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abstract

Understanding the mechanical behaviors of carbon dioxide/methane hydrate-bearing sediments is 
essential for assessing the feasibility of CO2 displacement recovery methods to produce methane from 
hydrate reservoirs. In this study, a series of drained triaxial compression tests were conducted on syn-
thetic carbon dioxide hydrate-bearing sediments under various conditions. A comparative analysis was 
also made between carbon dioxide and methane hydrate-bearing sediments. The stress-strain curves, 
shear strength, and the effects of hydrate saturation, effective confining stress, and temperature on 
the mechanical behaviors were investigated. Our experimental results indicate that the newly formed 
carbon dioxide hydrate would keep the reservoir mechanically stable when CH4-CO2 gas exchange 
took place in a relatively short period of time and spatially well distributed in the pore space. Experi-
ments of CO2 injection in methane hydrate-bearing sediments are necessary to confirm this hypothesis.

Keywords: Carbon dioxide hydrate, mechanical behavior, CH4-CO2 replacement technology, 
triaxial tests

introduction

There is a large amount of natural gas that exists in continental 
margins and permafrost regions in the form of methane hydrate 
around the world (Kvenvolden 1988; Kvenvolden et al. 1993). 
This amount far exceeds all conventional fossil fuels on Earth and 
could provide for the energy demands of human beings well into 
the next century (Boswell and Collett 2011). Methane in hydrates 
is very dispersed in the earth upper crust and that hydrate-bearing 
sands are the most economically viable reservoirs for gas produc-
tion from hydrate-bearing sediments. Japan Oil, Gas and Metals 
National Corporation (JOGMEC) successfully extracted natural 
gas from hydrate layers in a first of its kind offshore production 
test on March 12, 2013; representing a step forward in the re-
search and development of methane hydrate as a potential energy 
resource. However, it is still an enormous challenge for current 
technology (Boswell 2009; Glasby 2003; Lee and Holder 2001; 
Ning et al. 2012).

Conventional methods for the production of natural gas hy-
drate include thermal stimulation, depressurization, and chemi-
cal injection (Kamath et al. 1991; Sung et al. 2002; Tang et al. 
2005). Ohgaki et al. (1994, 1996) first introduced the concept of 
exchanging CO2 with CH4 in natural gas hydrate reservoirs. This 
concept has attracted more and more attention due to two second-
ary benefits: mechanical stability and mitigating global warming. 
Nakazono et al. (2008) proposed a new method of generating 
carbon dioxide hydrate in the sediments on top of methane hydrate 
layers to build artificial roofs for the prevention of landslides and 
to inhibit the methane dissociated in production from diffusing to 

the sea. However, there are many uncertainties in this production 
process, especially related to ground deformation. The evaluation 
of mechanical behavior in methane and carbon dioxide hydrate-
bearing sediments will affect the stability of production wellbores 
and hydrate reservoirs (Espinoza and Santamarina 2011). Thus, 
to assess the feasibility of the CO2 displacement recovery method 
and the long-term stability of the hydrate reservoir, the mechani-
cal behavior of carbon dioxide and the methane hydrate-bearing 
sediments should be clearly investigated.

The thermodynamic feasibility of a CH4-CO2 replacement 
reaction is well studied, and the results indicate that the gas ex-
change technology is plausible (Hirohama et al. 1996; Kvamme 
et al. 2007; Lee et al. 2003; McGrail et al. 2007). However, the 
mechanical behavior of carbon dioxide hydrate-bearing sediments 
and the difference with that of methane hydrate-bearing sediments 
are rarely investigated. Uchida and Kawabata (1997) studied the 
mechanical properties of the liquid CO2-water-CO2-hydrate system 
for the assessment of the applicability of deep sea sequestering of 
CO2. Both the interfacial tensions in these phases and the strength 
of the carbon dioxide hydrate film were measured. Espinoza 
and Santamarina (2011) monitored P-wave velocity in hydrate-
bearing sand during CH4-CO2 replacement. The results showed 
that CH4-CO2 replacement occurs without a loss of stiffness in 
the granular medium, implying that CH4-CO2 replacement can 
remain mechanically stable during and after CH4 gas production. 
Wu and Grozic (2008) studied the isotropic undrained dissocia-
tion behavior of carbon dioxide hydrate-bearing sands. The study 
demonstrated that the dissociation of even a small amount of gas 
hydrates could lead to soil failure. Ordonez and Grozic (2011) 
investigated the effects of carbon dioxide hydrates on P-wave 
velocity and shear strength in Ottawa sand. The shear strength 
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and stiffness increased in the presence of gas hydrates; friction 
angle was unaffected while an apparent increase in cohesion was 
observed. Many researchers studied the mechanical behaviors of 
methane hydrate-bearing sediments (Hyodo et al. 2005, 2013; 
Masui et al. 2005; Miyazaki et al. 2011a; Li et al. 2011, 2012a, 
2012b, 2012c; Winters et al. 2007; Yoneda et al. 2010). The results 
indicated that the failure strength and stiffness of methane hydrate-
bearing sediments increased with increasing hydrate saturation, 
effective confining stress and back pressure, while decreased with 
increasing temperature and porosity.

In this study, a series of triaxial compression tests were con-
ducted to investigate the mechanical behavior of carbon dioxide 
hydrate-bearing sediments under various conditions. The results 
were compared to that of methane hydrate-bearing sediments from 
the literatures (Hyodo et al. 2013; Masui et al. 2008; Miyazaki 
et al. 2011a).

experiMentaL detaiLs
A temperature-controlled high-pressure triaxial testing apparatus was developed 

to study the mechanical behavior of gas hydrates and their interaction with soil and 
rock. It can reproduce the in situ conditions of gas hydrate reservoirs, allowing for 
research into the formation and dissociation processes of gas hydrates in deep sea 
beds. The schematic diagram and details of this apparatus have been introduced in 
our earlier studies (Hyodo et al. 2013).

A brief description of the test procedure is shown in Figure 1. Specimen prepara-
tion for these tests involved reconstituting Toyoura sand using a moist tamping method 
with a specimen diameter of 30 mm and height of 60 mm, resulting in a relative 
density of 90%, and porosity of around 0.4. To make the specimen stand by itself, 
the specimen was tightly sealed and placed in a freezer. A butyl rubber membrane 
was used to cover the specimens during shear tests.

Once the triaxial cell was assembled, the cell fluid (temperature of –1 °C) was 
added, and the confining pressure increased to 0.2 MPa. Next, CO2 was injected into 
the specimen and gradually increased to 3.5 MPa, the confining pressure was kept 
0.2 MPa higher than the pore pressure and the temperature of cell fluid turned to 5 
°C. Such conditions were held constant for 24 h to generate carbon dioxide hydrate. 
We considered that the water was fully converted to hydrate when there was no 
obvious volume change in the upper and lower syringe pumps connected to the top 
and bottom of the specimen (Hyodo et al. 2013). From Figure 1, it can be observed 
that the carbon dioxide hydrate formed in the study was outside the methane hydrate 
phase stability field. In such conditions, the methane hydrate would dissociate just 
as in the situation of CH4-CO2 replacement in hydrate.

After the hydrate was generated, pure water under constant pressure (3.5 MPa) 
was injected into the specimen to replace the residual CO2 gas in the pore spaces. 

Although some dissociation of hydrate was anticipated during injection, the exact 
value of hydrate saturation was measured after the test by collecting the dissociated 
CO2 gas using a gas flow meter, and the result was almost the same as we expected. 
It indicated that the dissociation of hydrate is very little due to the injection of pure 
water. Then, back pressure and confining pressure were applied, the temperature 
was adjusted to the desired condition. While keeping the pressure constant, isotropic 
consolidation was carried out until the desired effective stress was reached, and then 
the shear test would be conducted. The axial strain rate was 0.1%/min.

The regions in which methane hydrate is potentially stable commonly from 
a few hundred to a thousand meters below the seafloor (normally with a range of 
temperature, back pressure, effective confining stress, and saturation of around 0–15 
°C, 3–20 MPa, 0–10 MPa, and 0–75%, respectively). In this study, triaxial compres-
sion tests were conducted using the conditions shown in Table 1.

resuLts and discussion

Stress-strain curves
The stress-strain curve is unique for each material and is found 

by recording the amount of deformation (strain) at distinct inter-
vals of compressive loading (stress). These curves reveal many 
of the properties of a material, which can be used to establish a 
constitutive model or strength criteria. It is essential to study the 
stress-strain curves to clearly understand the deformation behavior 
of a gas hydrate reservoir.

Figure 2 shows the deviatoric stress, axial strain, and volumet-
ric strain relations of carbon dioxide and methane hydrate-bearing 
sediments under various hydrate saturations and constant effective 
confining stress of 5 MPa and temperature of 5 °C. We observe that 
the stress-strain curves of carbon dioxide and methane hydrate-
bearing sediments both occur as a hyperbolic tangent functions 
under such conditions. The deviatoric stress increases almost 
linearly with increasing axial strain when the axial strain is less 
than 0.5–1% with a little plastic strain. With the further increase 
of axial strain, the deviatoric stress continues to increase; however, 
the stress increment ratio gradually decreases.

From Figure 2, the stress-strain curve can be divided into 
three stages: the quasi-elastic stage, the hardening stage, and the 
yielding stage. For carbon dioxide hydrate-bearing specimens, 
the quasi-elastic and hardening stage were observed. A significant 
strain hardening behavior was observed until the end of compres-
sion. The shapes of the stress-strain curves were similar to that of 
Toyoura sand. For methane hydrate-bearing specimens, all three 
stages were observed. The strain hardening stage finished at the 
axial strain of 4–5%, followed by a yielding stage with a slight 
hardening. The deviatoric stress increased more rapidly with axial 
strain than that of carbon dioxide hydrate-bearing specimens at 
the beginning of the test, while reaching the same ultimate value 
of strength at the end of the test. Thus, the initial stiffness of the 
methane hydrate-bearing specimens was higher than that of carbon 
dioxide hydrate-bearing specimens under similar hydrate satura-
tion, but the failure strength was almost the same. When there 

Figure 1. The pressure/temperature conditions during the 
preparation of carbon dioxide hydrate-bearing specimens.

Table 1.  Test conditions of triaxial compression tests
 Test conditions   Results
σc’ (MPa) B.P. (MPa) T (°C) Sch (%) qmax (MPa)
1 10 5 47.8 4.16
2 10 5 43.1 6.25
5 10 1 31.9 12.07
  5 0 10.32
   32.7 11.88
   39.9 12.08
   44.9 12.57
  10 31.1 11.22
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is a strain-hardening hydrate-bearing sediment under a constant 
loading of failure strength, a deviatoric stress increment is still 
required to produce the axial strain. While a strain-hardening 
plus yielding hydrate-bearing sediment under a loading of failure 
strength, the specimen is able to continue deforming under even 
a tiny stress increment, which implies that the specimen loses its 
ability to resist deformation and is destroyed. In this study, the 
failure strength was defined as the peak value of deviatoric stress 
during the compression until the axial strain reached 15%.

As referred to in the literature, the stress-strain curves of gas 
hydrate-bearing sediments or natural hydrate cores may show a 
softening behavior during the compression (Masui et al. 2008; 
Miyazaki et al. 2011a; Ordonez and Grozic 2011). The stress-strain 
curves vary with test conditions, and it is believed that the various 
preparation conditions for the methane hydrate-bearing specimens 
led to such differences.

The volumetric strain of carbon dioxide hydrate-bearing 
specimens showed shear contraction behavior during compression 
under various hydrate saturations. While the volumetric strain 
of methane hydrate-bearing specimens presented an obviously 
different behavior to that of carbon dioxide hydrate-bearing speci-
mens. At 41.9% methane hydrate saturation, the volumetric strain 
showed a shear dilatation behavior. The specimen was compacted 
first, and then dilated gradually until the end of the experiment. 
At 35.1% methane hydrate saturation, the volumetric strain was 
less than that of the carbon dioxide hydrate-bearing specimen at 
the same axial strain.

Figure 3 shows deviatoric stress differences relative to the 
Toyoura sand for various hydrate saturations at a constant effec-
tive confining stress of 5 MPa and temperature of 5 °C. Both the 
deviatoric stress increment of carbon dioxide and methane hydrate-
bearing specimens increase almost linearly with axial strain at the 
beginning of the compression. For carbon dioxide hydrate-bearing 
specimens, the deviatoric stress increment gradually increases 
without any significant peak value and remains constant until 
the end of the test. For methane hydrate-bearing specimens, the 
deviatoric stress increment reaches a peak value at the axial strain 
of 1–3%, then follows a decline until the end. Although the de-
viatoric stress increments were much higher than that of carbon 

dioxide hydrate-bearing specimens, the final residual increment 
was almost the same under various hydrate saturations.

The influence of hydrate saturation
The influence of hydrate saturation on methane hydrate-bearing 

sediments has been well studied in the literature (Hyodo et al. 2013; 
Miyazaki et al. 2011a; Waite et al. 2009; Winters et al. 2004). The 
larger the methane hydrate saturation, the larger the strength and 
the more apparent the dilatation behavior. The existence of hydrate 
will also affect the stress-strain curve of the specimen.

In Figure 2, we can also observe that the mechanical properties 
of all samples vary with carbon dioxide hydrate saturation. The 
carbon dioxide hydrate-bearing specimens showed compressive 
volume change and strain hardening behavior at effective con-
fining stress of 5 MPa. A marked increase of the initial stiffness 
and failure strength occurred with the increase of carbon dioxide 
hydrate saturation, which was similar to that observed in the 
methane hydrate-bearing specimens. However, the volumetric 
strain and the shape of stress-strain curves for the carbon dioxide 
hydrate-bearing samples changed very little as the hydrate satura-
tion increased. This is much different from that of methane hydrate, 
whose volumetric strain changes from compressive to dilative and 
the stress-strain curves changes from strain hardening behavior to 
strain softening behavior as hydrate saturation increases.

In Figure 3, it is observed that the deviatoric stress increment 
of the specimen with 44.9% carbon dioxide hydrate saturation was 
larger than that of the specimen with 32.7% carbon dioxide hydrate 
saturation at the same axial strain. It is believed that the strength 
increment is affected by cementation (Masui et al. 2005) and the 
bulk density of the specimen. For higher hydrate saturations, the 
cementation effect between sand particles is stronger and the 
bulk density is higher, which causes an enhancement of strength.

Figure 4 shows the failure strength plotted against the hydrate 
saturation for carbon dioxide hydrate, methane hydrate, and natural 
hydrate cores as well as for the sand skeleton. The failure strength 
of carbon dioxide hydrate-bearing specimens was close to that of 
methane hydrate-bearing specimens under similar test conditions. 
Also, the failure strength of synthetic methane hydrate-bearing 

Figure 2. The stress-strain curves and volumetric strain of carbon 
dioxide and methane hydrate-bearing sediments.

Figure 3. The deviatoric stress difference relative to the host 
Toyoura sand for various hydrate saturations under different hydrate 
saturation conditions.
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specimens was almost the same to that of natural hydrate cores. 
The failure strength increases with hydrate saturation under vari-
ous effective confining stresses, which can be well regressed by 
exponential functions. This result indicates that the large-strain 
shear strength of carbon dioxide hydrate-bearing sediments is 
comparable to the one of methane hydrate-bearing sediments. 
Thus, if CH4-CO2 gas exchange took place in a relatively short 
period of time and spatially well distributed in the pore space, 
then, acting deviatoric stresses on the methane hydrate-bearing 
sediments could be resisted by the newly formed carbon dioxide 
hydrate keeping the reservoir mechanically stable.

The influence of effective confining stress
According to the literature, the mechanical properties of 

sands are dependent on the effective confining stress (Alkire and 
Andersland 1973; Ma et al. 1999; Miyazaki et al. 2011b; Yang et 
al. 2010). Stress-strain curves should change from strain soften-
ing to strain hardening with increasing effective confining stress.

Figure 5 shows the deviatoric stress, axial strain, and volu-
metric strain relationships of carbon dioxide hydrate-bearing 
specimens under different effective confining stresses (sc′ = 1 
MPa, 2 MPa, 5 MPa) with constant back pressure, temperature, 
and broadly similar hydrate saturations. For an effective confining 
stress sc′ = 1 MPa, the stress-strain curve showed strain softening 
behavior. The volumetric strain was compressive at first, then 
turned dilative until the end of the experiment. The curves were 
clearly dependent on the effective confining stress as in the case 
of other geological materials; under higher effective confining 
stresses, the specimens had a larger strength and greater stiffness 
and showed increasing amounts of strain hardening behavior. As 
showed for effective confining stress sc′ = 5 MPa, no significant 
peak value was presented and volumetric strain became compres-
sive. Similar testing results can be found in the studies of Hyodo 
et al. (2013) and Miyazaki et al. (2011a).

Figure 6 shows the failure strength of carbon dioxide hydrate-
bearing specimens plotted against the effective confining stress. 
Similar testing results from Miyazaki et al. (2011a) and Hyodo et 
al. (2013) are also plotted in Figure 6. The failure strength of both 
carbon dioxide hydrate and methane hydrate-bearing specimens 

increases markedly with effective confining stress. This increas-
ing effective confining stress restricts the growth of fractures, 
which may increase the inter-particle coordination and frictional 
resistance, as noted by Yun et al. (2007). They studied the con-
fining stress dependence on the strength of THF hydrate-bearing 
sediments and noted that a higher effective confining stress led to 
higher inter-particle coordination prior to hydrate formation, and 
hence a higher strength. Also note that the failure strength of meth-
ane hydrate-bearing sediments used in the study of Miyazaki et al. 
(2011a) was higher than that of carbon dioxide hydrate-bearing 
sediments at similar saturations, which is seemingly against the 
results obtained above. In this study, a cylindrical-shaped load 
cell was set up inside the cell to eliminate the influence of piston 
friction, which would be very large under high cell pressures 
(Hyodo et al. 2013). While Miyazaki et al. (2011a) set up the 
load cell outside the cell, the strength results included the friction 
of piston and showed larger values. Also the porosity (37.8%) of 
the specimens Miyazaki et al. (2011a) used is smaller than that of 
ours, which should present higher failure strength.

Figure 4. The influence of hydrate saturation on the failure strength of 
synthetic carbon dioxide hydrate, methane hydrate, and natural hydrate cores.

Figure 5. The influence of effective confining stress on the stress-strain 
curves and volumetric strain of carbon dioxide hydrate-bearing specimens.

Figure 6. The influence of effective confining stress on the failure 
strength of carbon dioxide and methane hydrate-bearing specimens.
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The influence of temperature
Figures 7 and 8 show the influence of temperature on the 

mechanical properties of carbon dioxide hydrate-bearing speci-
mens. The initial stiffness and failure strength are dependent on 
the temperature. The temperature drop led to the increase of initial 
stiffness and failure strength. The volumetric strain showed little 
temperature dependence. Similar results were found for methane 
hydrate-bearing specimens (Hyodo et al. 2013), as shown in 
Figure 8.

These results confirm the conclusions of earlier hydrate re-
search where the lower the temperature, the higher the strength 
(Durham et al. 2003). It is believed that hydrate is more ther-
modynamically stable at lower temperatures, which leads to an 
enhancement of intermolecular forces and makes it more difficult 
to mechanically fail.

Shear strength
Shear strength is a combination of the cohesion and internal 

friction angle, which includes resistance to sliding between par-
ticles, particle rearrangement, and particle crushing. These two 
contributions to shear strength are captured in the Mohr-Coulomb 
failure criterion. Cohesion reflects the combination of physical-
chemical forces between particles, such as cementation between 
sand grains. The internal friction angle describes the effective 
stress-dependent frictional resistance, including surface friction 
force and interlocking force of particles. However, the cohesion 
and internal friction angle are always affected by experimental 
methods. In this study, the shear strength was described as a 
function of effective cohesion (c′) and effective internal friction 
angle (j′), as shown in Figure 9. It can be clearly observed that the 
effective cohesion and internal friction angle of methane hydrate-
bearing sediments raise 0.11 MPa and 2.8° as the hydrate saturation 
increased from 0% to 43–48%, respectively; and those of carbon 
dioxide hydrate-bearing sediments raise 0.06 MPa and 0.2° as 
the hydrate saturation increased from 0 to 23–26%, respectively.

Ordonez and Grozic (2011) found a friction angle of 45° for 
both Ottawa sand specimens (with and without carbon dioxide 
hydrates), the moist sand specimens exhibited no cohesion, but 
the hydrate-bearing specimens developed an apparent cohesion 

of ~0.14 MPa. They interpreted this cohesion for hydrate-bearing 
specimens as the result of cementation of the sand grains, which 
resulted in an increase in strength. Yoneda et al. (2013) conducted 
plane strain compression tests on pure Toyoura sand and methane 
hydrate-bearing sediments with localized deformation measure-
ment, which indicated that the friction angle of methane hydrate-
bearing sediments is greater than that of host sand. Although the 
shear strength, cohesion, and internal friction angle are known to 
vary with host materials, we confirm that the effective cohesion 
increases with increasing hydrate saturation, and that the effec-
tive internal friction angle shows little dependency on the hydrate 
saturation. It is believed that the presence of hydrate will cement 
unconsolidated sediments (Waite et al. 2004), which will enhance 
the cementing force between sand grains and result in an increase 
in effective cohesion.

iMpLications

Our main finding indicates that, upon injection of CO2, the 
newly formed carbon dioxide hydrate-bearing sediments would 
keep such a sedimentary reservoir mechanically stable when 
CH4-CO2 gas exchange takes place, and that stability would be 
achieved in a relatively short period of time and that the CO2 would 

Figure 7. The influence of temperature on the stress-strain curves 
and volumetric strain of carbon dioxide hydrate-bearing specimens.

Figure 8. The influence of temperature on the failure strength of 
carbon dioxide and methane hydrate-bearing specimens.

Figure 9. Shear strength and Mohr’s circles of hydrate-bearing 
specimens.
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be spatially well distributed in the pore space. This is intriguing 
because it verifies the possibility of a new kind of methane hydrate 
mining and a potential carbon dioxide storage method. However, 
experiments of CO2 injection in methane hydrate-bearing sedi-
ments are necessary to confirm this hypothesis. Also, the obtained 
mechanical parameters are expected to be used to fully understand 
the deformation of hydrate-bearing layers and to establish a con-
stitutive model in future studies, which is important to assess the 
long-term stability of methane hydrate-bearing reservoirs.
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