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The study of the transport properties of porous rocks under cyclic loading is important for predicting the operation of
underground reservoirs for storing natural gas or hydrogen, in which the pore pressure fluctuates during seasonal extraction or
filling. Under cyclic loading, the permeability of rocks decreases irreversibly, however, despite a significant amount of research,
there is a gap in understanding the true causes of this decrease. The paper presents the results of experimental studies of the
effect of cyclic loading on the permeability of porous limestones and sandstones. The mechanism of permeability hysteresis is
revealed. Incomplete recovery of permeability during unloading is due to the presence of a threshold for the opening of
microcracks in rocks. The effect of colloid and fines migration when measuring the permeability of samples is also established.
The magnitude of permeability change under cyclic confining pressure exhibits a strong correlation with initial permeability.
Our findings indicate that in porous sandstones and limestones with initial permeability below 50 mD, permeability degradation
is primarily attributed to microcrack closure. The impact of colloid migration is less evident in less permeable rocks, likely due
to reduced colloid mobility. However, for rocks with initial permeability exceeding 50 mD, both compaction and the migration
of colloids and fines contribute to permeability reduction. In more permeable rocks, colloid mobility is higher, potentially
leading to significant permeability reductions of up to 60%.

Hsydenvie (rIbTPalOHHBIX CBOIMCTB MOPUCTHIX NOPOJ MPH HUKIMYECKOM HarpyXeHHH BaKHO I IPOrHO3MPOBAHKA HCIOJIb30BAHMUA
MO/I3eMHbIX Pe3epBYapoB JUIA XpaHeHHsA NMPUPOJHOrO rasa WM BOJAOPOAA, B KOTOPHIX NOPOBOE MAaBjieHHe KosieGyeTcsa B Ipolecce
CE30HHOH NOOBYM WIM 3amoyiHeHHs. [Ipy IMKJIMYeCKOM HarpyKeHHWH IPOHHIIAEMOCTh NOPOJI HeoOpaTHMO yMEHbIIAeTCsl, OJHAKO,
HEeCMOTPsl Ha 3HAYMTesIbHBIE 00beM HCCIIeJOBaHHA, CyllecTByeT Npobesl B MOHUMAHMK MCTUHHBIX IPUYMH 3TOTO CHIDKeHHA. B paGote
TNIpeACTaBJIEHbl PE3yJIbTaThl SKCIIEPHIMEHTAIbHbIX I/ICCJIGL[OBBHI/[[Z BJIMAHNA LMUAKJIMYECKOI0 HarpyXeHrs Ha IPOHHIAEMOCTb IOPHCTHIX
U3BECTHSAKOB U MECYaHWUKOB. BBIABIEH MexaHU3M rucrepesrca IpOHHUIAEMOCTHU. HenosnHoe BoccTaHOBIIEHUE TIPOHUIIAEMOCTU TIpU
pasrpysKe 00yCJIOBJIEHO HaJIMYHeM [I0pora PacKphITHA MUKPOTpENIVH B opofax. Takke yCTaHOBJIEHO BJIMAHUE MUTPAIUY KOJUIOUIOB U

MEJIKOJVICIIEPCHBIX YaCTUIl MPY M3MEPEHUH MPOHMLAEMOCTH 00pasLioB. BesumHa M3MeHEHUs MPOHHUIAEMOCTH NPU ILUKJINYECKOM
BCECTOPOHHEM [IaBJIEHUH OOHApYXMBAaeT CIJIBHYI0 KOPPEJIALMIO C HAvyaJbHOM [POHUIAEMOCTHIO. Pe3yJsbTaTel HCCIIeOBaHMIT
MOKA3bIBAIOT, YTO B MOPHCTHIX [ECYAHHMKAX M M3BECTHAKAX C HAYaJIbHOM IPOHMIIAEMOCTHI0 HiDke 50 M/l yXy/AlleHre MPOHMI[AEMOCTH B
MEPBYI0 OYepefib CBA3AHO C 3aKPhITHEM MUKPOTpEIVH. BiisiHWe Murpanyy KOJUIOMZOB MeHee OYEBHIHO B MeHee MPOHMLAEMBIX
MOpOJIax, BEPOSATHO, M3-3a CHIDKEHHON IIOZBIDKHOCTH KOJUIONAOB. OHAKO [yl IOPOA € HavyaJIbHOR POHHIaeMoCThio Gostee 50 MJ] Kak
YIUTOTHEHUE, TaK ¥ MUTPAIys KOJUIOUAOB M MeJIKMX YaCTHI] CIOCOOCTBYIOT CHIDKEHHIO IIPOHUIIAEMOCTH. B GoJiee NpOHUIIAEMBIX TIOPOZAxX
MOJBIDKHOCTH KOJUIOM/IOB BHIIIE, YTO MOTEHIMAIBHO PUBOJUT K 3HAYUTEIIBHOMY CHIDKEHHIO IIPOHUIIaeMocTH 10 60 %.
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Introduction

Predicting permeability under cyclic loading, is an
important task and is necessary for assessing the reservoir
characteristics of natural formations for a wide range of
human activities [1-5]. Modeling permeability taking into
account pore mechanics and elastic properties of rocks is
quite problematic due to the heterogeneity of materials
and rock properties, so the simplest way is laboratory and
empirical methods, according to which the generally
accepted model of changes in permeability from load
(pressure, effective pressure, pressure confining) is the
power law [6-9]. However, the use of the power law is
complicated by the presence of permeability hysteresis, in
which the values of the coefficients and exponents are
different during loading and unloading [6, 8, 10-12].

Under loading permeability changes nonlinearly with
confining pressure due to mechanical compaction
[6,9,13,14]. Mechanical compaction is accompanied by
the closure of microcracks and narrowing of pore throats.
Due to the reduction in the geometric dimensions of the
porous channels, the resistance and tortuosity of the flow
increases, which is expressed in a decrease in permeability.
The magnitude and intensity of the decrease in
permeability are dependent on the magnitude of the load
and the plasticity of the rock and may not be evident at
low loads and in dry stiff core samples [15-19].

Another reason that receives little attention in studies
of the conductive properties of rocks is the migration of
colloids and fines [20,21]. Researches [8, 17] shows, the
deterioration of permeability during the migration of
colloids correlates well with the time and volume of
injected liquid, which is due to the growth of plugs and a
decrease in their conductivity [5, 17, 22, 23]. In
consolidated porous rocks microcracking of the matrix and
chipping of grain and cement particles can occur under
cyclic loading. Detached particles can move within the
pores when fluids and gases are injected[24,25]. The flow
with particles leads to blockage of pore throats due to the
formation of colloidal plugs and bridges. Cyclic loading
leads to the crushing of colloidal plugs and bridges, their
compaction or unblocking.

Particle detachment does not occur equally in rocks with
different permeability and porosity[26,27]. In more
compact rocks with low permeability, the tendency for
particle detachment is less. Small pore throat sizes also do
not allow particles to move between pores. The effect of
particle migration may be insignificant or barely noticeable,
firstly due to compactness and small deformations, and
secondly due to the low concentration of colloids. Also, in
clean rocks (sandstones and limestones) with low clay
content, the number of natural free particles is limited
[28,29]. The decrease in permeability does not occur
completely, and as particles migrate and are washed out,
the permeability can be restored to the initial values or
exceed them [15, 18, 30-32].

Despite the evidence of microcracking and formation of
free debris that reduces permeability, there is currently no
understanding of the amount of colloids and fines formed
and their effect on permeability, nor of the permeability
range at which migration of colloids and fines results in a
visible decrease in permeability. Thus, the main problem
of predicting permeability under loading is the reliability
of the results of laboratory studies under cyclic loading,
and specifically, establishing the true cause of
deterioration in permeability. Another problem is the lack
of research devoted to the joint influence of cyclic loading
and migration of colloids. A small number of results of
experimental studies cast doubt on the presence of such a
phenomenon as the migration of colloids on permeability.

Table 1
Properties of rock samples
Porosity, Permeability, Weight, g

Sample Rock % mD Before test After test
16 Limestone  13.42 15.5 49.275 49.271
1 Limestone  14.79 35.0 47.587 47.558
20 Limestone  15.63 40.8 45.381 45.367
8 Limestone  14.91 88.7 46.738 46.730
9 Limestone  14.97 156.1 46.172 46.168
6 Limestone 14.14 346.0 46.688 46.674
61 Sandstone  11.08 6.96 41.880 41.844
51 Sandstone  11.58 13.1 37.484 37.464
169 Sandstone  8.58 28.4 49.710 49.688
748 Sandstone  10.69 49.7 47.191 47.175
2019 Sandstone 13.06 50.0 46.802 46.801
131 Sandstone  15.19 134.1 38.777 38.753
181 Sandstone  15.19 442.5 41.469 41.427

This paper examines the effect of mechanical

compaction and migration of colloids and fines in clean
reservoirs — sandstones and limestones with a low clay
content and no reactive flow. The experimental
methodology and results, as well as discussion, are
presented below.

1. Methodology

Limestone and sandstone samples were used in this
study. The samples were obtained from oil formations,
limestone from formation C2b (depth of occurrence 1500-
1700 m), sandstone from formation Clbb (depth of
occurrence 1700-2000 m). These rocks are the main
sources of oil in the Perm region, Russia. The samples are
cylindrical in shape, 3 cm in diameter, up to 3 cm in
length. All samples have uniform porosity, without
inclusions or visible cracks. The porosity and permeability
of the samples are shown in Table 1, the samples are listed
in the table in order of increasing permeability. Limestone
samples are micro-fine-grained with grain sizes less than
0.2 mm, heterodetrital with fragments of skeletal forms up
to 5 mm in size. The void space is represented by cavities,
irregularly shaped pores up to 1 mm in size. The structure
of the sandstones is fine-grained, the quartz content is
more than 95 %. The grains are represented by well-
rounded grains with a diameter of 0.1-0.3 mm, the contact
of the grains is conformal and linear, the pore space is
intergranular. Samples were also weighed before and after
testing (Table 1) to monitor weight loss.

Analysis of SEM photographs of the surfaces of the
samples showed that on the inner surface of the pores of the
limestone samples there is a large number of secondary
formed calcite crystals, these crystals have an angular shape
and are almost the same size - 10-20 um. Due to the fine-
crystalline structure, it is difficult to determine the presence
of free particles on the pore walls. In sandstone samples, the
size of quartz crystals is relatively large, the pore surfaces
are more regularly shaped, and poorly attached clastic
particles are clearly visible on the pore walls. In both types
of rocks, microstructural analysis revealed small particles on
the surface of the pores, which can affect the transport
properties of rocks under cyclic loading.

The study of the dynamics of the permeability of samples
under cyclic loading was carried out in accordance with the
methodology described in the work [8]. Permeability was
measured with nitrogen using an UltraPoroPerm-500
installation (Core Lab Instruments, USA). Permeability was
measured over time by the Darcy formula:

¢ s-(P2-p?)"

€8]
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Fig. 1. An example of a program for testing samples under cyclic loading (a), blue solid line - confining pressure,
black down arrow - forward blowing, green — reverse; schematic representation of a core sample in a core holder
and the direction of nitrogen flow during permeability measurements (b), direct blowing (¢), and reverse blowing (d)

where p is the viscosity of nitrogen, Q is the flowrate, Z is
the length of the sample, P, is the atmosphere pressure and
equal to the outlet pressure, Sis the samples’ cross-section,
P, is the injection gas pressure.

The core samples were tested at cyclic confining
pressure (Fig. 1, a). In each cycle, the confining pressure
was stepwise changed from 2.76 MPa to 13.8 MPa. The
maximum load value 13.8 MPa is less than the weight of
rocks in situ conditions. This load was chosen specifically
to reduce the likelihood of irreversible deformations and
creep during loading. During the loading and unloading
cycle, permeability was measured with a constant forward
nitrogen flow, under a constant pressure gradient (Fig. 1, ).
Blowings between cycles were carried out in order to
detect the effect of the smallest particles (colloids or fines)
on the change in permeability. Blowings was carried out
both in the forward (Fig. 1, ¢) and in the reverse (Fig. 1, d)
directions.

2. Results and Discussion
2.1. Permeability dynamics

The test results of core samples are presented on
graphs (Fig. 2) in the form of dynamics of permeability
and confining pressure over time.

In limestone samples 8, 9 which have slightly higher
permeability, the effect of blowing is noticeable on the
dynamics of permeability (Fig. 2, a, b). In samples 8 and 9,
the permeability does not change during the first 3 cycles
(Fig. 2, a, b), however, reverse blowing leads to a decrease
in the permeability of sample 8 and an increase in the
permeability of sample 9 in the 4th cycle. Direct blowing
helps to increase the permeability of sample No. 8 in the
7th cycle above the initial value, then the permeability
decreases and in the 8th cycle is almost independent of
loading. For sample No. 9, blowing after the 4th cycle does
not affect the permeability.

In sandstone sample, the change in permeability in
almost all cycles corresponds to confining pressure
(Fig. 2, ¢). In less permeable sample No. 61, the change in
permeability is the same; blowing does not affect the
permeability between cycles in sample No. 61; reverse
blowing led to a short-term increase in permeability at the
beginning of cycles 5 and 7.

2.2. Mechanical compaction

The porous medium of natural rock samples according
to [33] is represented by a set of voids of different sizes
and nature. The model of a porous medium consisting of
macropores, micropores and microcracks is schematically
shown in Fig. 3, a. The voids connected to each other
determine the transport and capacity properties of rocks.
Large pores largely determine the capacity properties, and
the throats between them determine the connection
between the pores and the transport properties.
Micropores accumulate less fluids, but are more
responsible for the elastic and mechanical properties of
rocks. Another type of void space is microcracks.
Microcracks make the least contribution to the transport
properties of rocks, but microcracks play an important role
in the deformation of rocks during loading and unloading.

As shown by the results of experimental studies [20,
34], under loading, the pores are the least compressed
even at high loads. The deformation of the samples is
caused by the compression of microcracks (Fig. 3, 5) [35].
Microcracks, depending on the orientation angle, close in
the compression or compression with shear mode [36, 37].
Compression is prevented by the rigidity of the cracks, and
shear is prevented by sliding friction. The deformation of
microcracks in the pure compression mode is the same
under loading and unloading. And the shear mode of
deformation of microcracks has hysteresis due to friction.
In [38], a model of rock deformation is proposed that
takes into account the sliding friction of microcracks
during deformation. Friction has virtually no effect on the
overall deformation under loading, since the stress coming
from the outside is sufficient to compress the cracks.
During unloading, cracks do not open completely (Fig. 3, ¢
since the accumulated elastic energy is not enough to
overcome internal friction, as a result of which hysteresis
is observed not only in mechanical properties [39, 40], but
also in permeability [14, 41, 42].

Unlike pores, which are natural voids between rock
grains, microcracks appear during deformation of the
porous medium associated with a change in the stress-
strain state. The porous medium in natural conditions
of occurrence is consolidated and there are no microcracks
in it. Microcracks are absent due to high lithostatic pressure,
and pore water has led to their healing with cement.
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Fig. 2. Dynamics of confining pressure (blue solid line) and permeability (red solid line) of samples: 8 (a), 9 (), 61 (o),
The cycles are numbered in sequential order. Vertical arrows show the boundaries between cycles, a black down arrow
indicates forward blowing, and a green up arrow indicates reverse blowing. The red horizontal dotted line
is the initial permeability, the blue dotted line is the lowest permeability in the first cycle
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Fig. 4. Scheme of relaxation crack formation during
rock excavation. Sample coring (a), stress in rock mass (5),
stress relief and formation of relaxation cracks perpendicular
to the main stress (¢). Drilled core plug with microcracks (a).
Relaxation microcrack under microscope (e).
Relaxation macrocracks on rock sample ()

microcracks

Fig. 5. SEM photographs of the surfaces of sandstone samples
at different magnifications

All rocks drilled from depths are equally characterized
by the release of natural stresses during core extraction.
Relaxation microcracks with a predominant direction
perpendicular to the principal stress are formed in rock
samples (Fig. 4). Core samples with relaxation cracks are
disturbed and their measured porosity and permeability
are very different from natural ones, especially under
cylindrical loading.

Relaxation cracks are most pronounced in strong,
highly compressed, low-porosity rocks and manifest
themselves as a core disking effect [43]. In porous rocks,
relaxation cracks are less pronounced and manifest
themselves at the micro level as cracks in grains or
between grains. Microstructural analysis of the samples
showed the presence of relaxation microcracks on the
studied samples (Fig. 5). Relaxation microcracks have
characteristic smooth surfaces that do not show any signs
of erosion or crystal formation. Microcracks are mainly
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intergranular. The width of microcracks ranges from a few
microns to 20 pm.

The effect of rock compaction on permeability
hysteresis due to microcrack closure is observed in the first
loading/unloading cycle. As shown by the results of cyclic
loading (Fig. 2), most samples in the first cycle have the
greatest difference between permeability at the beginning
and end of the cycle. In the first cycle, microcracks close
during compression, and not all microcracks open during
unloading, which is caused by friction. Friction determines
the threshold for microcrack opening during unloading
and the mechanical hysteresis of permeability [44].

The value of permeability hysteresis in the first cycle
Ak, (Fig. 6, a, b) shows how much elastic energy is lacking
to overcome friction and open shear cracks. A comparative
analysis showed that Ak, weakly depends on permeability
(Fig. 6, ¢), but correlates well with the porosity of the
samples (Fig. 6, d). More porous samples, due to lower
elasticity, have a larger permeability hysteresis caused by
mechanical compaction. With almost the same elasticity,
sandstone samples have greater internal friction and
permeability hysteresis (Fig. 6, d). Thus, the decrease in
permeability after the first cycle occurs due to the closure
of microcracks, and the magnitude of this decrease is due
to the crack opening threshold during friction.

The analysis of the cyclic loading results also showed
that in the samples in which blowing does not affect the
permeability dynamics (sample No. 61), at maximum
pressure, the permeability in the first cycle has a minimum
value among all subsequent cycles. This is due to the stress
memory [10] of the samples and the absence of plastic
deformations. It was also found that in subsequent cycles,
the permeability at maximum confining pressure becomes
higher than in the 1st cycle, this is especially noticeable in
sample 61 (Fig. 2, ¢). The microphoto (Fig. 5) shows that

colloids and fairly large particles are located inside the
cracks. During blowing, colloids get into microcracks and
can act as a propping agent, preventing crack closure
under loading. Most likely, this is the reason why the
permeability does not reach the level of the first cycle at
maximum confining pressure.

2.3. The influence of colloid migration

Colloids and fines can be free inside the pore space, but
as a rule their presence is caused by anthropogenic impact.
With cyclic change of the stress-strain state of the
formation, deformations cause cyclic opening of
microcracks. Microcracks compression and shear
contribute to the splitting of crystals or cement of the rock.
Split and fragmented particles can be carried away with
the flow and migrate through the void space. Migration of
colloids with blocking of pores reduces the transport
properties of rocks. A significant effect of colloids on
permeability is observed only with their large number or
sizes comparable to the pore throats.

Porous sandstones are represented by strong grains and
thin cement. The pores are of regular shape, intergranular.
In carbonate rocks, due to high chemical activity, the
grains have a regular shape, secondary crystallization,
while the porosity can be low or high, cavernous with an
unpredictable shape.

Based on the results of core studies under cyclic
loading, we can conclude that blowing between cycles
have a significant impact on the measured permeability of
limestone samples No. 8, 9. In these samples, loading and
unloading, the permeability does not correspond to
loading and unloading. Permeability jumps are observed
between testing cycles (Fig. 7), blowing leads to both an
increase and a decrease in permeability, the change in
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permeability varies from 5 % to 25 %. This is a
consequence of the blocking and unblocking of pores
during colloid migration.

In other samples, the influence of colloid migration on
permeability is not observed, which may indicate its
absence, however, permeability behaves as if it is
influenced by colloid migration, in some samples, there is
no reduction in permeability at maximum load in
subsequent cyclic loads, which does not correspond to
mechanical compaction under loading.

The porous medium consists of a network of large pore
channels, small pores and microcracks, the migration of
colloids can affect the permeability of each type of voids
differently. Large pores create highly conductive channels
and provide the greatest contribution to the transport
capacity of rocks, most of the flow passes through them.
Blocking of such channels leads to a significant change in
permeability. Blocking of large pore channels with colloids
is possible only if there are a lot of them, or if there are
sufficiently large free particles in the pores. In the work [8]
it is shown that for limestone samples, inter-cycle blowing
led to a significant change in the apparent permeability of
core samples, analysis of microphotographs of sample
surfaces showed that colloids can be of various shapes and
up to 50 um in size, which is quite sufficient to block large
pores and reduce permeability (Fig. 2).

Small pores can be easily clogged with colloids, but
since they make a small contribution to the overall
permeability, their blocking is barely noticeable on the
permeability dynamics. Low-permeability rocks are usually
more compacted and microdestruction inside the pores is
unlikely compared to highly porous rocks, in addition, due
to the low conductivity, the transfer of particles between
small pores is also difficult, since the particles are
proportionate to the pore throats. In low-permeability
sandstone No. 61, permeability changes due to blowing
between cycles were not observed.

The results obtained clearly show that the method of
measuring permeability plays an important role on their
reliability; transport properties determined using the
injection of fluids [26] and gases [34] can vary
significantly due to the migration of colloids and fines, and
taking into account the influence of these factors should
help in determining the true conductive properties of
rocks, as well as their behavior under loading. The
mechanism of change in permeability described in [34]
quite well describes the dynamics of permeability observed
in the graphs (Fig. 2).

To determine the type of pore blockage, we analyzed
the particles blown out of the samples. The analysis
method is shown in Fig. 8. The particles were captured by
a paper filter installed at the sample outlet (Fig. 8, a).
After permeability measurements, the filter was removed
(Fig. 8, b) and examined using an optical microscope (Fig.
8, d, e). In the original photograph (Fig. 8, d), using
ImageJ software, particles were highlighted for contrast
(Fig. 8, e), they were counted, and their geometric
dimensions were determined.

The amount of emitted colloid was measured after two
tests in the following steps:

1. After filtration, with a constant flow rate of
0.8 cm®/sec and direct blowing for 2 minutes;

2. After 1 cycle of filtration with loading and unloading
and direct blowing for 2 minutes.

Between steps the sample was evacuated to recharge
the filter. The permeability dynamics with particle capture
and filter recharges are shown in Fig. 9.

Figure 9 shows that after recharging with a new filter,
the permeability is slightly higher than at the beginning.
In the first cycle, there is a noticeable decrease in

Fig. 8. Methodology for capturing and counting the number
and size of emitted particles: a— paper filter at the sample outlet;
b - filter after the test, general view. Enlarged image of filters:
c - initial clean filter; d- filter with particles, raw image;

e - filter with highlighted particles
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Fig. 9. Dynamics of permeability and confining pressure over time
(Sample 61). The red arrow shows direct blowing and filter
recharging procedure with sample evacuation from the core

holder. The red horizontal dotted line is the initial permeability,
the blue dotted line is the lowest permeability in the first cycle.
The numbers indicate the loading and unloading cycles

permeability with confining pressure and incomplete
recovery of permeability upon unloading, which is due to
incomplete opening of microcracks at residual confining
pressure. After repeated recharging with a new filter, the
permeability of the samples at the beginning of the second
cycle is slightly higher than at the beginning of the first
cycle. Permeability recovery after sample evacuation is
associated with complete crack opening after unloading.
The observed effects additionally confirm that permeability
hysteresis is also caused by incomplete crack opening due to
friction at residual confining pressure.

Fig. 10 shows the particle size distribution of the
samples with minimum permeability. The number 0
denotes the histograms of the particles emitted from the
sample during permeability measurements without cyclic
loading at constant confining pressure and with direct
blowing. The number 1 denotes the histograms of the
particles emitted from the sample after 1 loading/unloading
cycle and direct blowing.

The histograms show that all samples have particle
emissions, but in low permeable rocks the maximum particle
size does not exceed 5 um. It was also found that after the
second blowing, despite the test duration, fewer particles with
sizes of up to 1.5 ym were emitted. The decrease in the
number of fine particles is due to their loss during the first
blowing, as well as their possible attachment to the pore walls
due to static electric charge when moving through the pores.
After the loading/unloading cycle, the proportion of large
particles increased and indicates an increase in their mobility
due to the expansion of the pore throats.
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Fig. 10. Number and size distribution of emitted particles
(Sample 61). Numbers 0 and 1 refer to filters, see Fig. 9
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Fig. 12. Dependence of the magnitude of permeability change
under cyclic loading on the initial permeability. The vertical
dotted line is the conventional boundary between the dominant
mechanisms of permeability degradation: on the left
is fracture-induced permeability degradation, on the right
is colloid-induced permeability degradation

The difference in the sizes of emitted particles with and
without cyclic loading is caused by the types of colloidal and
fine plugs. The classification and mechanisms of plug
formation are shown in Fig. 11. Depending on the size and
number of particles, as well as the size of the pore throats,
these can be either individually stuck particles of a relatively
large size than the pore throat, or several relatively large
particles proportionate to the pore throat. At high
concentrations of colloids, bridge plugs can form in the pore
throats. At large pore throats and a small amount of colloids
and fines, as well as at their relatively small size, plugs may
not form at all. Under natural conditions, the amount of free
colloids [8] in the pores of the samples is very small and
bridge plugs are rarely formed.

The duration of the flow and the volume of injected fluid
have a positive effect on the density of the plugs, which leads
to an almost complete loss of their conductivity [45]. The
narrowing and opening of the pore throats during cyclic
loading leads to compaction and partial breakage of the
plugs. The movement of the pore throats leads to a partial
release of stuck particles and an increase in the conductivity

of the samples at the beginning of the second cycle above the
initial value (Fig. 9).

Conclusions

Predicting permeability under cyclic loading is
challenging due to the complex interplay of rock mechanics
and heterogeneous material properties. The power law is
commonly used, but variability in permeability hysteresis
complicates its application. Mechanical compaction during
loading reduces permeability by closing microfractures and
pore throats, while the migration of colloids and fines, though
less studied, also contributes to permeability deterioration by
forming plugs and bridges. The extent of migration depends
on rock permeability and porosity, and detachment of
particles is influenced by particle size and concentration.
However, the impact of colloid migration on permeability and
the mechanisms responsible for permeability recovery remain
poorly understood.

The presented experimental study investigated the
transport properties of porous limestones and sandstones
under cyclic loading. The results showed that the decrease in
permeability can be partially attributed to mechanical
compaction and the migration of colloids and fines. The study
demonstrated that this phenomenon manifests itself in both
limestones and sandstones. Factors such as the presence of
natural small crystals in rock pores and relatively high
permeability enhance the sensitivity of rock conductivity to
changes in flow conditions, making the migration of colloids
a significant factor in permeability changes.

By shedding light on the mechanisms of colloid migration
and its impact on permeability, this research contributes to a
more comprehensive understanding of reservoir behavior
under cyclic loading conditions. This knowledge is essential
for optimizing reservoir management strategies and ensuring
the long-term sustainability of hydrocarbon production.

The magnitude of permeability change (Ak) under
cyclic confining pressure exhibits a strong correlation
(B> > 0.75) with initial permeability (Fig. 12). Our
findings indicate that in porous sandstones and limestones
with initial permeability below 50 mD, permeability
degradation is primarily attributed to microcrack closure.
The impact of colloid migration is less evident in less
permeable rocks, likely due to reduced colloid mobility
and the difficulty in establishing a baseline for comparison
without colloids. However, for rocks with initial
permeability exceeding 50 mD, both compaction and the
migration of colloids and fines contribute to permeability
reduction. In more permeable rocks, colloid mobility is
higher, potentially leading to significant permeability
reductions of up to 60 %.

In low-permeability rocks, change in permeability does
not necessarily indicate the absence of colloids but rather
suggests limited colloid mobility. The low transport capacity
of low-permeability formations can be advantageous, as it
limits deep colloid migration and localized pore clogging.
However, the transfer of colloids from high-permeability
zones to low-permeability zones can reduce the permeability
of the latter and hinder fluid communication between
different reservoir compartments.

This research has significant practical implications for
example for optimizing well perforation strategies.
Recognizing that high-permeability formations are a source of
larger particles that can migrate and block pores in low-
permeability layers, a revised approach to perforation is
recommended. Specifically, perforating low-permeability
layers in injection wells minimizes the risk of colloid-induced
clogging. Conversely, targeting high-permeability layers for
production wells maximizes production while minimizing the
impact of colloid migration from low-permeability zones.
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