs. However, even the use of nan-
otomography does not allow for assessing the movement of
colloids inside the pores. This is because colloids are usually
attached to the pore walls, making them difficult to distinguish
from the rock matrix. Additionally, tomography determines the
integral porosity, and the contribution of colloids to porosity is
minimal, with their movement within neighboring pores hardly
noticeable. Our CT studies (Kozhevnikov et al., 2023) showed
no changes in the porous medium after cyclic testing. How-
ever, the permeability of some samples decreased significantly
at the end of testing. To investigate the factors influencing the
final decrease in permeability, a new approach was proposed
by saturating and drying the samples between cyclic testing.
The research methodology is shown below:

Primary testing

1) Preparation of core samples. Preparation was carried out
according to standard methods, and samples were cleaned
and dried to constant weight;

2) Samples are installed in a core holder of UltraPoroPerm-
500;

3) In the core holder, an initial confining pressure of 2.76
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Table 1. Rock samples used in the research and their properties.

No. Rock type Porosity, % Initial permeability, 107 yum® Mass. & GradP, MPa/m
Before S/D  After S/D Before S/D  After S/D
1 Limestone  14.79 35 46 47.589 47.587 0.621
6 Limestone  14.14 346 370 46.684 46.684 0.046
9 Limestone  14.97 156.1 146 46.174 46.173 0.131
20  Limestone 15.63 40.8 34 45.446 45.447 0.518
51 Sandstone  11.58 13.1 9.28 37.484 37.464 0.502
61 Sandstone  11.08 6.96 6.37 41.880 41.844 0.883
131  Sandstone 15.19 134.1 140.7 38.777 38.753 0.047
181 Sandstone 15.19 442.5 463.3 41.469 41.427 0.014

Notes: S/D-saturation drying procedure.

Fig. 1. (a) 3D model of a sandstone sample obtained using CT results (Diameter: 30 mm), (b) connected pore space of a
sandstone sample, with voids shown in black and matrix in shades of gray, (c) magnification x400 and (d) magnification
x 1000 of the surface of Sample 51, and (d) micrograph x 1000 of the surface of Sample 51.

4)

MPa is created, the sample is held for 30 minutes;

The first cycle of core testing while injecting nitrogen
constantly. Nitrogen was injected constantly throughout
the study to minimize the slippage effect. During injec-
tion, confining pressure changed according to the program
(Fig. 2). Initial confining pressure-2.76 MPa, maximum-
13.8 MPa, pressure step-2.76 MPa, injection time at each
step-2~3 minutes. During tests, sensor data was recorded

on a computer one measurement per second. Based on the
data obtained, instantaneous permeability (k) is calculated
using the Darcy equation:

2UQLF,
Pl p2) M
N (Pm —F, a )
where p is the viscosity of nitrogen (Pa-s), Q is the
flowrate (m3/s), L is the length of the sample (m), P,

k=
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Fig. 3. (a) core samples immediately after saturation with alcohol and (b) core samples after 10 minutes of drying at room

conditions.

is the atmosphere pressure (Pa), S is the samples’ cross-
section (m?), P, is the injection gas pressure (Pa);

5) After the first injection cycle, direct blowing is performed
with a pressure gradient of 0.69 bar/cm (10 psi/cm) for
2 minutes;

6) Next, the test and blowing cycles (steps 4 and 5) are
repeated several times. Depending on how permeability
stabilizes, blowing was carried out in both forward and
reverse directions.

Saturation/drying

7) After the primary testing, the core is removed, weighed
and wrapped in filter paper, to be saturated with isopropyl
alcohol. Paper is used to minimize contamination of the
core during saturation. The samples were placed in a
vacuum saturator so that, upon saturation, the alcohol
flow coincides with the direction of the nitrogen injection
during the primary testing;

8) After saturation, the filter paper is removed, and the sam-
ples are left to dry at room temperature until a constant
weight is achieved (Fig. 3). The samples are positioned
with the arrow on the side surface pointing downwards,

indicating the direction of injection. In this position,
isopropyl alcohol evaporates, and the alcohol meniscus
moves from top to bottom. Thus, during evaporation,
the movement of the alcohol meniscus causes colloids
to migrate in the forward direction;
Secondary testing

9) After drying the samples to constant weight, research is
carried out by program for Primary testing (points 2-6).

The cyclic test program is similar to the procedure de-
scribed in the work (Kozhevnikov et al., 2023) where high-
gradient (6.9 MPa/m) nitrogen blowings were performed be-
tween cycles in both forward and reverse directions. Fig. 4
depicts the permeability dynamics of sample No. 9 under
cyclic confining pressure (Fig. 4(b)). The graphs in Figs.
4(c)-4(e) indicates that the permeability in different cycles
was unpredictable and did not correspond to changes in the
confining pressure. This confirms the theory that permeability
changes occur due to colloidal migration. Blowings in the
forward (Fig. 4(f)) and reverse (Fig. 4(g)) directions result
in jumps in permeability between cycles (Figs. 4(h)-4(j)) due
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Fig. 4. (a) Permeability dynamics of sample No. 9, where the black line represents permeability and the blue line represents
the confining pressure program. Vertical lines indicate blowings between cycles, (b) schematic representation of the core in the
core holder during permeability measurement, (c, d, e) examples of permeability dynamics during loading/unloading cycles, (f,
g) schematic representation of the core in the core holder during blowings, and (h, i, j) jumps in permeability between cycles

as a result of blowings.

to colloid migration.

3. Results and discussion

Permeability dynamics over time under cyclic loading are
presented in Fig. 5. A stepwise increase and decrease in
confining pressure are one cycle; blowings were carried out
between cycles at a minimum confining pressure of 2.76 MPa.
The graphs do not show blowings and their direction; the
cycles are not numbered to avoid overloading the graphs.

Analysis of the permeability dynamics under cyclic loading
allowed the following general observations to be drawn.

3.1 Primary testing

In limestone samples, blowings led to unpredictable
changes in permeability. For sample No. 1, permeability
remains stable during primary testing, with consistent changes
in each cycle (red line, Fig. 5(a)) due to elastic deformations.
In sample No. 6, a significant decrease in permeability is
observed during unloading in the first cycle, which is unusual

for mechanical compaction. Generally, the effect of blowing
on permeability is noted only at the end of primary testing
(red line, Fig. 5(b)). During primary testing, samples No. 9
and 20 exhibit a substantial decrease in permeability after the
first blowing between the first and second cycles (red line in
Figs. 5(c) and 5(d)). In subsequent cyclic loading, permeability
changes unpredictably, with observed jumps in permeability
between blowings.

In sandstone samples, the effect of blowings on permeabil-
ity is less clear, with minimal visible jumps in permeability
between cycles on the graph (Figs. 5(e)-5(h)). Permeability
dynamics primarily result from deformations and coincide
with the loading path in all cycles (Figs. 5(e)-5(h)).At max-
imum load, the permeability of samples 51 and 61 remains
constant, although the initial permeability is slightly higher
than the final value, indicating incomplete opening of mi-
crocracks during unloading. For samples No. 131 and 181,
an increase in permeability is observed with each subsequent
cycle at maximum load, and at the end of primary testing,
the permeability exceeds the initial value. In highly permeable
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Fig. 5. Dynamics of permeability under cyclic confining pressure for core samples (a) 1, (b) 6, (c) 9, (d) 20, (e) 51, (f) 61,
(g) 131 and (h) 181. The red solid line is permeability before saturation, the green line is after drying, the blue solid line is
confining pressure. The vertical dotted line shows the boundary between tests at which samples were saturated and dried.

samples No. 131 and 181, residual deformations have minimal
impact on permeability.

3.2 Secondary testing after saturation and
drying

Primary testing indicated that blowings did not affect the
permeability dynamics in all samples, possibly due to insuf-
ficient detachment force. Additionally, in specific samples, a
permanent decrease in permeability occurred after initial cyclic
testing for unclear reasons. To induce colloid migration or
eliminate potential colloidal plugs, the internal equilibrium of
the samples was disrupted by saturating them with isopropyl
alcohol and drying them.

After the saturation and drying procedure, the following
observations were made.

The saturation and drying procedures greatly affected the
permeability of carbonate samples. In samples No. 1 and
6, there was a significant increase in permeability at the
beginning of secondary testing. Compared to primary testing,
the increase in permeability was approximately 32% and
40% for samples No. 1 and 6, respectively. Additionally,
in sample No. 1, blowings began to affect the permeability,
resulting in jumps in permeability between cycles. However,
the permeability stabilized by the end and became the same

as in primary testing (green line in Fig. 5(a)). In sample
No. 6, after saturation and drying for the first three cycles,
the permeability corresponded to elastic deformation, and the
influence of direct blowing was not observed. However, reverse
blowing decreased in permeability to values similar to those
at the end of primary testing (green line in Fig. 5(b)).

In sample No. 9, the saturation and drying procedure led
to a slight decrease in permeability during secondary testing,
causing even greater chaos in its dynamics (green line in
Fig. 5(c)). In sample No. 20, after saturation and drying, the
permeability became slightly higher than at the end of primary
testing, but then followed a similar trend (green line in Fig.
5(d)). In both samples No. 9 and 20, the permeability during
secondary testing did not correspond to the loading observed
in primary testing. This suggests that other factors significantly
influence the permeability.

In low-permeability sandstone samples No. 51 and 61,
there is an overall decrease in permeability after saturation and
drying compared to the primary testing (Figs. 5(e) and 5(f)).
The saturation and drying procedure did not significantly alter
the permeability path, which remained unchanged throughout
loading cycles after blowing. The absolute value of permeabil-
ity amplitude during loading and unloading decreased from
approximately 1.8 mD in primary testing to about 1.4 mD in
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secondary testing. Still, the percentage ratio remained constant
at around 15%.

In samples No. 131 and 181, no noticeable changes were
observed after saturation and drying. Both samples exhibited a
gradual increase in permeability during cyclic loading, which
contradicts the theory of mechanical compaction’s influence
on permeability.

According to the classical theory, the main reason for
changes in permeability under loading is the mechanical
compaction of rocks due to elastic and plastic deformations, as
observed in our laboratory studies. However, the permeability
dynamics under loading also exhibit the following features:

¢ Residual deformations and creep do not cause jumps in
permeability between blowings, as the confining pressure
is low and constant, and blowing lasts a relatively short
time (2 minutes).

o The permeability dynamics in each cycle differ and
sometimes do not correspond to the confining pressure,
especially in limestone samples.

« Saturation and drying result in different changes in per-
meability for samples, despite using rock-neutral lig-
uid (isopropyl alcohol). Some samples show noticeable
increases in permeability, while others experience de-
creases.

« In some samples, permeability increases during cyclic
loading, both during primary testing and after saturation
and drying. This increase cannot be attributed to dilatation
due to the relatively low confining pressure. The maxi-
mum confining pressure is 13.8 MPa, three times lower
than natural rock pressure, making plastic deformations
unlikely.

The listed facts indicate that extraneous factors influence
the permeability of samples in addition to deformations.
Colloid migration plays a role in changing the transport
properties of rocks, as indicated by studies (Kozhevnikov et
al., 2021, 2022a, 2023; Turbakov et al., 2022; Riabokon et
al., 2023). The mechanism of colloid migration’s influence
on permeability is described in Fig. 6. During primary testing,
colloids detach from pore walls and accumulate in bottlenecks,
reducing the transport properties of the porous medium (Fig.
6(a)). In the first cycle, colloid migration occurs extensively,
but its effect on permeability under loading remains uncer-
tain. During unloading, colloids should affect permeability,
resulting in anomalous dynamics: increased permeability due
to pore unblocking or a continuing decrease. Examples of
anomalous permeability dynamics in the first cycle are shown
in Figs. 5(b) and 5(d) for samples No. 6 and 20, respec-
tively. In other samples, the exact cause of the permeabil-
ity decrease is unclear, and classic permeability hysteresis,
typically attributed to mechanical compaction, is observed.
The influence of colloids on permeability dynamics is not
observable for two reasons. Firstly, colloids may be absent,
and secondly, the nitrogen flow is insufficient for colloid
migration. In cases where colloids are initially absent in the
samples, the first cyclic loading can result in micro-fractures,
grain disintegration, and cement fragmentation. Blowings were
conducted between cycles to assess the presence and migra-
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tion of colloidal particles and their impact on permeability.
Blowings facilitate enhanced particle detachment, migration,
and pore blockage (Fig. 6(b)). Forward blowing leads to a
decrease in permeability (Fig. 6(b)), while reverse blowing
causes an increase in permeability. After blowing, the particles
become poorly mobile in a porous medium due to increased
Coulomb forces when electrostatically charged by a flow. They
occupy stable positions in narrow areas, blocking pores (Fig.
6(c)) and reducing permeability. This effect is evident in the
jumps observed in the permeability dynamics of samples No.
9 and 20 during primary testing, and sample No. 1 during
secondary testing. In subsequent cycles, the flow velocity is
low and insufficient to detach and move particles, resulting
in stable permeability dynamics (Deb and Chakma, 2022;
Kozhevnikov et al., 2022b). This phenomenon is observed in
the second cycle across all samples. The effect of blowing on
permeability is not observable in other limestone samples and
all sandstones.

More force must be applied to detach particles, which can
be achieved by a higher flow rate or a change in the viscosity
of the injected agent. In our work, to mobilize stuck colloids
after primary testing, we saturated samples with isopropyl
alcohol and then dried them at room conditions without load.
Saturation with fluid facilitates the mobilization of particles
due to surface tension, similar to the observed ’coffee ring’
effect (Mampallil and Eral, 2018). The ’coffee ring’ effect
refers to the movement of colloidal particles within a droplet
during evaporation. When core samples are saturated, fluid
moving along the pore channel detaches colloids from the
walls through surface tension (Fig. 6(d)). Dispersed colloids
within the fluid can migrate through the pores and accumulate
in the pore throats (Fig. 6(e)). During evaporation, the moving
alcohol meniscus, with high colloid concentrations, blocks
pore throats (Fig. 6(f)). Since the flow of alcohol does not have
a clear direction from one face of the sample to another due to
the heterogeneity of the porous medium and wetting from the
side surface upon saturation, colloidal movement can occur
in any direction, potentially blocking pores either along the
injection path of nitrogen (Fig. 6(g)) or in the reverse direction
(Fig. 6(1)). In either case, the movement of colloidal particles
during saturation and drying can be indirectly determined by
the dynamics of permeability in secondary testing, as observed
in the results of our studies (Fig. 5).

In addition to colloid migration, saturation with isopropyl
alcohol leads to the detachment of new particles. Under cyclic
loading, sufficiently large particles inside a porous medium
can crack but remain attached to the matrix (Fig. 1(d), Fig. 6,
large dark blue particle). Since these particles remain attached
to the matrix, detachment during gas injection is impossible
due to insufficient force. Upon saturation, microcracks be-
come wetted and experience growth due to the Rehbinder’s
wedging effect, resulting in detachment and liberation of large
particles (Figs. 6(d)-6(f)). However, the mobility of these
particles is limited due to their size, preventing them from
moving far with the flow (Figs. 6(g)-6(i)). Large particles
can only roll within a few pores, significantly affecting pore
conductivity. As a result, subsequent blowing cannot displace
them, leaving permeability unaffected. This effect is observed
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(a) Measurement

(d) Saturation

(b) Blowing

(e) Saturated

(h) Measurement
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(c) Measurement

(f) Evaporation

(i) Measurement

Fig. 6. Schematic representation of colloid migration during the first core test (a-c). (a) migration of colloids during permeability
measurements, (b) migration of colloids during blowings, (c) state of the porous medium after blowings, (d) Migration of
colloids during saturation, (e) Dispersed colloids and detached particles in saturated porous media, (f) Migration of colloids
during drying, (g) The distribution of colloids and detached particles in a porous medium after saturation/drying, (h) during
permeability measurements in the forward, and (i) reverse directions. The rock matrix is represented by light blue, while
colloids and weakly attached particles are depicted in dark blue. Black arrows indicate the direction of nitrogen flow in tests,

and yellow indicates isopropyl alcohol used for saturation.

in low-permeability sandstone samples No. 51 and 61. In
secondary testing, the permeability became significantly lower
(Figs. 5(e) and 5(f)), but the dynamics under cyclic loading
remained unchanged. Evidence of particle detachment due to
wetting is observed through changes in sample mass and the
presence of sand grains in the filter paper after saturation. In
limestones, the decrease in mass before and after saturation is
approximately 0.002 g, which is close to the measurement
error. Limestones are more consolidated and fine-grained.
In limestones, the destruction of grains on surfaces due to
compression is not observed. A change in permeability at a
constant mass after saturation and drying indicates internal
migration of particles and minimal destruction of surface
grains in limestones. In sandstones, the decrease in mass is
more noticeable after saturation and drying, ranging from 0.02
to 0.042 g. The most significant decrease in mass occurs in

the more porous and coarse-grained samples No. 131 and
181. In granular sandstones, mechanical cracking of some
grains occurs without separation under dry conditions when
loaded. The same damage occurs inside the samples, leading to
particle detachment and a change in permeability. The greatest
effect from destruction upon saturation is observed in samples
where the size of the particles being broken off is comparable
to the size of the pore throats. This explains the significant
decrease in permeability observed in sandstone samples No.
51 and 61, while in samples 131 and 181, permeability remains
the same at the beginning of secondary testing.

After drying, an initial state is formed inside the pore space
due to the transfer of colloids and the detachment of new free
particles due to alcohol saturation (Fig. 6(g)). The movement
of alcohol during saturation and drying may not only be axial
in the forward but also radial and reverse directions due to
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Fig. 7. Microphotographs of samples No. (a) 1, (b) 6, (c) 8, (d) 9, (e) 51, (f) 61, (g) 131 and (h) 181. All photographs are
given with the same scale to compare the sizes of pores and grains.

the sample’s heterogeneity. Consequently, when measuring
permeability, colloidal plugs can be directed (Fig. 6(h)) or
reversed (Fig. 6(i)) relative to the flow and the permeability
may increase (Figs. 5(a), 5(b), 5(d) and 5(g)) or decrease (Figs.
5(c), 5(e), 5(f) and 5(h)).

Different samples exhibit varying permeability dynamics.
The impact of blowings, saturation, and drying procedures
is more pronounced in limestone samples, while sandstones
show less susceptibility to changes in permeability. The study
conditions foster the mobilization and migration of colloids
within a porous medium, leading to the blocking and un-
blocking of pore channels. The injection involved the same
flow rate, ensuring equal detachment forces for all samples.
However, the structure, shape of grains, and pore space ge-
ometry differ across the samples, influencing the number and

size of colloids present, and potential colloid traps, such as
bottlenecks. Micrographs in Fig. 7 display sample surfaces,
all presented on the same scale to easily compare pore struc-
ture and size. Microstructure analysis reveals that limestone
samples possess a fine-crystalline structure with secondary
crystals on pore walls (Figs. 7(a)-7(d)). These seemingly
well-attached small crystals could be a primary source of
colloids within the pores, as their deformation during loading
contributes to detachment. Another factor contributing to pore
blockage is the ability of particles to migrate within the pores,
affecting their accumulation in bottlenecks. Larger pores in a
medium not only facilitate the formation of larger debris but
also enable more profound particle migration, resulting in a
more significant decrease in permeability. These assumptions
are validated through experimental evidence. In limestone
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samples, the irregular shape of the pores (Figs. 7(a)-7(d))
contributes to the breakage of large crystals that can obstruct
highly conductive pores. This observation is reflected in the
permeability dynamics observed after blowings (Figs. 5(a)-
5(d)).

In sandstones, the impact of blowing is not visible. The
slightest influence of blowing was observed in samples with
low permeability (No. 51 and 61). Samples No. 131 and
181 exhibit permeability dynamics that do not correspond to
mechanical compaction, possibly due to colloid migration.
The lack of blowing influence on samples No. 51 and 61
can be explained by their dense matrix and relatively large
quartz grains, comparable to or larger than pore size (Figs.
7(e)-7(f)). Moreover, detachment of new crystals is unlikely
under low loads and dry conditions. Even if they exist, these
crystals cannot move deeper and remain confined within the
pore. Since samples No. 51 and 61 have pore sizes similar to
crystals, particle cracking leads to a decrease in permeability.
In highly porous sandstones, individual channel blockage has
insignificant effects on overall permeability change. The main
source of colloids in highly permeable sandstone samples No.
131 and 181 is cement, which has lower strength and tends
to chip when located on the edges of quartz grains. The
limited presence of cement in the sandstone samples explains
the minimal impact of blowing and the saturation and drying
procedure on permeability dynamics.

4. Conclusions

The paper presents the results of laboratory studies on
the influence of cyclic loading on the transport properties
of limestone and sandstone samples. The research results
confirm our earlier theory that the migration of colloids affects
its dynamics when measuring permeability. An additional
mechanism for assessing the effect of colloid migration on
permeability is proposed. It involves saturating and drying
core samples with isopropyl alcohol between cyclic tests. The
following conclusions were obtained:

1) The observed permeability dynamics indicate a significant
influence of colloid migration during measurements. In
limestone samples, the effect of colloidal migration is
visible, manifesting as jumps in the permeability line
between cycles. This discrepancy between permeability
and the loading path is not a result of residual defor-
mations and creep. The effect of colloid migration on
the permeability dynamics of sandstone samples is less
obvious.

2) The permeability dynamics on each cycle differ and
sometimes do not correspond to the confining pressure.

3) The new technique allows for the verification of colloid
migration and shows that the initial permeability of the
samples can deteriorate.

4) Saturation and drying of samples lead to different changes
in permeability. Saturation and subsequent drying pro-
mote the migration of colloids within the pore space.
When wetting, isopropyl alcohol removes the electrostatic
charge from colloidal particles, detaching them into the
fluid volume. During drying, the meniscus movement
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promotes the movement of colloidal particles more pro-
foundly into the pore space due to surface tension,
similar to the “coffee ring effect”. The proposed concept
correlates well with the change in permeability at the
end of the primary and at the beginning of the secondary
testing during saturation and drying, further confirming
the theory about the influence of colloids when measuring
permeability.

5) The change in mass and permeability after saturation and
drying shows that the slight change in mass of limestone
means that few particles break off from the surface of the
samples. However, the permeability changes significantly,
indicating particle movement within the pore space. In
sandstones, the change in mass is significant due to the
spalling of particles by the Rehbinder effect.

The research results can be used to model natural gas or
hydrogen reservoir permeability during filling and emptying
cycles. During injection, the rocks around the well dry, and
during gas withdrawal, water enters and wets the porous
medium. It is essential to consider the migration of colloids
during saturation and drying when injecting and withdrawing
gases.
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