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Abstract
Natural occurring methane hydrate (MH) is found abundantly in sediments and rocks under stable
thermodynamic conditions. The majority of this resource is located under the permafrost layer and in the
shallow depths of the seafloor in the deepwater regions. Over the past two decades, a variety of efforts
were dedicated in laboratory researches and field production tests using different methods to examine the
best production strategy that is economically viable for commercialization. In order to produce gas, the
solid methane hydrate in pores of sediment or rock will need to be dissociated either by reducing the pore
pressure, increasing the temperature, injection of inhibitors, or undergo gas exchange using carbon dioxide.
It is possible to have a combination of these options in the gas production. Currently, the depressurization
method is deemed the most efficient way to produce gas.
The key controlling factor in dissociating, exchanging or producing gas from methane hydrate is the flow
conductivity through the pores of the hydrate-bearing layer. Larger contact exposure area between solid
methane hydrate to the fluid pore pressure enables more dissociation to occur using the methods above.
In this aspect, the creation of artificial fracture in hydrate-bearing layers is thought to promote a better
dissociation process. This idea has surfaced with numerous efforts from the research community to explore
its feasibility. There are multiple technical challenges and uncertainties to address if methane hydrate in
sand can be fractured artificially. These challenges and the recent progressions in identifying/determining
its fracture properties are discussed with some future considerations required to move towards the prospect
of introducing artificial fractures for gas production purposes.

Introduction
Gas hydrate is a solid crystalline compound consisting of water molecules forming a cage with a guest
molecule trapped inside [1, 2]. In methane hydrate (MH), methane gas is the guest molecule. MH exist as
solid only in a thermodynamically stable conditions that is described by a pressure and temperature phase
diagram [2, 3]. MH in nature exists inside the pores of host sediments (gravel, sand, silt and clay) or rock.
Their presence is largely governed by the depths of hydrostatic pressure and subsurface temperature in the
deep ocean or onshore permafrost region [4, 5]. In general, oceanic MH sediments only exist at shallow
depths of seafloor up to several hundreds of meters (typically less than 500 meters) while arctic region would
host MH in sediments underlaying the permafrost, which is approximately between 500 to 1000 meters
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from the surface. Currently, the estimated abundance of MH in sediments varies in the literature, in which
the estimate ranges from 2.5 - 120 × 1015 standard cubic meters [6-9]. Due to the huge estimated abundance,
a number of academic and government research programs were initiated with a few field production tests
conducted over the past two decades.
Gas is produced from MH by a dissociation process, in which the lowering of pressure (P) and/or
increasing temperature (T) will move solid hydrates out of the stable region [10]. This method has been
tested in the field for permafrost and marine hydrate deposits, such as in Mallik (Canada), Nankai Trough
(Japan), Shenhu Area (China) [11-13]. Hydrate dissociation is an endothermic process (cooling effect),
and therefore, a combined method, such as depressurization and thermal stimulation, has been explored in
laboratory studies [14, 15]. Besides that, chemical injection can shift the phase equilibrium (P-T curve) in
which the current P-T combination is no longer a stable condition for solid hydrate to exist. Alternatively,
gas exchangers such as carbon dioxide (CO2) is able to replace/convert part of methane hydrate into CO2
hydrate and release the free methane gas [16]. This method was tested in the Ignik Sikumi field test in
2012, whereby it was implied that the free methane gas was produced from the unassisted flow during the
initial gas production [17]. The positive outcomes in the extraction/production of gas from methane hydrate
indicate that they can be a potential future gas reserves.
The main challenge in this resource is to have a commercially/economically viable option to produce gas
from MH for a long period of time, in order to compete with the current conventional and unconventional
gas reserves [18]. Currently, it is technically possible to recover gas from MH. In the world first offshore
methane hydrate production field trial located in the eastern Nankai Trough (Japan), the highest amount of
gas produced is approximately 20000 m3/day by using the depressurization method [19]. At this rate, it is
one magnitude of order smaller to be commercially viable [20]. However, the numerical studies indicated
that the depressurization method for the MH in Nankai Trough could reach a constant production rate close
to 100000 m3/day in long term production [21]. Although this is yet to be validated in the same field, such
production rates can shift the energy market drastically. In addition, recent offshore gas hydrate production
tests were conducted in China and Japan between May - June 2017 using the similar method. The gas
production in Shenhu Area (China), offshore in South China Sea, had produced for 60 days and collected
approximately 300000 m3 (or production rates of 5000 m3/day) [22]. On the other hand, the second offshore
methane hydrate production in Japan collected a total of approximately 250000 m3 (or production rates of
8000 m3/day) [23].
A variety of technical challenges concerning the long term production have been highlighted [24]. The
dissociation of MH occurs at the pore pressure network, in which MH closest to the depressurization point/
wellbore will be dissociated first before it moves deeper into the layer. This behavior creates a dissociation
front whereby the undissociated/undisturbed hydrate-bearing sand will be intact while the dissociated
hydrate region will create a loose skeleton of unconsolidated sand at a high-pressure gradient for fluid
(methane gas and water) to flow from the dissociation front to the wellbore. Such event may cause a localized
cavity in short term. This may have occurred at the Nankai Trough gas production test when high amount
of water and sand turbidite were collected during the sixth day of the gas production [13]. The use of
thermal stimulation as primary dissociation method or secondary driver in assisting the depressurization is
not considered as a commercial option because a single wellbore configuration (thermal stimulation and
depressurization) will require the heat to move against the flow of the dissociated water and gas into the
wellbore. Though Loh et al. [25] explored a dual wellbore option by separating the thermal stimulation from
the producing wellbore (depressurization), the scalability of this option is still widely unknown. The gas
exchange method employed in the Ignik Sikumi field test has its challenges as well, though this option is
highly attractive because it reduces the carbon footprint (via sequestrating CO2) while produces methane
gas for energy consumption. The CO2/N2 liquid mixed injected into the MH layer would form secondary
CO2 hydrates with the free water in the layer and further reduces its permeability [17, 18]. This makes it
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harder for the freed methane gas and gas exchange process to take place when the overall hydrate saturation
(CO2 or CH4 hydrate) increases over time. The repercussion of this process would clog and reduces the
injectivity of the liquid gas exchanger, thus making this method limited to a localized process.

Figure 1—Illustration of utilizing artificial fracture(s) in the gas production for a vertical or horizontal
well using a variety of gas production methods. (a) Artificial fracture in the depressurization method
can increase the dissociation area deeper into the layer. (b) The injectivity of CO2 gas exchange
method can be improved and promote more efficient/higher gas production via artificial fractures.

A potential solution to reduce the challenges stated and improve the current production methods is by
introducing artificial fracture(s) in the MH layers. This approach was first examined by Ito et al. [26] in their
experimental investigation of hydraulic fracturing to assist the depressurization method. In the recent years,
Konno et al. [27] and Too et al. [28] have separately investigated the possibility of creating artificial fractures
in their synthetically formed methane hydrate in sand specimens. The creation of artificial fractures, as
illustrated in Figure 1, can be utilized in vertical or horizontal production well for the various methods of
gas production. The main purpose of these fractures is to create a deeper and more permeable fluid pore
network. For the depressurization method, the artificial fractures may promote larger area of dissociation
and a more gradual compaction and movement of the unconsolidated sand particles. For the CO2-CH4 gas
exchange method, the artificial fractures can alleviate the injectivity concerns and able to promote higher
exchange rates with a larger contact area created. It should be noted that the majority of initial in-situ
methane hydrate saturation in sand is high (SH = 60-90 %) [21, 29, 30]. However, the majority of academic
research on gas production from hydrate-bearing sediment would focus on the low hydrate saturations (SH <
40 %) because the permeability at this saturation would allow for a better gas production rates. As such, the
utilization of artificial fractures may be beneficial for the intial production at high saturation, and hopefully,
an improved long term production. It should be noted that methane hydrate is a metastable material, and an
unintended dissociation or over fracturing may not be a huge concern. Blowout is not expected to occur, in
contrast to it being a major concern in conventional & unconventional gas production [31]. This is because
the pore or hydrostatic pressure and in-situ temperature combination is within the thermodynamic stability
of methane hydrate. At best, a minor and transient dissociation may occur when they are disturbed but
the endothermic dissociation process will bring it back to within the stability condition, if this disturbance
(depressurization/thermal stimulation) is a transient process. In fact, natural methane hydrate mounts on the
seafloor of deepwater oceans is the best example of this self-limiting condition [32].
This paper discusses the progress in the areas of investigating the frackability of MH in sand. Frackability
in this context would answer the following: (1) do methane hydrate in sand form a cementing or noncementing matrix structure, and (2) what are the fracture properties. The discussion will conclude with
future considerations that will move towards the implemention of artificial fractures in the gas production
from MH in sand.
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Structure of Methane Hydrate in Sand
The main challenge in the fracturing study is identifying the MH in sand structure, in which it will determine
if tensile property exists. Almost all of the researches in hydrate-bearing sand will use the four common
structures, as shown in Figure 2, which are [33]: (a) pore-filling, (b) load-bearing, (c) grain coating, and
(d) cementing grain contact. These structures are derived from the rock physics models which are validated
using the acoustic measurements [34]. Waite et al. [35] compiled all of the acoustic data from field and
laboratory measurements for the in-situ and synthetically formed MH in sand across all hydrate saturations.
It is observed that the in-situ hydrate-bearing sand follows a load-bearing structure (Figure 2 (b)) model
which does not form a cementing matrix by definition. The load-bearing model assumes hydrate particles
as a solid component in the matrix, and strictly in contact with sand grain (without cementing) that will
assist in transferring effective loads [34]. The inclusion cementing characteristics at grain boundary, such
as in Figure 2 (c) and (d), indicates that even a small increase in hydrate saturation will drastically increase
the velocity of the sample. This cementing model is verified experimentally by Priest et al. [36] for hydrate
saturation less than 40 %.

Figure 2—Varying methane hydrate (grey) structures in sand (black) [33]: (a) porefilling, (b) load-bearing, (c) grain coating & cementing, and (d) cementing at grain contact.

These models have its boundary and rigidness. For example, high saturation methane hydrate in the
load-bearing model would still assume hydrate as an independent solid grain and only in contact with
neighbouring grain (sand or hydrates) in the matrix. However, at high saturations (SH ≈> 60 %), the P-S
models have acoustic measurements close to the cementing models [35]. Physical core samples in Mallik
5L-38 gas hydrate research well show a highly intact or cemented matrix of methane hydrate in sand or
gravel (Figure 4 (b)) [37]. From the hydrate morphology perspective, hydrate forms at gas-water interface
[38]. Jung and Santamarina [39] has experimented that hydrate can grow and adhere to calcite and mica,
and posseses tensile strength. It would expect hydrate able to form or coat at sand grain surface since they
have water-wet characteristic. However, Chaouachi et al. [38] have equally indicated that hydrate do not
directly attach to the sand grain surface. Instead, a thin water layer sits between them. This creates potential
fluid pathways in the sediment matrix even at high saturation sample. Based on these observations, it is
possible that methane hydrate formation in sand matrix may undergo some structural change when the
hydrate saturation increases, as illustrated in Figure 3. At low hydrate saturation (e.g. Sh < 40 %), hydrate
may nucleate at sand grain surface and in the pore spaces of sand, in which they are represented as part of
the pore fluid component. The small amount of hydrate coating at sand grain surface may not assist in the
load transfer. As the hydrate saturation further increases to an intermediate saturation (e.g. SH = 40-60 %),
weak cementing hydrates may form between the neighboring hydrate coated sand, while freely growing
hydrate in pores will continue to grow larger in size to occupy the pore spaces. They may be in contact
with the hydrate coated sand grains and assist in transferring load at the contacts. At high hydrate saturation
(e.g. SH >60 %), the interconnected grain coating hydrates and freely growing hydrates in the pore spaces
may form a cementing structure and hold the sand grain in position, while the fluid pore component will
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shrink or isolated from the other pores. The hydrate in sand structure at this stage may be dominated by a
cementing matrix. As such, the fracturing of MH in sand may involve in breaking the hydrate cementing
in the pore network.

Figure 3—Possible structure of methane hydrate (grey) in sand (black) across varying saturations (pore fluid
(white)): (a) pore-filling and grain coating at low hydrate saturation, (b) hydrate coating grain (with thin water
cushion) and weak interconnected hydrate in pores at intermediate hydrate saturation, and (c) interconnected
pores and grain coating between hydrate and sand forming a cementing matrix at high hydrate saturation.

Current Status of Fracture Studies in Methane Hydrate in Sand
Some of published hydraulic fracturing works related to methane hydrate in sand is discussed below. In Ito
et al. [26], the hydraulic fracturing was not conducted on natural or synthetically formed methane hydrate
in sand. Instead, kaolinite flour was mixed with sand to mimic the low in-situ permeability of the methane
hydrate in sand layer (approximately 15 mD). The sand-kaolin mixed layers are separated by two mud layers
to represent the in-situ geological structure. External stresses were applied on the three axes of the specimen
while a vertical pipe with a vertical slit was positioned at the sand-kaolin layer. Machine oil was used as
the fracturing liquid and was injected into the pipe slits which were perpendicular to the sand-kaolin mixed
layer. The results observed that the fracturing liquid would infiltrate locally around the slit and along the
vertical slit until it reaches the boundary of sand-kaolin and mud layer. From the external stresses applied
(σv = σH = 1.5 MPa, and σh = 0.5 MPa), one would expect a vertical fracture perpendicular to the minimum
horizontal stress to occur. However, an open horizontal fracture was observed at the interface of kaolin-sand
and mud layer, in which fracturing liquid would propagate from there.
In Konno et al. [27], they had conducted a hydraulic fracturing experiment on a synthetically formed
methane hydrate in sand inside a triaxial cell. They had discounted having over- and under-laid layers on
the synthetic samples but equipped the setup with an X-ray tomography to investigate if the synthethic
specimen possessed any cementing structure. The pore, confining, and axial (deviatoric) pressure were 4.1,
5.1, and 6.1 MPa, respectively. The experiment was done via injecting distilled water at the centre of the
top surface of the specimen, in which it was limited to a maximum injection rate of 5 mL/min or constant
pessure of 9 MPa. This was because the maximum operating pressure of the triaxial cell setup was 10 MPa.
Two injection rounds were conducted, in which the first injection hit the maximum pressure of 9 MPa and
was left at the constant pressure (varying injection rates) for approximately 5 minutes. A small fracture
initated from the centre to the cylindrical boundary was observed from the X-ray scan. The second injection
took place a day later, after the initial fracture was closed. It was observed that the initial fracture was reopened and had further widen/propagated in the sample. Their work was limited to report that a net pressure
of 2.1 - 3.1 MPa was related to the tensile strength of the high saturation specimen, noting that this net
pressure may not have attained its highest due to the pressure limit in the setup.
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However, this was the first evidence of a fracture occurring in methane hydrate in sand specimen, in
which it had presented the opportunity to explore in a greater detail.
Experimental Investigation of Frackability of Hydrate-bearing Sand
The fracability of hydrate-bearing sand was further investigated by the authors to determine the fracture
properties such as tensile strength and apparent fracture toughness. Due to the difficulty involved in handling
and testing the synthetic hydrate-bearing sand samples in the standard test such as three-point bend (TPB),
the hydraulic fracturing approach was utilized. Since it is uncommon to determine the fracture properties
directly from this approach, a simple setup was established by injecting liquid into a pennyshaped crack
embedded inside the specimen. In order to validate this approach, a substitute material was used to test in
both TPB and hydraulic fracturing, so that the values determined were comparable. This detailed validation
process was conducted on frozen sand, and is thoroughly discussed in part I of Too et al. [40, 41]. To briefly
summarize this approach, an initial circular crack was embedded into the specimen, with an injection pipe
placed at the centre and perpendicular to the crack. Liquid was injected into the sample until it reached a
peak pressure, and a physical fracture would be created at the surface boundary of the crack plane.
Synthetic hydrate-bearing sand was formed inside a pressure reactor with an internal diameter and a
length of 80 mm and 150 mm, respectively (specimen size). It should be noted that all of the samples would
have unreacted free gas and water at the end of the formation. Since the number of moles of water was
always higher than the gas, the method of formation was identified as excess water method. The setup does
not have any provision for an axial or external stress, and as such, the experiments conducted would not
mimic the in-situ stress conditions. The liquid used to fracture these samples was red-dye water. This was
done because if hydrate-bearing sand displays the fracture characteristics without the inclusion of external
stresses using a non-viscous liquid, it would further confirm the existence of a cementing matrix structure. It
had been reported that the hydraulic fracturing of uncemented sand under confining stresses using a viscious
liquid would display pseudo-fracture characteristics [42].

Figure 4—(a) Methane hydrate formed in sand (nominal grain size of 1 -3 mm) inside a laboratory pressure reactor
[43]. (b) Core samples collected from the Mallik 5L-38 gas hydrate production research well [37]. Synthetic
methane hydrate in coarse sand formed in laboratory (a) looked visually similar to the core samples in (b).

Figure 4 shows the visual comparison of methane hydrate in coarse sand (nominal grain size of 1 - 3 mm)
formed in the laboratory [43], and the methane hydrate in conglomerate collected from core samples at the
Mallik 5L-38 gas hydrate production research well [37]. The core sample collected showed a ‘cementing
matrix structure', and it was visually similar to the laboratory made samples as well. The specimens made
for the hydraulic fracturing experiments would use a finer sand, in which the average grain size is 0.25
mm (nominal grain size of 0.1 - 0.5 mm) that is comparable to some of the in-situ average grain size [30,
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44]. Hydrate formed in this sand will be difficult to distinguish from the quartz sand because they are both
white in color.
Approximately 35 hydrate-bearing sand specimens were made and hydraulically fractured, in which the
approach developed in frozen sand was applied onto these samples at high pressure and low temperature
condition. The details of the hydraulic fracturing processes, observations, and analysis are available in part
II of Too et al. [28, 43]. Some of the observed artificial fractures that occurred during the hydraulic fracturing
process are shown in Figure 5. They appeared at the boundary surface of the cylindrical specimen during
the liquid injection. It was suspected that there were heterogeineities in the specimens since some of the
horizontal fracture did not occur near the centre of the observation window (crack-plane position) in Figure
5. The isolated free unreacted gas or water within the high saturation sample could have formed a weaker
region around the crack-plane region where the injection liquid would infiltrate and fracture. In some of the
cases where the initial diameter of the circular crack was small (comparable to the injection pipe diameter),
it was postulated that the injection liquid infiltrated around the pipe- and crack-tip and formed a stress bulb.
Such occurrence would have resulted in a vertical fracture parallel to the injection pipe, as shown in Figure
5 (b). The crucial observation made in these tests is that a distinct fracture appeared in the high saturation
methane hydrate-bearing sand specimens. This observation implies a possible cementing matrix structure.

Figure 5—Some visual fracture observed from the hydraulic fracturing of synthetic methane hydratebearing sand specimens (50 < SH < 75 %) using red-dye water. Fracture occurring at the crack-plane/
axis (horizontal) in (a) and along the injection pipe axis (vertical) in (b). Adapted from Too et al. [28, 43].

Using the fracture mechanics and stress analysis, the apparent fracture toughness was determined while
the tensile strength was estimated across the hydrate saturation, as shown in Figure 6 [28, 43]. We adopted
a brittleness approach that was different from the other established brittleness definitions [45, 46]. The
results indicated that the ‘cementing matrix structure' would require hydrate saturation above 40 % to exist
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(empirical). From the three groups of crack-height ratio (R/W) examined, linear regressions with a similar
gradient could be established.

Figure 6—Hydraulic fracturing of synthetic methane hydrate-bearing sand with saturation around 50-75 %; the
determined apparent fracture toughness in (a) and the estimated tensile strength in (b). Adapted from Too et al. [28, 43].

Future Considerations
The recent progress in investigating the fracability of methane hydrate-bearing sand has indicated that it is
possible to artificially fracture them, with the apparent fracture toughness and tensile strength determined
across saturations. However, there are several challenges lies ahead, and the progress in utilizing artificial
fracture for gas production of hydrate-bearing sand is still in the preliminary stages. Some of the future
considerations to improve and better understand the work are as followed:
1.
2.
3.
4.
5.

Will the inclusion of effective stress, (or the pore, cell, and axial pressure) still be able to artificially
fracture the synthetic hydrate-bearing sand specimens, and if the fracture properties comparable
to the results reported?
Does the fracture created requires proppant or other means to keep it opened?
Can the synthethic hydrate-bearing sand specimen be artificially fractured via a vertical wellbore
in experiment, in which the setup is a closer replication of field operation?
How much gas production improvements can be attained for the fractured versus the nonfractured
synthetic hydrate-bearing sand specimens?
What are the scale size effect and characteristics for the artificial fracture and gas production
involved?

Addressing the technical challenges above will bring us closer to introduce artificial fracture in gas
production of hydrate-bearing sand for field production, with the aim to improve the long-term gas
production rates. The huge abundance of gas hydrates can be the future of the energy reserves and it is
currently limited by the economics/costs and some of technical challenges discussed.
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