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The article considers the mechanisms of mechanical destruction of clathrate hydrates. To
determine the conditions of destruction, the hydrate is considered as a quasi-brittle body

2025 with insignificant plastic deformation during destruction. The possibility of using Mohr's
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graphoanalytical method to determine the critical values of tangential stresses arising under
complex-stressed volumetric action during destruction by the method of pressure reduction

(depression dissociation) is shown. The application of Freudenthal's theory with the pres-
ence of a critical defect in the material as a basis for forming an understanding of the rela-
tionship between the strength of the material and defects and the mechanics of hydrate
destruction as a quasi-brittle material is also considered.
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1. INTRODUCTION

Recently, more and more works [1-10] devoted to the de-
struction of clathrate hydrates (hereinafter referred to as
simply hydrates) have been published. Natural hydrates
contained in the subsoil, when destroyed, are a huge
source of natural gas [5]. At the same time, when trans-
porting natural gases through pipelines, man-made hy-
drates can form in areas with subsequent changes in the
cross-section completely closing the pipeline, and their
destruction is necessary to ensure gas transportation [6].
The formation of natural and man-made hydrates is funda-
mentally similar, but has a number of differences, and their
dissociation differs due to the limited possibility of their de-
struction due to technological and other conditions.
Technogenic hydrates formed in various sections of the
pipeline are an undesirable phenomenon requiring measures
to control, to prevent their formation and to destroy them

when they appear. In principle, hydrates dissociate when
the pressure decreases, the temperature increases, or
chemical components are introduced into the system [5].
At the same time, the depression method of hydrate de-
struction is not always applicable from the point of view
of technology and operational features of the pipeline sys-
tems themselves [6]. Often, the pressure reduction is de-
signed not for mechanical destruction, but for dissociation
(decomposition), although one can also find in the litera-
ture a description of mechanical destruction accompany-
ing the process of decomposition of a gas hydrate by re-
ducing pressure.

The purpose of this work is to analyze the possibility
of realizing the process of mechanical destruction of clath-
rate hydrates by reducing the pressure and the possibility
of determining the necessary and sufficient conditions of
destruction based on the graph-analytical method of Mohr
using the Mohr-Coulomb theory.
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2. BASIC PROVISIONS

Based on studies of mechanical and physical properties,
clathrate hydrates were classified as brittle materials [9—11].
However, literature analysis [9—15] suggests that, based
on their mechanical characteristics, they can be classified
as quasi-brittle materials with their inherent brittle failure,
preceded by conditional (minor) plastic deformation. It
should be noted that the conditions for the formation of
hydrates are determined by several factors, including the
thermobaric conditions of systems containing a certain
type of medium of varying saturation (concentration) of
its components (particles of water, gas, condensate, etc.).
Thus, at a certain temperature and pressure, a hydrate is
formed from a certain initial concentration of a mixture of
a hydrate former and water.

Depending on the pressure difference between the
pressure P of hydrate formation and P, of the surrounding
medium, the hydrate may be mechanically destroyed or its
integrity may be maintained. When the difference is less
than or equal to the tensile strength of the hydrate o,

P—-P AP

=22 <, (1)
(e} (e}

its mechanical integrity is preserved. If

AP >1 (2)
c
the hydrate, according to Hooke's law, is mechanically
destroyed.
The tensile strength o is a function of the internal mor-
phology of the hydrate, the main parameter of which is its
density p,:

o=f1(p,) 3)

In turn, the density depends on many other factors: the
composition of the hydrate-forming agent, the degree of
filling of the cavities of the crystal lattice, hydrate number,
pressure and temperature of hydrate formation, etc. [2].

In addition, the internal morphology of hydrate ¢ is
characterized by intercrystalline energy interactions that
unite and bind hydrate crystals together. As a first approx-
imation, these interactions can be expressed through the
basic parameters ¢ and p,:

b= (4)

The value ¢ has the dimension of kJ/mol and reflects the
specific energy of intercrystalline bonds of hydrate.

In terms of conditions, this is similar to the
crystallization process of solids known today. In this case,
the conditions for the formation of hydrates—pressure P

and temperature 7—are conditionally equilibrium for the
existence of a solid phase, and the rate of formation from
a gaseous (liquid) medium into a solid one assumes high
values and the formation of a finely dispersed structure. It
is also worth noting that polymorphism is characteristic of
hydrates, as well as metals and alloys [5,16-20]. By
reducing the temperature, it is possible to achieve a change
in the structure of the solid phase of the hydrate to a more
favorable structure of the equilibrium state for new
conditions. It is worth noting that polymorphism manifests
itself in hydrates even with a change in pressure (increase)
[16-20], hence it can be concluded that with a further
increase in pressure, the hydrate is rebuilt into a more
energetically favorable structure.

All this makes it clear that in the volume-stressed state
of the hydrate under compression for the purpose of me-
chanical destruction, the supplied energy will be spent on
restructuring the hydrate, forming a structure stable in new
thermobaric conditions. In this case, the finely dispersed
structure will block the growth of cracks and the move-
ment of defects, since its boundaries are barriers. It is also
worth noting that the transition from the gaseous to the
solid phase allows for the production of denser structures
due to increased pressures. This is where the understand-
ing of the use of the depression method of hydrate destruc-
tion comes from, since the process is accompanied by a
decrease in pressure, which ensures the occurrence of ten-
sile forces throughout the entire volume of the hydrate
(volume-stressed state), thereby causing tensile normal
stresses.

Hydrates, as was said above, can be classified as quasi-
brittle materials, which also means that they work well un-
der compressive loads and poorly under tension. Thus, the
hydrate in equilibrium thermobaric conditions does not
experience any effects, and the structure does not have any
stress states, except for some residual ones appearing dur-
ing the formation of crystals at a critical speed. For possi-
ble mechanical destruction, it is assumed that the pressure
should be reduced to values ensuring the onset of hydrate
decomposition, since the conditions of equilibrium exist-
ence change. In this case, continued pressure reduction
can lead to the occurrence of a volume-stressed state of the
hydrate with tensile stresses acting over the entire surface
in all planes. In this scenario, if the pressure increases after
the system has already adopted an energetically favorable
structure, a further increase in pressure will also lead to
the occurrence of a volume-stressed state, but with com-
pressive forces. However, as is known [21-23], quasi-brit-
tle materials work worse in tension than in compression,
especially under conditions of a volume-stressed state.

When forming a hydrate, especially in a pipeline, in
addition to pressure during the formation process, the flow
action force and adhesion also affect, which cause a
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Fig. 1. Structural defect in a hydrate similar to a microcrack: (a) hydrate unit cell with an internal volumetric structural defect; (b) intera-
tomic propagation of a microcrack in one of the planes (opening of a structural defect); (c) pre-fracture zone of a hydrate (characteristic of
quasi-brittle materials); (d) dependences of forces on the interatomic distance and the energy required for crack growth tper an interatomic
distance, where / is the curve of the attractive force of atoms, 2 is the curve of the repulsive force of atoms, 3 is the curve of the resulting

force, a is the interatomic distance of the compound.

complex stress state from a complex-loaded effect, which
also add tangential stresses from the action of a shear
effect from the flow pressure force and resistance to this
effect from adhesion (shear) [24].

When a hydrate is destroyed by reducing pressure,
two processes will occur simultaneously: crack for-
mation along areas with maximum tangential stresses,
their propagation, opening and, at the same time, decom-
position of hydrates, with the two phenomena mutually
accelerating each other. Being classified as quasi-brittle
materials, hydrates will be sensitive to all types of load-
ing where tensile stresses can occur, i.e., bending, rup-
ture, etc.

3. RESULTS AND DISCUSSION
It is proposed to use Freudenthal's theory [25] for the de-

struction of hydrate as a quasi-brittle material with the
presence of a critical defect in the material as its basis,

associated with one of the hypotheses, the Weibull dis-

tribution [26], based on three other hypotheses:

e Frechet distribution of the largest defects [27];

¢ no interaction of adjacent defects and their sparse dis-
tribution;

e sharp microcracks (or defects) of the Griffith's type.

This theory shows the relationship between the
strength of the material and defects and allows us to un-
derstand the mechanics of destruction of hydrate as a
quasi-brittle material.

At the same time, in the presence of local defects that
have critical values, acting as microcracks, crack propaga-
tion and its opening, suggests the presence of a plastic
zone in front of the crack tip—the so-called local zone of
plastic deformation (Fig. 1). Due to the structural features
of the hydrate, from the point of view of crack propaga-
tion, its growth will proceed according to the principle of
least resistance and will destroy either hydrogen bonds (6—
160 kJ/mol) or Van der Waals (1-30 kJ/mol). When the
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hydrogen bond energy values are lower than the Van der
Waals bond energy in the hydrate compound, the crack
will grow along the hydrogen bonds between the hydrate
molecules. If it is energetically more favorable for the
crack to pass through the hydrate cluster molecule (when
the hydrogen bond energy value is higher than the Van der
Waals energy value), destroying the bond between the gas
and water molecules. In this case, the hydrate as a quasi-
brittle material has a pre-fracture zone characterized by a
large length and width, with the length exceeding the
width, thereby acquiring an elliptical (elongated) shape
(Fig. 1c). It is worth noting that near the pre-destruction
zone, there is practically no “hardening”, and it can be
considered that there is no plastic or strengthened nonlin-
ear zone, which is characteristic mainly of elastic materi-
als and partly of brittle ones.

The process of crack growth should be accompanied
by the release of gas from the hydrate in the case of the
crack front passing between the water molecules and gas
molecules, destroying the bond between them formed by
the Van der Waals forces. It should be taken into account
that the environment also often contains gas and water
molecules, which can shift the equilibrium conditions,
thereby making it possible to form new hydrates along the
newly formed hydrate surfaces behind the crack front,
thereby connecting these surfaces (essentially, “collaps-
ing” the crack).

And the crack itself increases the distance between the
conjugated associates, breaking their bond. When an in-
teratomic crack propagates, each compound is a barrier (a
barrier of propagation energy or activation, or opening) in
which more energy is required for the crack to develop,
therefore the energy for the crack front propagation has the
shape of a sinusoid. As can be seen from Figure 1d, to
break the bond between atoms at the crack front, stresses
o must arise that exceed the theoretical strength of the ad-
hesion of atoms G___:

max *

6>0 (%)

max

The resulting stress must provide energy W sufficient to
enable the growth of a crack by one atomic distance, ex-
ceeding the activation energy barrier W, .

In this case, the formed hydrate may have zones free
of defects (vacant zones) that can be filled with water mol-
ecules [28] reducing stresses arising near these zones,
thereby stabilizing defects below their critical values,
which ensures the stability of the hydrate. However, de-
spite the stabilizing effect of such filling, stresses still re-
main and this element should be considered as a structural
defect that reduces the strength of the hydrate.

It is worth noting that when forming an understand-
ing of the destruction of hydrate as a quasi-brittle mate-
rial, it is necessary to take into account that the existing

approaches to the study and theory of the destruction of
quasi-brittle materials in fracture mechanics are based on
the behavior of materials during energy-releasing (exo-
thermic) destruction, and the theory of crack propagation
is also based on the mobility of atoms and the loss of
bonds between atoms. In this case, the hydrate absorbs
energy during decomposition, thereby creating condi-
tions (a decrease in temperature at constant pressure) un-
der which the existence of a solid phase and the possibil-
ity of forming a hydrate of the corresponding structure at
the crack front and along its entire length at the corre-
sponding interatomic distance are in equilibrium.

It is also worth noting that the conditions for the for-
mation of hydrates in the presence of structural defects al-
low the formation of new bonds between water molecules
at the sites of defects when exposed to pressure (especially
under volumetric compression), thereby forming a denser
crystalline structure and, thereby, increasing its strength.

Hydrate destruction occurs along areas with maximum
tangential stresses, along which cracks nucleate, grow
(propagate) and open. Of the existing theories of strength,
the Mohr-Coulomb theory and the graphoanalytical
method based on it with the construction of Mohr circles
most accurately allow one to describe and determine the
value of the arising tangential stresses for quasi-brittle ma-
terials. The only drawback of this theory is that this
method does not take into account all three components of
stress, since it is based on a plane construction taking into
account the largest and smallest values of normal stresses
arising as a result of volumetric action when decreasing
(increasing) pressure. The result of such a calculation is an
error of 10—15% of the real value, which is considered ac-
ceptable for engineering calculations. When constructing
Mohr's circles, it is possible to determine the value of the
arising tangential stresses on various sites. Including crit-
ical values from the action of destructive effects of the vol-
umetric stress state of tensile and compressive forces.

It can be assumed that with a depression effect on the
formed hydrate, it will be in a volumetric stress state,
while the normal stresses on the main sites will have the
following condition:

c, >0, 20;, (6)

since the hydrate is constrained in two planes and by the
critical pressure at the point of maximum narrowing of the
flow cross-section as well as by the principal stress c;. In
addition, the pressure of the flow tending to shift the hy-
drate in the direction of the gas flow is also considered.
Thus, that part of the condition where it is reflected that 6,
and o3 can be equal is an ideal condition for the uniform
hydrate formation, which is difficult to achieve in labora-
tory conditions and has an extremely low probability in
real operating conditions. However, it is possible that the
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difference between them will tend to zero (Fig. 2), which
indicates that it is difficult to predict the orientation of the
plane with maximum stress. At the same time, it is still
possible to determine the maximum value of the limiting
tangential, normal and shear stresses for a plane not paral-
lel to any of the principal stress directions.

As mentioned earlier, the hydrate under depression ac-
tion (due to the decrease in stress causing the appearance
of tensile forces throughout the volume) is not only in a
volume-stressed state, but also in a complex loading state,
since it experiences shear forces along the adhesive inter-
face in addition to the volumetric stress. Thus, of the ex-
isting methods for analyzing the limit state of the hydrate
under the effect of pressure changes, the Mohr-Coulomb
theory is suitable (Fig. 3).

Using the limit curve, it is also possible to construct a
family of Mohr's limit circles for hydrates with the deter-
mination of the necessary values of 6, and &, correspond-
ing to the limit state for different stress states and, as a
consequence, the conditions for the occurrence of maxi-
mum permissible shear stresses for the destruction of the
hydrate. The hydrate crystal lattice is ice-like and many
properties of hydrates are similar to hexagonal ice [5,28].
In addition, at low temperatures with an excess of the wa-
ter component over the absorbed molecules (especially in
natural conditions), the joint existence of hydrate-ice de-
posits (clusters) is possible. Below in Figure 4 are pre-
sented Mohr's circles and the limit envelope for ice at a
temperature of —5 °C, constructed based on an analysis
of the literature [29-32] with experimental data. In this
case, under uniaxial compression and tension, destruc-
tion occurs along areas with maximum shear stresses lo-
cated at angles of ~45° from the direction of force appli-
cation or principal stress. Thus, the limiting values of
shear stresses under uniaxial compression and tension
obtained using graphical analysis of Mohr's circles from
Figure 4 are equal, respectively, to t,. ~2.1£0.5 MPa
and T, ~0.52£0.06 MPa (1, is ultimate tangential
stress under uniaxial compression, T, is ultimate tan-
gential stress under uniaxial tension determined with the
help of Mohr's circle).

Figure 5 shows Mohr's circles and the limiting enve-
lope for methane hydrate at a temperature of —5 °C, con-
structed based on an analysis of experimental data [11,12].
In this case, under uniaxial compression and tension, fail-
ure also occurs along areas with maximum shear stresses
located at angles of ~45° from the direction of application
of force or principal stress. In this case, the limiting values
of shear stresses under uniaxial compression and tension
obtained using a graphical analysis of Mohr's circles from
Figure 5 are, respectively, equal to 7. ~3.65+0.45 MPa
and 1, ~1.23+0.1 MPa.

7N
o

a, =0,

g,

Fig. 2. Mohr's circles of the three principal stress directions

of the family of hydrate sites.
| I
% A

Oy Tyr

4 r
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Fig. 3. Mohr's circles and the limit envelope for hydrate, where:
1 is the Mohr's limit circle for tension; 2 is the Mohr's limit circle
for compression; 3 is the Mohr's limit circle for shear; 4 is the
limit envelope. &, is the ultimate normal stress in uniaxial com-
pression, G, is the ultimate normal stress in uniaxial tension.

Using the obtained limit envelopes for ice (Fig. 4) and
for methane hydrate (Fig. 5), we can determine the condi-
tions under which they would not have sufficient strength,
leading to their destruction under external forces. If the
constructed Mohr's circle under these forces based on the
values of the principal stresses o, and o,, intersects its
limit envelopes, respectively, then the destruction of ice or
hydrate will occur, but if the Mohr's circle is located inside
the limit envelopes, then the ice or hydrate will have suf-
ficient strength, and they will not be destroyed. It is worth
noting that hydrates are sensitive to all types of dynamic
and cyclic loading under given conditions of the system
dynamics. In this scenario, the amount of work required to
open the crack will depend on the speed and external con-
ditions of the hydrate's existence. The crack can be closed
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Fig. 4. Mohr's circles and the limit envelope for ice, where: /
is the Mohr's limit circle for tension; 2 is the Mohr's limit circle
for compression; 3 is the Mohr's limit circle for shear; 4 is the
limit envelope. o, is the ultimate normal stress in uniaxial
compression, G, is the ultimate normal stress in uniaxial ten-
sion for ice [29-32].

lf, MPa

05

Fig. 5. Mohr's circles and the limit envelope for methane hydrate,
where: / is the Mohr's limit circle for tension; 2 is the Mohr's limit
circle for compression; 3 is the Mohr's limit circle for shear; 4 is
the limit envelope. G, is ultimate normal stresses in uniaxial
compression, G, is ultimate normal stresses in uniaxial tension
for methane hydrate [11,12].

by newly formed crystals along its formation path, as the
hydrate's destruction involves heat absorption, which also
creates conditions for reducing the temperature and
achieving equilibrium for the solid phase at the appropri-
ate pressure.

To form an understanding of the mechanisms of me-
chanical destruction of various clathrate hydrates, it is nec-
essary to study their physical and mechanical properties in
more detail and construct a family of Mohr's circles for
various limiting states. Also, to understand the discrep-
ancy between real values and those obtained using the
Mohr-Coulomb theory based on the graphoanalytical
analysis, it is necessary to consider the destruction process
from the standpoint of fracture mechanics for quasi-brittle
materials based on the Freudenthal's theory based on the

Weibull distribution hypotheses. This will make it possi-
ble to create a physical and mathematical model that accu-
rately describes the conditions of hydrate destruction,
avoiding the errors inherent in values obtained through
calculations based on the Mohr-Coulomb theory. The
emergence of an understanding of the process of mechan-
ical destruction of hydrates and the formation of a theory
will allow a better understanding of the mechanisms oc-
curring during depression destruction and the formation of
more effective approaches and technological support for
their mechanical destruction.

4. CONCLUSION

In this work, Mohr's circles and the limit envelopes for ice
and methane hydrate are constructed for the first time
based on the analysis of experimental data available in lit-
erature. Hydrates are also considered for the first time as
quasi-brittle materials and the theory of crack propagation
in a quasi-brittle material with subsequent destruction of
the hydrate formation is used. The conditions for crack
opening and the direction of crack front propagation are
considered. Using Mohr's circles and the Mohr-Coulomb
theory, the values of shear stresses for ice and methane
hydrate at a temperature of —5 °C are determined for areas
with maximum values of shear stresses oriented at an an-
gle of ~45° relative to the direction of force application or
the principal stress under uniaxial compression and ten-
sion. Based on the proposed method, it is possible to con-
struct a series of Mohr's circles for different limiting states
of crystalline structures of ice and hydrates, upon reaching
which their mechanical destruction occurs. On the basis of
these results it is possible to determine the necessary baric
influence on hydrates in order to destroy them.
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AHAJIN3 YCJI0BHHA MEXaHUYECKOr0 Pa3pylieHUs KJIATPATHBIX
rUAPATOB € UCMOJb30BaHHEM IrpadoaHaIuTHYECKOro MeToaa Mopa

2.J0.0. Banaes!, H.A. IllocTrak?

! Kadenpa nedrerasosoro nena umenu npodeccopa I.T. Baprymsna, ®TBOY BO Ky6auckuii rocy1apcTBeHHbIN TEXHOIOTHYECKHI
yHuBepceuteT, MockoBcekas yi., 2, Kpacaonap, 350072, Poccust
2 Boicuas urskeHepHast mkona "Hedrera3ossiii u sueprernueckuii urxuuupunr”, ®TB0Y BO Ky6auckuii rocynapcTBeHHbI
TEXHOJOIH4YecKull yHUBepcuTeT, MockoBckas yi., 2, Kpacaonap, 350072, Poccus

AHHoOTanus. B craTbe paccMOTpeHb! MEXaHU3MbI MEXaHUYECKOIO Pa3pyIICHHs KIaTpaTHBIX FHAPaToB. [ onpeseneHus yCcloBHM
pa3pyIIeHUs THAPAT paccMaTpUBaeTCs KaK KBa3UXPYIIKOE TEJI0, UMEIOIee He3HAYNTEIbHYIO IUIACTHYECKYIO Ie(hopMariyio Ipu paspy-
mrennu. [TokasaHa BO3MOKHOCTh MPUMEHEHHS IpadoaHaIUTHIECKOTo MeTota Mopa Juist onpe/ieeHus: KpUTHIECKUX 3HadeHIH Kaca-
TEJILHBIX HATIPSDKEHUH, BOSHUKAIOIIUX IPH CII0KHOHATIPSKEHHOM 00BEMHOM BO3JISHCTBUH IIPH Pa3pyIIEHIH METOJIOM CHIDKEHHS JJaB-
JIeHU (JeTPecCCHOHHOMN Jiicconanuy). Takxke pacCMOTPEHO IpUMEHeHHe Teopuu OpelieHTas ¢ HUIMIHeM KPUTHIECKOTo NedeKTa
MarepHaita B KadeCTBE OCHOBHI /Uil (JOPMHUPOBAHMS IIOHUMAHHS CBSI3M MEX]Y NPOYHOCTHIO MaTepuaia U JedeKTaMH U MEXaHUKU
pa3pylIeHus rujpara Kak KBa3UXPYIKOTro MaTepHaa.

Knrouegvie cnosa: knatpaTHble T'UpaThl; KBa3UXPYIKUI MaTepual; Teopus Mopa-Kynona; meron Mopa; Teopus Opelinenrans
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