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Abstract. Methane hydrates (MHs), solid ice-like compounds ofmethane gas and
water, form naturally at high pressure and low temperature inmarine or permafrost
settings. They represent a great alternative energy resource but also a source of
geo-hazards and climate change. Knowledge of physical/mechanical properties
of sediments containing MHs, depending considerably on methane hydrate mor-
phologies and distribution at the pore scale, is of major importance to be able to
minimize the environmental impacts of future exploitation of methane gas from
methane hydrate-bearing sands (MHBS).Much of the reported experimental work
consists in laboratory tests on synthetic samples due to the extreme difficulty to
get intact cored natural methane hydrate-bearing sediment samples. Various meth-
ods have been proposed to form methane hydrates in sandy sediments to mimic
natural MHBS, but with limited success. This paper discusses the morphologies
and pore habits of MHs formed in synthetic MHBS, considered as model mate-
rials for real MHBS and their effects on the mechanical properties of MHBS, at
various scales and via different methods mainly as synchrotron X-ray computed
tomography, magnetic resonance imaging and triaxial tests. An alternative MH
formation method is proposed to better mimic natural MHBS and the validity of
existing idealized models used to describe MH pore habits is discussed.
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1 Introduction

Natural gas hydrates (mainly methane hydrates), most often located in marine and per-
mafrost settings, represent a great potential energy resource (estimates range over several
orders of magnitude: ∼3100 Tm3 to ∼7,650,000 Tm3) but also a source of greenhouse
gas (methane is an active “green-house” gas that has a global warming potential twenty
times greater than an equivalentweight of carbondioxidewhen integrated over 100years)
and geo-hazards (slope instability and wide-scale gas venting due to the dissociation of
MHs replacing rigid components with free gas and excess water, whichmay significantly
reduce the geo-mechanical stability of affected sediments) [1].Detailed knowledge about

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
D. V. K. Huynh et al. (Eds.): VSOE 2021, LNCE 208, pp. 501–508, 2022.
https://doi.org/10.1007/978-981-16-7735-9_56

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7735-9_56&domain=pdf
https://doi.org/10.1007/978-981-16-7735-9_56


502 T. X. Le et al.

how released methane gas from MHs reaches atmosphere needs to be clarified as that
is a key issue in understanding the connections between MH as an energy resource and
also a potential player in future climate scenarios [2].

The formation of MH in sandy sediments modifies the microstructure and as conse-
quence the physical/mechanical properties of MHBS. The study of the microstructure
of MHBS, MHmorphologies and distribution at the pore scale (pore habits), is of major
importance in order to minimize the environmental impacts of future exploitation of
methane gas from MHBS [2].

The majority of the existing experimental works focus on synthetic samples in lab-
oratory due to challenges to get undisturbed cored MHBS samples. Various methods
have been proposed to form MH in sandy sediments in laboratory and conceptual mod-
els proposed byDvorkin et al. [3] have usually been used to indirectly assess theMHpore
habits in sandy sediments [4–8]. Laboratory and synchrotron X-ray computed tomog-
raphy (XRCT & SXRCT) have been recently used to investigate the microstructure of
gas hydrate-bearing sediments [9–12]. It should be noted that due to the poor contrast
between water and methane hydrate in a XRCT image, other types of gas or saline water
solutions have been usually used.

In this paper, results obtained from the project HYDRE [13] on MH formation
and its effects on the microstructure and the mechanical properties of synthetic MHBS
under both excess-gas and excess-water conditions are discussed. The MH formation
following the excess-gas method is first analyzed. Afterward, MHmorphology and pore
habit changes after the water saturation with or without an additional temperature cycle
and their corresponding effects on the microstructure and the mechanical properties of
MHBS are debated.

2 MH Formation Under Excess-Gas Conditions

2.1 MH Formation Procedure

In the project HYDRE [13], MHBS was formed following the partial water saturation
method by injecting methane gas at 7 MPa and maintaining temperature at 3–4°, see [8,
12–14] for more details.

The initial water saturation was 25–50%. The stabilization of the compressional
wave velocity (VP) at the end of the MH formation suggested that almost the entire
quantity of available water has been transformed into methane hydrates [8]. The final
MH saturation increased with an increase in initial water in this range. Furthermore, two
experiments at 25% of initial water saturation, observed by magnetic resonance imaging
(MRI) [14], showed that almost 100% of water became MH in the end. Ten percent of
volume increase was supposed for the water-methane hydrate conversion. However, in
the work of Zhang et al. [15], 5 to 15% of pore water was found to remain unconverted
toMH at the end of the experiments with 25–50% of initial water saturation. Actually, in
these works, the signal of methane gas was not considered and that would induce errors
in water content estimation in the specimen. In addition, the experiment duration was
only few hours for these works compared to several days for triaxial and MRI tests in
the present work [8, 13, 14].
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2.2 MH Morphologies and Pore Habits Under Excess-Gas Conditions

The results of eight samples shown in Le et al. [8] show that MH formation in gas-
saturated media increased Vp, and this increase reached the stabilization state at the
end of the MH formation (before shearing). It was supposed that almost the distribution
of MHs was similar to that of water prior to their creation. Comparison between the
experimental data and Dvorkin’s model [3] shown in Le et al. [8] suggests that at a low
initial water saturation (MH saturation), methane hydrates were mainly distributed at
grain surfaces (cementing - mineral coating), while at a high initial water saturation, the
role ofMHs at grain contacts (cementing - grain contacts) dominated. Thesemacroscopic
results are in agreement with that ofWaite et al. [4] by using similar approaches (velocity
measurements and Dvorkin’s model). Note that the cementing - grain contacts model
was only considered at low gas hydrate saturation.

At the pore scale, Zhao et al. [16] observed MHs (formed following the excess-
gas method) at gas-water interfaces, floated between sand grains without coating on
grain surfaces. A thick water layer was found to envelop grain surfaces by using image
segmentation. Besides, polyhedral crystals of Xe hydrates around grains and loosely
connected aggregates of Xe hydrate crystals in the pore space (formed following the
excess-gas method), were observed by SXRCT [10]. Furthermore, thin layers of water
were observed to exist between sand grains and Xe hydrates. It should be noted that
the Xe hydrate formation time was just some ten minutes, remaining water could still
be transformed into MHs. Furthermore, the morphology of gas hydrates depends on the
type of used gas.

Within spatial resolution of sub-micron voxel size of SXRCT images in the work
of Le et al. [12], MH morphologies and pore habits were observed directly without the
need of segmentation (see Fig. 1a–d). That allows to discuss the four types of MH pore
habits, proposed by Dvorkin et al. [3]: cementings, load-bearing and pore-filling, usually
used for predictions of physical/mechanical behaviors of MHBS. It is usually supposed
that MH formed under excess-gas conditions in sandy sediments (following the excess-
gas or ice-seeding method) have the shape of pendular water menisci at grain-grain
contacts or thin uniformMH layers coating sand surfaces (cementing - mineral coating)
[4, 5]. The present study and that of Lei et al. [11] showed irregular shapes of MH at
sand surfaces often accompanied by finger-like spreading patterns of MHs at low MH
saturation. It appears that methane hydrates were at grain-grain contacts and/or grains
surfaces (cementing) at low hydrate saturation while they tended to fill the pore space
at high hydrate saturation. Besides, methane hydrates could be porous if they were not
totally clogged over time. It is clear that MHmorphologies and pore habits in the sample
are not only heterogeneous at the pore scale but also along the sample height (the sample
scale) due to water migrations [12]. Different types ofMHmorphologies and pore habits
could exist in the sample. Not only MH pore habits but also MH morphologies in sandy
sediments (which can only be observed at high image spatial resolution) are important
for studies on physical/mechanical behaviors of methane hydrate-bearing sediments. At
similar MH saturation, different MH morphologies (filaments, “crystals” or layers) at
sand grain surfaces (cementing - mineral coating) or at contacts of grains (cementing
- grain contacts) can play different roles in mechanical behaviors of methane hydrate-
bearing sediments. We suppose here an intermediary model of MHs at the grain scale



504 T. X. Le et al.

(see Fig. 1e) with complex geometry ofMHs that could eventually be porous.MHs could
play more role at grain contacts compared to the conceptual cementing-mineral coating
model by forming bulk MHs. Furthermore, effects of thin water film supposed existing
between sand grain and MH on physical/mechanical behaviors of sediments have not
been well studied yet. It seems vital that numerical studies on mechanical behaviors
of MHBS, which have been based on four idealized MH pore habits, should take into
account more realistic and less caricatural MH morphologies and pore habits.

Fig. 1. Some examples of real MH microstructure in MHBS under excess-gas conditions (a–d);
(e): An alternative model of MH pore habits under excess-gas conditions (Blue: methane gas;
Cyan: MHs; and Red: sand grains).

3 MH Under Excess-Water Conditions

3.1 MH Formation Procedure

Following theMH formation under excess-gas conditions aforementioned, two different
procedures were used: a water saturation by replacing the excess gas in the sample by
water at 7 MPa (Procedure A) or a water saturation accompanied by a temperature cycle
(Procedure B). Please see [8] for more details.

3.2 MH Morphologies and Pore Habits Under Excess-Water Conditions

Water Saturation
The subsequent water saturation phase significantly decreased Vp for triaxial tests [8].
Kneafsey et al. [17] observed a similar decrease in sonic velocities when saturating the
gas-saturated MHBS with water. These results suggest that water saturation modified
the MH distribution at the grain scale. MHs located at grain contacts and/or at grain
surfaces would be progressively converted or/and redistributed into the pore space [7].
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For triaxial tests shown in Le et al. [8] the effects of water injection in gas-saturated
MHBS were investigated at different MH saturations. The results indicate that this pro-
cess took longer time for higher MH saturation. For some specimens (B2, B4, A3, and
A4), this transformation was not complete when the subsequent step (triaxial compres-
sion for the specimens A and heating/cooling cycle for the specimens B) was applied.
This may explain the higher measured values of Vp after the water saturation than the
predicted values of the load-bearing model. Besides, for the two tests following the pro-
cedure A at high MH saturation (A3 and A4), even after waiting long time for the water
saturation to make sure that MHBS was well saturated with water, Vp was still higher
than the value predicted for the load-bearing model.

The results of MRI tests in the work of Le et al. [14] show heterogeneous water
distribution along the sample height after the water saturation. Note that similar water
saturation procedure was applied for triaxial tests and MRI tests [8, 13, 14]. However,
for triaxial tests, water was injected from both top and bottom inlets while water was
only injected from the bottom inlet for MRI tests as the sample cell was put into theMRI
system. That explains why MH saturation was higher at the top of the sample compared
to that at the bottom for MRI tests. Furthermore, the water injection time of MRI tests
was longer than that of the triaxial tests. That could induce moreMH dissociation during
the water injection. MH distribution after the water saturation of triaxial tests would be
more homogeneous as water was injected from both top and bottom inlets.

Temperature Cycle
Choi et al. [7] formedMHs in unsaturated sand followingfirst the excess gasmethod, then
injected saline water at conditions just outside of the MH stability zone for saline water
and conducted a temperature cycle. It was concluded that slow saline water injection
was a key to initiate the formation of non-cementing hydrates and the temperature cycle
ensured this formation. Vp after warming (the MH dissociation) was quite high while
the sample was not saturated. The MH dissociation was perhaps not completed before
the MH reformation. This could explain why the difference of Vp after the saline water
injection and that after the temperature cycle was small.

In the present work [8, 13, 14], normal water was injected to saturate the sample and
MHs were completely dissociated before being reformed. The measurement of Vp at the
end of the temperature cycle was smaller than that obtained after the water saturation. In
addition, Vp at the end of the temperature cycle fitted with the pore-filling or the load-
bearing model. It can then be expected that in the range of 0–50% of MH saturation,
the heating/cooling cycle allows for the complete conversion of MHs with cementing
pore habit into the non-cementing type either when the water saturation is not finished
before the temperature cycle or when MH saturation is in a range of 40–50% (Vp after
the complete water saturation is still higher than the value predicted for the load-bearing
model).

Furthermore, MRI results [14] show more homogeneous water distribution (MH
distribution) along the sample height after the temperature cycle, which suggests that
the temperature cycle can redistribute MHs at the grain scale as well as at the sample
scale.

To mimic natural methane hydrate-bearing marine sediments, the dissolved gas
method is considered as the best method but it was time-consuming especially at high
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MH saturation due to the low solubility of methane gas in water [18]. The water-excess
method, proposed by Priest et al. [6], was suggested to create load-bearingMHs in sandy
sediments at MH saturation lower than 40% according to sonic wave velocity measure-
ments. However, MH was observed to be formed heterogeneously inside their sample
via XRCT [16]. Kerkar et al. [9] confirmed patchy MH distribution and heterogeneous
MH accumulation with XRCT at higher image spatial resolution. In the work of Lei et al.
[11], the effect of saline water injection on the conversion/redistribution of MHs was
confirmed by XRCT scans at high image spatial resolution. Furthermore, the obtained
images showed round MH particles under excess-water conditions. Via SXRCT images
[12] of the present work, MHs were initially formed following the excess-gas method.
However, after multiple water migrations, MHs in both local excess-gas and excess-
water media existed in the sample. MHs in local excess-gas media were in cementing
forms (mineral coating and/or grain contacts, see Fig. 1) while round MH particles were
found mixed with saline water in the pore space under excess-water conditions (Fig. 2).
That confirmed the pore-filling/load-bearing distribution of MHs in excess-water media
(round MH particles mixed in saline water in the pore space of porous media). It is
supposed that MH distribution at the grain scale of MHBS after the water saturation at
lowMH saturation and after the temperature cycle of triaxial andMRI tests [8, 14] looks
alike.

Fig. 2. (a) An example of real MH morphologies and pore habits under excess-water conditions;
(b) two conceptual models proposed by Dvorkin et al. [3].

4 Mechanical Properties of MHBS

Hyodo et al. [19] shows that water-saturated sand exhibited a strain hardening and shear
contraction behaviorwhilemethane hydrate-bearing sediments showed a strain softening
and a shear dilation behavior. The higher the MH saturation was, the higher the strength
and the more apparent the shear dilation behavior were. Furthermore, by comparing the
mechanical properties of MHBS under excess-gas conditions with those under excess-
water conditions (using the same sand, under the same stress conditions and at similar
MH saturation) higher stiffness and higher failure strength were found for specimens
under excess-gas conditions.
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The experimental results obtained from triaxial tests in the present work of Le et al.
[8] showed higher values for the maximum deviator stress, secant Young’s modulus,
residual deviator stress, and dilation angle at a higher MH saturation of MHBS under
excess-water conditions [8]. Hyodo et al. [19] found similar effects of MH saturation
on the maximum deviator stress and the secant Young’s modulus while experimentally
testing MHBS prepared following a procedure similar to the procedure A. The effects
of MH saturation on the stiffness and the failure strength of MHBS were explained by
particle bonding. However, the measurements of Vp in the work of Le et al. [8] suggest
that cementing hydrates have been significantly converted into non-cementing types at
the end of the procedure A, as explained above. In addition, the results obtained by the
procedure B (where the conversion has already been completed) showed similar effects
of MH saturation on the stiffness and the failure strength of MHBS. This indifference
could be explained by the fact that these results were at high deformation when available
MH grain bonds were broken.

5 Conclusions

In this paper, the MH formation under both excess-gas and excess-water conditions
and the effects of the MH microstructure on the mechanical properties of MHBS are
discussed based on the literature and the some results of the project HYDRE [13]. The
following conclusions can be drawn:

MHmorphologies and distribution at the grain scale ofMHs under excess-gas condi-
tions are muchmore complex than that described by the both cementingmodels (mineral
coating and grain contacts) while for the media with MHs under excess-water condi-
tions, the two idealized models (pore-filling and load-bearing) could be used to describe
the MH distribution at the grain scale;

Saturating MHBS by replacing excess methane gas by water is a delicate process
that can dissociate a part ofMHs and redistributeMHs at the sample scale. An additional
temperature cycle (under undrained conditions) makes MHs distributed more homoge-
neously in the sample compared to that after the water saturation. Furthermore, it is
supposed that the water saturation converts (and/or redistributes) MHs in cementing
form (grain contacts and/or mineral coating) to the pore space and the temperature cycle
allowed for the completion of this conversion for high methane hydrate saturation sam-
ples. The MH morphologies and distribution at the grain scale of formed MHBS are
supposed to be similar to that of natural MHBS (pore-filling/load-bearing habits);

The higher the MH saturation was, the higher the mechanical properties of MHBS
were. However, the mechanical properties of MHBS were higher under excess-gas con-
ditions compared to that under excess-water conditions. The effects of the temperature
cycle on the physical/mechanical properties of MHBS under excess-water conditions
could only be detected at high methane hydrate saturation. That is why to mimic nat-
ural methane hydrate-bearing sediments for the studies of their mechanical behaviors,
with a range in MH saturation of 0–50%, the procedure A (without a temperature cycle)
could be used when methane hydrate saturation was smaller than 40% to reduce the
time of the MH formation, while at higher methane hydrate saturation (40–50%), a tem-
perature cycle should be added (the procedure B should be used) to complete the MH
redistribution in the pore space.
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