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Studies show that frozen rock strata can accumulate significant amounts of natural gas both in free form 
and in the form of gas hydrates. Changes in the thermobaric conditions of gas-bearing permafrost can be ac-
companied by various gas-dynamic processes that lead to active gas emissions from the upper horizons of per-
mafrost. During the activation of these processes, the gas pressure in gas-saturated horizons can be equal to or 
even exceed the pressure of the overlying rocks, and pressure gradients can reach a significant value that will be 
sufficient for deformation of ice- and hydrate-containing rocks, the occurrence of gas filtration, its permeation 
and breakthrough into the overlying rock layers. To simulate such natural conditions, the authors developed an 
original technology that included the creation of a special core holder for the filtration system and the develop-
ment of an algorithm for conducting laboratory tests. In the course of methodological experiments, it was found 
that at a constant gas pressure of approximately 2  MPa in a heated impermeable ice-saturated, sandy clay 
sample, gas filtration can occur in the region of high negative temperatures, below its thawing temperature. 
Methodological experiments to study the changes in the gas permeability of frozen and thawing rocks under 
conditions of the formation and dissociation of methane pore hydrates have shown regular changes in gas perme-
ability due to ice (water)–hydrate phase transitions and structural transformation of the soils caused by these 
phase transitions. 
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INTRODUCTION

On Earth, permafrost has temperatures below 
0°C and is represented by sediment layers that differ 
not only in their lithological composition but also in 
the ice and pore fluid content. Some frozen sediment 
horizons with low saturation of their pore space with 
ice and other fillers may be potential natural gas res-
ervoirs, especially, if they are bounded by poorly per-
meable sediments. 

Natural gas accumulation in such horizons could 
occur both in the process of perennial freezing due to 
mechanisms of cryogenic concentration and squeez-
ing [Yakushev, 2009; Olefeldt et al., 2013; Kraev et al., 
2017; Vasiliev et al., 2022], and due to the underflow 
of deep gases along tectonic faults and zones with in-
creased permeability [Kuzin, 1990; Are, 1998, 2001; 
Badu, 2017, 2018; Chuvilin et al., 2020a; Lu et al., 
2020]. Depending on the thermobaric conditions, gas 
in the permafrost can be either in the free form or in 

the form of gas hydrates [Istomin, Yakushev, 1992; 
Chuvilin et al., 1999; Rivkina et al., 2006; Yakushev, 
2009]. At the same time, intrapermafrost gas accumu-
lations are often quite close (in the first tens of me-
ters) from the surface, which is confirmed by gas 
manifestations in shallow horizons during drilling in 
permafrost [Chuvilin et al., 2000, 2020a; Budantseva, 
2006; Yakushev, 2009; Kraev et al., 2019; Yakushev, 
2023]. The possibility of the existence of such gas de-
posits is associated with virtually impermeable ice-
saturated sediments, which, lying above gas deposits, 
act as a kind of gas trap with a relatively high strength 
[Badu, 2017; Dvornikov et al., 2019]. Active gas emis-
sion from shallow permafrost horizons may also be 
associated with pore gas hydrate formations in a 
metastable state. They were formed in the past, when 
favorable conditions existed within the rock strata, 
and their further preservation was due to the geolog-
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ical manifestation of the effect of self-preservation of 
gas hydrate formations in frozen sediments [Chuvilin 
et al., 2000, 2018; Yakushev, Chuvilin, 2000].

When the thermobaric conditions of frozen gas-
saturated sediment strata change under anthropo-
genic impact or due to natural geodynamic processes, 
gas accumulations with increased gas pressure may 
occur. This can lead to ruptures of frozen sediment 
horizons by accumulated gas, active gas filtration 
through talik zones, and gas emissions into the atmo-
sphere, including the formation of craters on land and 
pockmarks on the shelf of the Arctic seas [Kizyakov et 
al., 2017; Bogoyavlensky et al., 2019, 2022; Shakhova 
et al., 2019; Chuvilin et al., 2020a,b; Semenov et al., 
2020; Khimenkov et al., 2021]. 

To study gas-dynamic processes in permafrost, it 
is necessary to investigate the dependence of filtra-
tion properties of frozen sediments on the contents of 
ice, gas hydrates, liquid water phase, their structural 
and textural features, as well as on the thermobaric 
conditions, in which they exist.

Experimental modeling is the most effective 
method for studying filtration properties of sediment, 
including ice- and gas-containing sediment. This 
method allows us to control with high accuracy the 
change in thermobaric conditions for rock samples, if 
the appropriate equipment is available.

To date, relatively few authors [Ananyan et al., 
1972; Chamberlain, Gow, 1979; Starobinets, Murogo-
va, 1985; Seyfried, Murdock, 1997; Kneafsey et al., 
2007; Wang et al., 2014; Chuvilin et al., 2016, 2021] 
have experimentally determined the dependence of 
frozen sediment permeability on ice saturation. In 
most studies, experimental modeling of gas filtra-
tion in ice-bearing sediment was carried out at pres-
sures close to atmospheric pressure, with little atten-
tion paid to evaluating the influence of thermobaric 
factors. 

In contrast to ice-bearing sediment, much more 
attention has been devoted to the study of permeabil-
ity of sediment containing gas hydrates. 

The first dependences of the relative gas perme-
ability of sandy sediment on the hydrate saturation 
coefficient of the pore space were obtained in the 
1970s by A.S. Skhalyakho and A.V. Beznosikov [Isto-
min, Yakushev, 1992]. Subsequently, experimental 
evaluation of the permeability of hydrate-bearing 
sediment, both natural and artificially prepared, was 
carried out by many researchers [Jaiswal et al., 2004; 
Minagawa et al., 2005; Kneafsey et al., 2007; Johnson 
et al., 2011; Li et al., 2016, 2021; Wu et al., 2018; Zhao 
et al., 2020; Lei et al., 2022; Cheng et al., 2023]. These 
studies have examined various aspects of gas perme-
ability changes in hydrate-saturated sediment under 
heating, pressure reduction, and injection of inhibi-
tors. However, almost all researchers modeled the 
conditions of gas hydrates occurrence in sediment 
horizons characterized by positive temperature.

Based on experimental data, researchers have 
proposed a number of mathematical models to predict 
the decrease in relative permeability of sediment dur-
ing hydrate saturation [Masuda et al., 2002; Kleinberg 
et al., 2003; Minagawa et al., 2003; Rezaee et al., 2012; 
Ruan et al., 2012; Dai, Seol, 2014; Delli, Grozic, 2014; 
Daigle, 2016; Hauge et al., 2016; Jin et al., 2016; Kang 
et al., 2016]. However, a significant disadvantage of 
such models is their applicability only to certain 
types of soils or hydrate formation conditions, as well 
as the presence of coefficients that must be adjusted 
manually on a case-by-case basis using experimental 
data.

Filtration tests on sediment samples simultane-
ously containing ice and hydrate have been conduct-
ed recently. By now, experimental dependences of gas 
permeability changes have been obtained both in the 
process of pore ice to hydrate transition [Chuvilin et 
al., 2020c] and in the conditions of pore hydrate dis-
sociation in frozen hydrate-saturated samples at sub-
zero temperature with pressure decreasing below the 
equilibrium pressure [Chuvilin et al., 2021]. 

In order to study gas dynamic processes in the 
upper horizons of permafrost sediment, experimental 
modeling of conditions, when the gas pressure equals 
or exceeds the pressure of overlying sediment, is 
necessary.

This paper presents an original technique for ex-
perimental modeling of gas filtration processes in ice- 
and hydrate-bearing sediment under different ther-
mobaric conditions. On the basis of this methodology, 
studies of filtration properties of soil samples under 
conditions of water–ice–hydrate phase transitions 
with estimation of their linear deformations and mea-
surement of acoustic wave velocities have been car-
ried out.

Improved experimental setup  
for assessing filtration properties  

of ice- and hydrate-bearing sediment
Experimental modeling of pore fluid filtration in 

porous media, which corresponds to reservoir condi-
tions, is most often carried out in special high-pres-
sure units on cylindrical cores of various sediments. 
However, a serious technical problem in filtration 
tests is the sealing of the sample in the core holder. In 
most filtration units, rubber sleeves are used to fix the 
sample, and crimping is created by increasing the oil 
pressure around the sleeve with the sample. Examples 
of such installations are given in [Chuvilin et al., 
2020c, 2021; Zhao et al., 2020; Wang et al., 2021; Lei et 
al., 2022]. When working on such units under high-
pressure conditions, collar deformation often occurs, 
leading to the destruction of the sediment samples 
under study with the penetration of oil from the hy-
draulic system into the gas line. In turn, this leads to 
premature termination of the experiment and repair 
of the unit itself.
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In case of investigation of unconsolidated sedi-
ments, it is possible to use compression units without 
the use of rubber sleeves and all-round crimping. In 
such units, the sample tightness is achieved due to 
lateral expansion of the sample under the action of 
axial load, as well as due to freezing of the sample 
with the walls of the core holder.

Considering the existing approaches to the de-
sign of filtration units, the authors, together with 
EcoGeosProm LLC, have developed a compression 
filtration unit to simulate reservoir conditions with 
high gradients of gas pressure, even in cases when the 
gas pressure is equal to or exceeds the mechanical 
pressure. This unit allows creating thermobaric con-
ditions in soil samples in a wide range of temperatures 
(from –15 to +30°C) and pressures (up to 10 MPa), 
thus providing the possibility of creating a pressure 
difference at the ends of the sample of up to 10 MPa 
(Fig. 1). 

The main working element of the filtration unit 
is a special core holder with an inner diameter of 
40 mm, made of polymer material PEEK, into which 
an up to 120-mm-long sediment sample is placed 
(Fig. 1). Axial pressure on the sample is created by a 
hydraulically driven piston connected to a pneumo-

hydraulic pump (H), the pressure is registered by a 
pressure sensor D4; and displacement, by a digital 
linear displacement indicator DD (Fig. 1). 

The system for studying gas filtration also in-
cludes two 150-cm3 gas receivers (P1 and P2), with 
connected pressure sensors (D1, D2). The differential 
pressure drop on the sample is controlled by a differ-
ential manometer DM, and pressure sensor D3 is 
used to record pore pressure values when the filtra-
tion system is switched off. Determination of gas per-
meability coefficient of the sample is carried out by 
the method of pulse drop, for which after gas supply 
from the cylinder in the first receiver excess pressure 
is created (up to 0.5 MPa), and then the membrane 
valve K2 is opened and the change of pressure D1, 
D2, DM in time is recorded. When studying low-per-
meability samples, determination of gas permeability 
coefficient is performed with closed valve K3 to re-
duce the time of gas filtration. Control of valves K2 
and K3 is performed through the recording and con-
trol program installed on the computer. 

All pressure transducers are calibrated to an ac-
curacy of 0.005 MPa over the entire operating pres-
sure range using a high accuracy Crystall digital pres-
sure gauge.

Fig. 1. Scheme of the equipment used: 
A – general scheme of the filtration unit (1 – Binder climatic chamber, 2 – gas cylinder, 3 – ADC (analog-to-digital converter),  
4 – computer); B – external view of the core holder in assembled form; C – scheme of the core holder.
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An ultrasonic receiver and generator (A1, A2) 
are installed in the piston of the core holder and in 
the fixed end to provide determination of longitudi-
nal and transverse elastic wave velocities (Fig. 1C). 
Also, a temperature sensor is installed in the fixed end 
to record the temperature change of the sample with 
an accuracy of 0.1°C. 

The filtration unit is housed in a Binder MK240 
climate chamber, which allows the temperature to be 
maintained to an accuracy of 0.1°C over a wide tem-
perature range (–40 to +180°C).

EXPERIMENTAL MODELING  
METHODOLOGY

In order to conduct the experiments, test proce-
dures were developed, including three main stages 
(Fig. 2):

I. Preparation of soil samples with the necessary 
parameters of moisture/distribution, density; 

II. Creation of necessary reservoir conditions in 
the experimental unit and conducting filtration tests 
under conditions of high-pressure gradients; 

III. Completion of the experiment and process-
ing of experimental data.

At the preparatory stage of filtration tests, the 
main task is to obtain a soil sample with the required 
characteristics of moisture, density, and ice content. 
At the initial stage, a dry sample of the investigated 
soil with known characteristics of granulometric and 
mineral composition is prepared. Then, the required 
moisture content is set by mixing the soil sample with 
a certain amount of distilled water (for sands) or ice 
chips (for clay soils). The prepared soil sample is then 
packed into a core holder by layer-by-layer compac-
tion, which is then placed in a climatic chamber and 
connected to the machine. During the freezing pro-

cess, the changes in the sample length are recorded 
using a linear strain recording system, which allows 
estimating the change in some soil characteristics.

At the stage of modeling formation conditions 
and filtration testing, two directions are distin-
guished: (1) study of frozen samples under various 
thermobaric conditions, including their thawing and 
subsequent freezing and (2) study of soil samples un-
der conditions of formation and decomposition of 
pore methane hydrates.

In the first case, the study of gas permeability of 
frozen samples is carried out depending on ther
mobaric conditions, soil characteristics, including 
ice and unfrozen water contents. The permeability 
of soil samples is measured under conditions of pres-
sure changes and heating and cooling, while control-
ling deformations of samples and changes in their po-
rosity. 

In the second case, the gas permeability of soil 
samples is assessed at pressures above the equilibrium 
pressure, when ice (water) – methane hydrate phase 
transitions occur, as well as in conditions of dissocia-
tion of pore methane hydrate in frozen samples, when 
the pressure decreases below the equilibrium pres-
sure, and the self-conservation of gas hydrates is ob-
served (Fig. 2). Methane with purity ≥99.99% was 
used as hydrate-forming gas in these filtration tests.

During the final stage of the filtration tests, the 
gas pressure was gradually reduced to atmospheric 
pressure, then the axial pressure on the frozen sample 
was reduced, and the sample was removed from the 
core holder. The frozen sample was then split length-
wise into two equal parts for visual examination of 
structural and textural features. These parts were 
then cut in layers to determine the moisture content 
along the entire length of the sample.

Fig. 2. Main stages of the filtration tests.
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Two types of soils were used as the study object 
in the filtration experiments: natural disturbed soil 
and model soil. The natural soil was represented by 
sand 1 sampled in frozen marine sediments (mQ3) 
within the South Tambeyskoye gas condensate field 
in Yamal (sampling depth 36–46 m). The model soil 
consisted of a mixture of quartz sand 2 with the addi-
tion of 25% montmorillonite clay from the mass of 
this sand. Data on the particle-size distribution and 
mineralogical composition of the soils used in the ex-
periments are presented in Table 1.

During the filtration tests, various characteris-
tics were determined and calculated for the soil sam-
ples, including their change in time (Table 2). 

These characteristics describe changes in the 
relative deformation of the soil sample, its porosity, 
the degree of pore filling with water, ice, hydrate, as 
well as changes in acoustic parameters (Vp/Vs) and 
gas permeability during the experiment. Detailed cal-
culation formulas for some of these characteristics 
were presented by the authors earlier [Chuvilin et al., 
2020c, 2022].

Thus, the modernized filtration unit makes it 
possible not only to determine gas permeability of 
frozen, thawed, and hydrate-saturated sediments but 
also to obtain information on linear deformation of 
soil samples during the experiments. This allows for a 
more accurate determination of porosity and the de-
gree of pore filling with ice, hydrates, and unfrozen 
water. Elastic wave velocities are also an indirect in-
dicator that helps us to track changes in the sample 

during compaction, the transition of liquid phase into 
ice or hydrate phases, and in the unfrozen water con-
tent upon changes in the temperature, at which the 
filtration tests are performed. 

The developed algorithm for filtration tests of 
soil samples allows experimental modeling of a wide 
range of thermobaric conditions characteristic of 
both near-surface and deeper lying frozen and hy-
drate-containing sediment.

ASSESSMENT OF GAS FILTRATION  
IN FROZEN SEDIMENT

Two experiments were performed as part of the 
methodological research on modeling gas filtration in 
frozen sediments when they are heated. A model 
sand-clay mixture prepared from disturbed quartz 
sand (sand 2) with a predominant fraction of 0.1–
0.5 mm with the addition of montmorillonite clay 
particles (25%) was used as an object of study in 
these experiments.

In the first methodological experiment M1, the 
conditions under which a gas breakthrough through 
the frozen sample at a pressure of 2 MPa is possible 
were simulated, and the critical temperature at which 
such a breakthrough is possible was estimated. The 
initial water content of the soil was set at 17.8 wt %. 
The porosity of the prepared sample was 0.34 with 
the soil skeleton density of 1.76 g/cm3. In the frozen 
state, the soil sample had a volumetric ice content of 
about 35%. 

Ta b l e  1.	 Particle-size distribution and mineralogical composition of the studied soils

Sediment
Particle-size (mm) fraction, % Texture name  

according to  
[GOST 25100-2020]

Mineral  
composition,%1.0–0.5 0.5–0.25 0.25–0.1 0.1–0.05 0.05–0.001 <0.001

Sand 1 0.2 29.1 62.3 2.4 5.8 1.2 Fine sand Quartz 74.1
Albite 12.8

Orthoclase 10.0
Sand 2 0 3.1 84.8 10.8 1.3 0 Fine sand Quartz >90
Montmoril-
lonite clay

0 0 0.2 0.1 46.2 53.5 Heavy clay Montmorillonite 
>90

Ta b l e  2.	 Main characteristics determined during filtration experiments

Characteristics Designation Measurement unit Method

Relative deformation e u.f. [Trofimov, 2005]
Porosity n %
Water saturation (moistening degree) Sw %
Ice saturation Si %
Hydrate saturation Sh % PVT-method [Chuvilin, Gurieva, 2009]
Hydration coefficient Kh u.f
Longitudinal wave velocity Vp m/s [GOST 21153.7-75]
Transverse wave velocity Vs m/s
Gas permeability coefficient Kg mD [API RP 40, 1998]



32

E.M. CHUVILIN ET AL.

Prior to filtration tests, the specimen was frozen 
at –5°C with an axial load of 0.5 MPa, then heated to 
–3.4°C and held at this temperature for 6 h. After 
that, a stepwise loading of the specimen under unilat-
eral compression conditions was carried out, and the 
gas pressure was increased to the axial pressure value 
(2 MPa). At the initial stage of the experiment, at 
compaction during loading (Pm) of up to 0.5 MPa and 
subsequent freezing with additional loading of up to 
2 MPa, there was a slight change in the relative linear 
deformation of the sample, which did not exceed 
0.02%. Subsequently, the frozen specimen was kept 
under the specified thermobaric conditions for 12 h, 
during which gas pressure was monitored. During 
this time, the investigated sample remained imperme-
able to gas, since there was no pressure change at the 
inlet (P1) and outlet (P2) of the sample (Fig. 3a).

Next, slow heating of the sample was started at a 
rate of about 0.1°C/h. During heating, it was found 
that when the critical temperature of –0.3°C (Tcr) 
was reached, the gas filtration process began, which 
caused the initial gas pressure between the sample 
ends P1 and P2 to drop to 0.4 MPa. At this point, the 
pressure at the sample inlet (P1) was 1.16 MPa and at 
the outlet (P2) was 0.75 MPa. A relative strain (e) of 
up to 0.23% was recorded (Fig. 3b). It should be not-
ed that gas filtration through the frozen sample began 
at the critical temperature, which was 0.1°C below 
the thawing temperature for this soil (Tth = –0.2°C).

This process is apparently associated with a 
sharp increase in the unfrozen water content near the 
thawing temperature. Under these conditions, the ice 
component in the frozen sediment ceases to be a sin-

gle rigid cement and there is a possibility of fluid fil-
tration due to redistribution of water in the pores and 
formation of filtration channels. Significant deforma-
tions of the sample compaction were recorded with 
the beginning of filtration, and further cessation of 
gas filtration is apparently caused by the sample com-
paction and clogging of filtration channels.

Thus, during the M1 experiment, it was revealed 
that gas filtration through ice-saturated soil at a gas 
pressure difference at the frozen sample ends of up to 
2 MPa is possible only in the area of high negative 
temperatures close to the thawing temperature, when 
the gas causes squeezing of water that appears during 
the melting of pore ice, as well as the occurrence of 
certain structural transformations that lead to the 
formation of some gas filtration channels in the thaw-
ing rock.

The second methodological experiment exam-
ined the effect of heating on the change in gas perme-
ability in a frozen sample with lower initial moisture 
content compared to the sample in experiment M1. 
The initial water content of sample M2 was 16.5 wt %, 
with a skeletal density of 1.76 g/cm3, porosity of 0.34, 
and bulk ice content of about 32%. 

The initial sample preparation stage with pre-
consolidation and freezing was similar to the previous 
experiment. The gas permeability of the sample was 
evaluated at two subzero temperatures: –3°C and 
–1.5°C. At the initial temperature of –3°C, gas per-
meability of the frozen sample was 65.26 mD. Subse-
quent heating of this sample to –1.5°C resulted in a 
23% increase in gas permeability to 80.21  mD 
(Fig. 4a). The change in longitudinal wave velocities 

Fig. 3. Changes in thermobaric conditions during the entire experiment (a) and upon reaching gas filtra-
tion in sample M1 (b).
1 – P1; 2 – P2; 3 – T; 4 – Pm; 5 – e.
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was also evaluated during heating. It was found that 
heating from –3 to –1.5°C led to a decrease in Vp from 
2630 m/s to 2420 m/s.

For this soil, the content of unfrozen water 
(Fig. 4b) was evaluated in a wide range of negative 
temperatures (–10...–0.5°C) using the potentiomet-
ric method [Chuvilin et al., 2022]. Based on the re-
sults obtained, it can be noted that heating from –10 
to –0.5°C can lead to a significant increase in the un-
frozen water content in the studied sample from 6.6 
to 16%. In the temperature range, at which Kg and Vp 
were evaluated, the increase in Wuf from 11 to 13% 
took place.

Thus, in this experiment, an increase in gas per-
meability and a decrease in longitudinal wave veloci-
ties during heating of the frozen sample in the subzero 
temperature range are associated with a decrease in 
the pore ice content blocking gas filtration channels.

STUDY OF GAS FILTRATION  
IN HYDRATE-BEARING SEDIMENT

Within the framework of this direction, method-
ological studies were carried out to assess the change 
in gas permeability of a sand sample during the for-
mation and decomposition of pore hydrate. These 
studies were accompanied by determination of the 
sample deformations, as well as measurement of lon-
gitudinal wave velocities in the sample. Sandy soil 
(sand 1), which was characterized by a low degree of 
salinity (no more than 0.05%), was used for sample 
preparation. The water content of the soil sample was 
set equal to 14 wt %.

At the initial stage of the filtration experiment, 
the sand sample with the specified water content was 
placed in the core holder of the unit and compacted at 
an axial pressure of 0.5 MPa and room temperature. 

The obtained sand sample had a skeletal density of 
1.69 g/cm3 and porosity of 0.36. Then, the sample 
was frozen at –5°C, after which it was additional
ly compacted at an axial pressure of 4.5 MPa. In the 
frozen state, the saturation of the sample with ice (Si) 
was 64%.

Hydrate saturation in the frozen sample started 
at –5°C and slow injection of cooled CH4 until the 
pressure reached 3.5 MPa. The sample was kept at 
this temperature for 24 h and then heated to +1°C. 
The positive temperature (+1°C) was maintained 
for 3 h, after which the sample was frozen at –5°C, 
and hydrate formation occurred at this temperature 
for 16 h.

The next stage of the experiment was character-
ized by a gradual decrease of CH4 pressure in the 
sample to atmospheric pressure at a fixed temperature 
of –5°C, while observing the kinetics of pore hydrate 
dissociation with periodic assessment of gas permea-
bility of the sample under study. After the process of 
pore hydrate dissociation attenuation, the sand sam-
ple was removed from the core holder, and the final 
characteristics were determined.

At the initial stage of the experiment, after freez-
ing and loading of the sample, the longitudinal wave 
velocities were 3690 m/s, and the gas permeability of 
the loaded frozen sample before the hydrate satura-
tion stage was 281.46 mD.

Twenty-four hours after methane injection into 
the frozen sample to a pressure of 3.5 MPa at a con-
stant temperature of –5°C, there was a 2.6-fold de-
crease in gas permeability to 88.88 mD, when 5% of 
pore ice was converted to hydrate. At this stage, the 
relative linear strain of the sample increased to 0.6%, 
and Vp slightly decreased and amounted to 3480 m/s 
(Fig. 5, Table 3).

Fig. 4. The effect of increasing negative temperature on the (a) change in the gas permeability (Kg) and 
(b) unfrozen water content (Wuf) in sample M2.
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Further heating of the sample to +1°C resulted 
in activation of the process of pore water transition to 
hydrate (Fig. 5, Table 3).

Thus, in the first hour of heating, the degree of 
transition of pore water into hydrate increased al-
most by an order of magnitude. The hydration coeffi-
cient amounted to 0.38 (Fig. 5a). Also, thawing re-
sulted in additional compaction of the sample and 
relative strain of about 0.7% (Table 3). Further, dur-
ing hydrate-saturation of the thawed sample, as well 
as after freezing, the hydration ratio and relative 
strain of the sample remained virtually unchanged. At 
the transition of pore ice to water, a 32% decrease in 
Vp was observed. Some increase in hydrate saturation 
of the sample in the thawed state practically did not 
affect the values of longitudinal wave velocities, 
which reached 2340 m/s before freezing. Thawing of 
the sample led to the growth of linear deformations 
and activation of pore water transition to hydrate, 
which was expressed in a significant decrease of gas 
permeability (Fig. 5b). After thawing the sample, the 
gas permeability decreased to 38.6 mD at Kh = 0.34; 
then, the permeability decreased by more than three 
times to 10.85 mD at Kh = 0.38. Further freezing of 

the hydrate-saturated sample virtually did not affect 
the permeability. At the end of the hydrate-saturation 
stage, the gas permeability of the sample at –5°C was 
11.21 mD at 41% pore water to hydrate transition, 
and the longitudinal wave velocity slightly increased 
compared to the initial values and amounted to 
3800 m/s (Table 3).

At the next stage, the gas pressure in the cham-
ber was reduced to atmospheric pressure (0.1 MPa), 
and the sample characteristics were observed under 
conditions of pore hydrate dissociation at a constant 
negative temperature of –5°C (Table 4).

At the dissociation stage, the rate of pore hy-
drate decomposition in the frozen sandy sample had 
an exponential character (Fig.  6a). Thus, during 
the first hour, the hydrate coefficient decreased by 
10%; after 4 hours, by 25%; and after 24 hours, by 
75% (to 0.1). 

At the same time, during the observation period, 
the relative linear strain coefficient slightly increased 
from 0.73% to 0.80%, and the porosity of the sample 
virtually did not change.

Measurements of gas permeability of the sample 
in the process of dissociation after the CH4 pressure 

Fig. 5. Changes in temperature (T) and hydration coefficient (Kh) over time (a); dependence of gas per-
meability (Kg) on the degree of pore water transition into hydrate at the stage of hydrate saturation (b).

Ta b l e  3.	 Changes in the sand sample  
	 characteristics over time  
	 under hydrate-saturated conditions

Time, h T, °C e, % Kh, u.f. Kg, mD Vp, m/s

0 –5.0 0 0 281.46 3690
18.7 –5.0 0.60 0.05 88.88 3480
22.6 0.7 0.69 0.34 38.60 2370

23.03 0.9 0.69 0.36 15.62 2320
23.2 0.9 0.69 0.38 10.85 2340
30.3 –5.0 0.73 0.41 11.21 3800

Ta b l e  4.	 Changes in the gas permeability  
	 and longitudinal wave velocity in frozen  
	 hydrate-saturated sand sample during dissociation  
	 of pore hydrate at atmospheric pressure 
	 and temperature –5°C

Time, h Kh, u.f. Kg, mD Vp, m/s
0 0.41 37.58 3800

0.65 0.37 42.60 3890
1.32 0.35 49.38 3890
1.77 0.33 50.40 3890
3.72 0.31 45.03 3900
4.73 0.29 41.86 3900

23.17 0.10 11.05 3800
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release to 0.1 MPa showed that, during the first two 
hours, the gas permeability increased by 34%, from 
37.58 mD to 50.40 mD (Table 4). After a day of obser-
vations, the gas permeability coefficient decreased 
4.6 times and amounted to 11.05 mD with a residual 
fraction of water in hydrate form (Kh) about 0.1 
(Fig. 6b). This decrease in gas permeability followed 
an exponential curve starting from the values of 
Kh = 0.33. Such a character of gas permeability change 
in the process of pore hydrate dissociation can be re-
lated, on the one hand, to the increase in the void-
ability of the frozen sample during the transition of 
hydrate into ice, which is especially evident at the 
initial stage of dissociation [Chuvilin et al., 2021], 
and, on the other hand, with some compaction of the 
soil sample under the action of axial load and closure 
of interstitial filtration channels. However, this as-
sumption requires further special studies, for exam-
ple, using microtomographic observations.

CONCLUSIONS

An original method of experimental modeling of 
gas filtration processes in ice- and hydrate-containing 
sediment at different temperatures and pressures has 
been developed, which includes: (a) development of a 
special core holder with uniaxial compression of the 
sample with the possibility of controlling its deforma-
tions, measuring acoustic wave velocities, as well as 
working at high gradients of gas pressure; (b) devel-
opment of an algorithm and optimal experimental 
conditions on the filtration unit, modeling a wide 
range of depths of frozen and hydrate-containing sed-
iment and the resulting pressure drops.

The developed experimental complex makes it 
possible to study filtration processes in ice- and hy-
drate-containing soils under conditions of phase tran-
sitions and structural transformations. 

Fig. 6. Changes in the hydration coefficient (Kh) over time (a) and the dependence of gas permeability 
(Kg) on Kh in a hydrate-containing sample during dissociation at a temperature of –5°C and atmospheric 
pressure (b).

As part of the methodological research, gas filtra-
tion in frozen soils with varying initial moisture con-
tent (ice content) was assessed across a range of sub-
zero temperatures. It was shown that with a gas pres-
sure difference of approximately 2 MPa across the 
frozen soil edges, initially impermeable frozen soil 
with high moisture content becomes permeable at 
high subzero temperatures, close to the thawing tem-
perature. Filtration tests on a sand-clay sample with 
partially filled pores with ice showed that with an in-
crease in temperature from –3 to –1.5°C, gas perme-
ability increased by 23%, which is associated with an 
increase in unfrozen water content and the release of 
ice from the filtration channels. 

The study of the gas permeability of frozen hy-
drate-containing sand in the thawing and freezing 
cycles under hydrate formation conditions demon-
strated its consistent decrease by more than eight 
times. The dissociation of pore methane hydrate in 
frozen sand at negative temperature revealed a multi-
directional change in gas permeability over time, 
namely, an increase in the initial period and an expo-
nential decrease thereafter.
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