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Abstract

Safe and economic methane gas production, as well as the replacement of methane while
sequestering carbon in natural hydrate deposits, requires enhanced geomechanical understanding of the
strength and volume responses of hydrate-bearing sediments during shear. This study employs a
custom-made apparatus to investigate the mechanical and volumetric behaviors of carbon dioxide
hydrate-bearing sediments subjected to direct shear. The results show that both peak and residual strengths
increase with increased hydrate saturation and vertical stress. Hydrate contributes mainly the cohesion and
dilatancy constraint to the peak strength of hydrate-bearing sediments. The postpeak strength reduction
is more evident and brittle in specimens with higher hydrate saturation and under lower stress. Signiﬁcant
strength reduction after shear failure is expected in silty sediments with high hydrate saturation Sh ≥ 0.65.
Hydrate contribution to the residual strength is mainly by increasing cohesion at low hydrate saturation and
friction at high hydrate saturation. Stress state and hydrate saturation are dominating both the stiffness and
the strength of hydrate-bearing sediments; thus, a wave velocity-based peak strength prediction model is
proposed and validated, which allows for precise estimation of the shear strength of hydrate-bearing
sediments through acoustic logging data. This method is advantageous to geomechanical simulators,
particularly when the experimental strength data of natural samples are not available.
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Gas hydrate is an ice-like crystalline solid compound of gas (mostly methane in nature) and water. It is formed
at certain low-temperature and high-pressure conditions and typically found on continental shelves or in and
beneath permafrost in nature (Kvenvolden, 1995; Sloan, 2003). Natural gas hydrate has great potential to be
an alternative energy resource because of its abundance and wide distribution (Boswell, 2009; Collett, 2002;
Makogon et al., 2007). However, massive dissociation of hydrate can also be a risk to global climate and seaﬂoor stability (Kvenvolden, 1993).
Methane in natural hydrate can be potentially replaced by carbon dioxide CO2 for simultaneous methane
recovery and carbon sequestration. Laboratory-scale tests show marginal changes in the specimen’s stiffness
(Espinoza & Santamarina, 2011) and strength (Hyodo et al., 2014) during the gas exchange. However, this
process is associated with heat and mass transport, phase change, volume expansion (Jung et al., 2010),
and long-term solubility and stability issues. Data on geomechanical responses at different strain levels
during and after CH4-CO2 replacement in sediments remain limited.
Many crucial issues, such as the potential and safety of gas production from hydrate deposits; the migration
of mixed gas, water, and sands; ﬁeld-scale CH4-CO2 replacement in hydrate-bearing sediments; and reservoir
responses caused by man-made or naturally occurring disturbances (e.g., sea level or seaﬂoor temperature
changes), center on the enhanced geomechanical understanding of hydrate-bearing sediments.
Uncertainties remain in estimating, predicting, and mitigating ground deformation, wellbore instability,
and sand production (Ning et al., 2012; Uchida et al., 2016). All these phenomena are closely related to the
stress-strain responses of hydrate-bearing sediments undergoing shear.
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Hydrate saturation and pore habit-dependent small-strain stiffness of hydrate-bearing sediments have been
investigated experimentally (Priest et al., 2005, 2009; Yun et al., 2005), numerically (Guerin & Goldberg, 2002,
2005; Pinkert & Grozi, 2014; Marín-Moreno et al., 2017), and analytically (Chand et al., 2004; Helgerud et al.,
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1999; Lee, 2002; Lee et al., 1996; Uchida et al., 2012). However, the impacts of hydrate on the shear strength
and deformation of hydrate-bearing sediments, particularly at large strain levels, remain elusive. Available
experimental data include only triaxial tests of synthesized specimens (Hyodo et al., 2013; Masui et al.,
2005, 2006, 2008; Miyazaki et al., 2010; Winters et al., 2007; Yun et al., 2007) and pressure cores (Yoneda
et al., 2015a, 2017), as well as one direct shear test using a pressure core recovered from the Nankai
Trough (Santamarina et al., 2015).
This study employs a custom direct shear apparatus to investigate the mechanical and volumetric behaviors
of CO2 hydrate-bearing sediments in response to shear at large strain. The effects of hydrate saturation Sh,
vertical stress σ v, and sediment types on the strength, volume dilation, and postpeak softening are studied.
These results combined with rock physics models allow for precise estimation of the in situ strength of
hydrate-bearing sediments using acoustic logging data. This estimation is beneﬁcial to hydrate reservoir geomechanical simulators, particularly when the experimental strength data of natural samples are not available.

2. Experimental Study
2.1. Device Design
A direct shear apparatus with accurate temperature and pressure control capabilities has been designed and
deployed to measure the stress-strain responses of hydrate-bearing sediments during shear. The temperature is controlled by placing the apparatus in an enclosed thermo-chamber with regulated temperature ranging from 20 to 150°C and ±0.5°C accuracy. The pressure is maintained by CO2 gas, which is also the hydrate
former. The temperature and pressure are monitored by a platinum thermocouple and a high-precision
pressure transducer throughout the experiments.
The direct shear apparatus itself consists of a pair of shear boxes, a vertical loading unit, and a horizontal
displacement unit (Figure 1a). The upper and bottom shear boxes can hold a specimen of 61.8 mm in
diameter and 20 mm in thickness (Figure 1b). Such a thickness is less than that of most triaxial specimens
to allow shorter gas and water permeation paths. The bottom shear box is on rollers to reduce the boxchamber friction. The vertical load is applied by a pneumatically controlled piston, with vertical displacement
monitored by a linear variable differential transformer (LVDT). The horizontal displacement unit is controlled
by a ﬂuidic piston with shear displacement also monitored by an LVDT. For additional details of this device,
refer to Liu et al. (2017).
The shear strengths of geomaterials can be measured using direct shear, simple shear, triaxial, vane shear, and
ring shear tests in the laboratory. Each method has its own advantages and disadvantages. Compared to the
most commonly used triaxial tests for hydrate-bearing sediments, the direct shear test cannot control the pore
pressure and drainage conditions, and the failure occurs in a predetermined plane; however, the advantages
are low cost, test simplicity particularly for sands in terms of specimen preparation, and the ability to measure
residual strength, i.e., strength at 100% strain level in this study while most triaxial tests measure the strength
up to 10–15% strain levels. The strength data of hydrate-bearing sediments at large strains are not available.
2.2. Specimen Preparation
The specimens are made of ~100 g of soils. Two soil types, sand and silt with their grain size distributions
shown in Figure 1c, are used in this study. The measured speciﬁc gravity of sand is 2.65, and that of silt is
2.68. The soils are mixed with certain amounts of water for targeted hydrate saturations Sh. The soil and water
mixtures are then uniformly packed into the shear boxes with a porosity of n = 0.4 ± 0.01 for sand and
n = 0.45 ± 0.03 for silt. The hydrate former is carbon dioxide gas, and its solubility in water is higher than that
of methane gas. Hydrate formation is triggered by pressurization up to 3.6 MPa for 24 h to allow gas absorption and diffusion, followed by cooling down to 3°C. Such pressure-temperature conditions are maintained
throughout the experiments. Hydrate formation is conﬁrmed by detected thermal peaks and considered
as completed when no more gas is consumed. Mobile water is assumed to be completely consumed to form
hydrate after no gas pressure drop is observed. Specimens with hydrate saturation up to Sh = 0.43 in the
sandy sediments and Sh = 0.65 in the silty ones are investigated in this study.
The hydrate saturation is deﬁned as the volume ratio of the hydrate Vh and the voids Vv in sediments. Notably,
the hydrate volume is estimated based on the initial volume of water Vh = Vw/0.87, according to naturally
occurring hydrates (Sloan & Koh, 2008) and the value used by other researchers studying the strength
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Figure 1. Experimental design. (a) A custom direct shear apparatus houses a pair of shearing boxes within a high-pressure chamber with precise pressure and temperature control. (b) Illustration of synthesized samples and their dimension. (c) The grain size distributions of two types of soils, sand and silt, used in this study.

behaviors of hydrate-bearing sediments (Ghiassian & Grozic, 2013). The void volume is computed using the
initial packing porosity and the sample’s total volume.
2.3. Experimental Procedure
The hydrate-bearing specimens are vertically loaded to the desired stress, which ranges from 0.31 MPa up to
1.25 MPa. These specimens are then sheared by pushing the bottom shear box at a constant speed of
3 mm/min, corresponding to a strain rate of 4.85%/min, under drained condition (in fact all samples are
dry, assuming that free water has been fully converted into hydrate). The shear ends when its displacement
reaches 10 mm, i.e., at 100% shear strain. The forces and displacement measured in both horizontal and
vertical directions are recorded throughout the tests.

3. Experimental Results
3.1. Stress Responses of Sand and Silt Specimens
Figure 2a summarizes the measured shear stress versus horizontal displacement of the 20 sandy and 16 silty
specimens tested with various hydrate saturation under different vertical stresses. The measured shear stresses in hydrate-free specimens do not show a peak value before failure; however, the presence of hydrate in
the sediments increases the peak shear strength for both the sand and the silt specimens. Peak shear stress τ p
occurs at approximately 1 mm horizontal displacement for all sand specimens, and at 2–4 mm horizontal
displacement in the silt specimens. Hydrate-bearing silt specimens with hydrate saturation Sh = 0.65 show
signiﬁcant increases in the peak strength compared to those with Sh = 0.49 under identical stress conditions.
As is known, the peak shear strength of tested hydrate-bearing specimens increases with increased hydrate
saturation and applied vertical stress (Masui et al., 2005, 2006).
The presence of hydrate in the sediments also increases the residual strength (at 100% shear strain level in
this study) of the tested specimens; however, the dependency of increased residual strength on hydrate
saturation is not proportional. Higher applied vertical stress increases the residual strength of specimens with
identical hydrate saturation.
3.2. Volumetric Responses of Sandy Specimens
Figure 2b presents the volumetric responses of the tested sand specimens during direct shear in terms of
vertical strain versus horizontal displacement δ. The vertical strain is the measured change in the specimen’s
height ΔH normalized by its initial height H0. Because the specimens have no lateral expansion during the
LIU ET AL.
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Figure 2. Stress and volumetric responses during direct shear. (a) Changes in shear stress with increasing horizontal displacement for hydrate-bearing sand and silt
specimens. (b) Changes in vertical strain with increasing horizontal displacement for hydrate-bearing sandy specimens. Vertical strain, the ratio of height change ΔH
and initial height H0, is equivalent to the volumetric strain due to zero-lateral strain condition in the tests. Positive and negative values of vertical strain indicate
volumetric dilation and contraction, respectively.

shear due to the high rigidity of the shear boxes, the vertical strain is equivalent to the volumetric strain. The
results show that hydrate-free sediments undergo evident volumetric contraction up to a horizontal
displacement of δ = 2–4 mm and then remain a nearly constant volume. However, the presence of hydrate
in sandy specimens induces volumetric dilation under shear, and the maximum dilation is observed in the
specimen with the highest hydrate saturation under the lowest vertical stress.

4. Analyses and Discussion
The following analyses and discussion are based on the experimental results of this study, which have limitations in the ranges of applied stress, pressure, temperature, and hydrate saturation, as well as differences
from previous shear experiments in terms of sediment type, hydrate formation method, and shear mode.
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Figure 3. Peak and postpeak strength behaviors of tested specimens. (a) The peak shear strength of hydrate-bearing sediments increases with hydrate saturation
and applied vertical stress. (b) The residual shear strength of sand and silt specimens (at 100% shear strain) increases with increased hydrate saturation and
applied stress. (c) The magnitude and rate of postpeak stress reduction. The magnitude is deﬁned as the difference in the peak and residual strengths τ p-τ r, and rate is
deﬁned here as (τ p-τ r)/(δp-δr), where δp and δr are the shear displacements that the best ﬁt softening slope intersects with the horizontal lines corresponding to τ p
and τ r stresses, respectively, as illustrated in the inset plot. (d) The relation between dilation angle (Ψ ) and the difference in peak and residual friction angles
(ϕ p-ϕ r) for hydrate-bearing sands. Refer to the supporting information for raw data used in this plot. The dashed reference line shows the stress-dilatancy relationship in densely packed sands (Bolton, 1986; Rowe, 1962).

4.1. Peak and Postpeak Strengths of Hydrate-Bearing Sediments
Figure 3a shows the measured peak shear strength τ p increases with hydrate saturation and applied vertical
stress for all tested sand and silt specimens. The results include the strength of hydrate-bearing silty-sand/
sandy-silt pressure cores from the Nankai Trough using direct shear (Santamarina et al., 2015). The two
studies have many differences in terms of specimen size, shearing rate, and the inherent difference in
naturally occurring versus laboratory synthesized samples; however, they share similarities in the testing
method and the host sediment properties. The results from the two studies do not show signiﬁcant discrepancy for specimens with similar hydrate saturation and stress condition, even though gas-saturated
hydrate-bearing sediments tend to have higher strength than that of water-saturated specimens (Hyodo
et al., 2013; Yoneda et al., 2016). These ﬁndings imply that the peak strength of hydrate-bearing sediments
is mainly governed by the hydrate (both saturation and pore habits) and stress conditions.
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Figure 3b shows the specimens’ residual strength, i.e., shear stress at a shear strain of 100% in this study.
In general, the measured residual strength of hydrate-bearing specimens increases with increasing
hydrate saturation and applied stress. With the increase in hydrate saturation, the residual strength
versus vertical stress τ r-σv trends increase mainly in the slope, with y-intercepts nearly zero for
hydrate-free sediments and less than 0.2 MPa for hydrate-bearing sediments. Different from the peak
strength, to which hydrate increases mainly the cohesion (i.e., the y-intercepts with the slope of τ r-σ v
trends remaining nearly unchanged, refer to Figure 3a), the residual strength increase due to hydrate
is mainly by increased cohesion at low hydrate saturation and by friction at high hydrate saturation.
Soil fabric and internal bonding should have been mostly destroyed at the 100% shear strain level; thus,
the presence of hydrate increases the sediment’s shear resistance via increased interparticle friction and
rotation frustration.
Figure 3c summarizes the magnitude and the rate of postpeak strength reduction. Specimens with higher
hydrate saturation and under lower stress state more likely undergo larger strength loss (τ p-τ r) after reaching
their peak strengths. The magnitude of the strength reduction is almost doubled in silt specimens with
Sh = 0.65 than that with Sh = 0.49. These values imply that signiﬁcant strength reduction after shear strength
can occur in silty sediments with high hydrate saturation. Silty materials are small in size and light in weight,
and thus are more vulnerable to migrate with pore ﬂuids during gas production, implying an unfavorable gas
production scenario in deposits with the high volume fraction of silt.
Additionally, the rate of postpeak strength reduction, deﬁned here as (τ p-τ r)/(δr-δp), captures the brittleness of
the hydrate-bearing specimens during shear failure. The results suggest that the shear failure tends to be in a
more brittle manner in sediments with higher hydrate saturation and under lower stress state. Such a trend
has also been observed in both laboratory synthesized specimens and pressure cores of naturally occurring
hydrate-bearing sediments (Yoneda et al., 2015a, 2016).
Figure 3d presents the relation between the dilation angle (Ψ ) and the difference in peak and residual friction
angles (ϕ p-ϕ r) for hydrate-bearing sandy specimens. The dashed line is a reference stress-dilatancy relationship for densely packed hydrate-free sands (Bolton, 1986; Rowe, 1962). In general, the dilation angle increases
with hydrate saturation and decreases with applied vertical stress. The ϕ p-ϕ r provides a meaningful measure
of the extra contribution to strength caused by dilatancy. Clearly, increased hydrate saturation augments the
strength through increased dilation (Pinkert, 2016).
4.2. Stiffness-Based Peak Shear Strength Prediction
Stress state and hydrate saturation are the main factors governing both the stiffness and the strength of
hydrate-bearing sediments. Stiffer materials tend to have higher strength, as experimental data have shown
that the secant stiffness E50 is linearly proportional to the peak strength τ p as E50 ≈ 100 τ p for tetrahydrofuran
hydrate-bearing sandy, silty, and clayey sediments (Yun et al., 2007). Acoustic logging provides a direct measurement of the p wave velocity, i.e., the compressional stiffness of hydrate-bearing sediments in situ. It is
therefore beneﬁcial to establish the linkage between stiffness and strength for hydrate-bearing sediments
to allow the strength estimation using the acoustic logging data when the measurement of strength is
not available.
The strength measured in this study can be simpliﬁed using the Mohr-Coulomb failure criterion τ p = c + σ v·tanφ,
where c and φ are cohesion and internal friction angle, respectively (Figure 4a). The cohesion c increases with
hydrate saturation, whereas the internal friction angle has no clear dependence on hydrate saturation for
both sandy and silty sediments in this study. Discrete element method simulations also show that the
increase in sediment’s strength due to hydrate is cohesive when the hydrate is uniformly distributed within
the pores and is mainly frictional when the hydrate distribution is patchy and agglomerating grain particles
(Jung et al., 2012). The experimental results here suggest that the peak strength of hydrate-bearing
sediments τ p (in MPa) can be simply expressed as follows:
τ p ¼ 2:65½MPaSh þ 0:76σ v ;

(1)

where the cohesion is linearly approximated with hydrate saturation c = 2.65Sh and the friction angle is an
averaged value of ϕ = 37.2° (i.e., tanϕ = 0.76), according to the results in Figure 4a.
LIU ET AL.
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Figure 4. Stiffness-based prediction of the shear strength of hydrate-bearing sediments. (a) Mohr-Coulomb strength parameters, cohesion c, and friction angle ϕ, as
a function of hydrate saturation for the peak strength in hydrate-bearing sediments. (b) Model validation using peak strength data from pressure cores of naturally
occurred hydrate-bearing sediments recovered from Nankai Trough and in situ logging data. Refer to the supporting information for all raw data used in this plot.

In addition, rock physics models provide the p wave velocity Vp (in [km/s]) of hydrate-bearing sediment with
load-bearing hydrate pore habit (Mavko et al., 2009). These Vp results can be approximately ﬁtted by the
following equation:
 


km
km=s
V p ¼ V pw þ 2:65
Sh þ 0:26σ v
;
(2)
s
MPa
where Vpw = 1.48 km/s is the p wave velocity in water and σ v is the in situ vertical effective stress.
Combining equations (1) and (2) results in the following stiffness-based strength prediction model:
 1MPa σ v
þ :
τ p ¼ V p  V pw
1km=s 2

(3)

Thus, the peak strength of hydrate-bearing sediments τ p (in MPa) becomes a function of only the measured
bulk p wave velocity Vp (in km/s) and the stress state σ v (in MPa) from the logging data. The impacts of
hydrate on increasing sediments’ stiffness and peak strength cancel each other out.
This model is further validated using published data of naturally occurring hydrate-bearing sediments from
the ATC-1 hole of the Nankai Trough. The in situ p wave velocity and vertical stresses are from the logging
data (Suzuki et al., 2015), and the peak shear strengths are directly measured using triaxial (Yoneda et al.,
2015a, 2015b, 2017) and direct shear (Santamarina et al., 2015) tests under in situ stress. The predicted
strength using equation (3) shows a close agreement with the directly measured data, as shown in
Figure 4b. This model provides satisfactory strength prediction using wave velocity because the presence
of hydrate in sediments increases both the stiffness and the strength in a similar manner.
Admittedly, the simpliﬁed strength (equation (1)) and stiffness (equation (2)) models are empirical and
approximated. Nevertheless, these models allow elimination of the hydrate saturation term and offer a quick
and precise estimation of the strength of hydrate-bearing sediments through acoustic logging or seismic
survey data. The stiffness of sediments with other hydrate pore habits can also be computed (Dai et al.,
2012) to generate the stiffness-strength relations in the same manner to consider the hydrate pore habit
effect. This provides the possibility of estimating the strength of hydrate-bearing sediments when shear test
results are not available.

5. Conclusions
The strength and volumetric responses of CO2 hydrate-bearing sandy and silty sediments during shear were
studied using a custom-made direct shear apparatus. The experimental results led to a novel shear strength
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estimation method for hydrate-bearing sediments using acoustic logging data. The salient observations from
this study are as follows.
Loosely packed hydrate-free sand and silt specimens do not show a peak value before shear failure. The
presence of hydrate in sediments with nearly identical initial packing increases the peak strengths, followed
by strength softening. The peak shear strength occurs at approximately 1 mm horizontal displacement in all
sand specimens and at 2–4 mm in silt ones. Hydrate increases the peak strength of hydrate-bearing sediments mainly by increasing apparent cohesion, which may due to dilation constraint according to the
stress-dilatancy results.
The magnitude of the postpeak strength reduction is larger in specimens with higher hydrate saturation and
under lower stress state. The magnitude of the postpeak strength reduction is almost doubled in silt specimens with Sh = 0.65 than those with Sh = 0.49. Thus, signiﬁcant strength loss after shear failure is expected
in sediments with high hydrate saturation.
The shear failure tends to be in a more brittle manner in sediments with higher hydrate saturation and under
lower stress state. Hydrate contribution to the residual strength is mainly by increasing cohesion at low
hydrate saturation and friction at high hydrate saturation.
The stress state and hydrate saturation are dominating factors for both the stiffness and the strength of
hydrate-bearing sediments. Based on the experimental results of the shear strength and the computed stiffness using a rock physics model, a strength prediction method requiring only the in situ p wave velocity and
 1MPa σv
stress state τ p ¼ V p  V pw 1km=s
þ 2 is proposed and validated. Although semiempirical, this model allows
for rapid and precise estimation of the strength of hydrate-bearing sediments in situ through acoustic
logging data and is advantageous to geomechanical simulators, particularly when obtaining the cores for
direct strength measurement is not available.
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