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Abstract:



This study investigates the geomechanical, hydraulic and thermal characteristics of natural sandy sediments collected during the Ulleung Basin gas hydrate expedition 2, East Sea, offshore Korea. The studied sediment formation is considered as a potential target reservoir for natural gas production. The sediments contained silt, clay and sand fractions of 21%, 1.3% and 77.7%, respectively, as well as diatomaceous minerals with internal pores. The peak friction angle and critical state (or residual state) friction angle under drained conditions were ~26° and ~22°, respectively. There was minimal or no apparent cohesion intercept. Stress- and strain-dependent elastic moduli, such as tangential modulus and secant modulus, were identified. The sediment stiffness increased with increasing confining stress, but degraded with increasing strain regime. Variations in water permeability with water saturation were obtained by fitting experimental matric suction-water saturation data to the Maulem-van Genuchen model. A significant reduction in thermal conductivity (from ~1.4–1.6 to ~0.5–0.7 W·m−1·K−1) was observed when water saturation decreased from 100% to ~10%–20%. In addition, the electrical resistance increased quasi-linearly with decreasing water saturation. The geomechanical, hydraulic and thermal properties of the hydrate-free sediments reported herein can be used as the baseline when predicting properties and behavior of the sediments containing hydrates, and when the hydrates dissociate during gas production. The variations in thermal and hydraulic properties with changing water and gas saturation can be used to assess gas production rates from hydrate-bearing deposits. In addition, while depressurization of hydrate-bearing sediments inevitably causes deformation of sediments under drained conditions, the obtained strength and stiffness properties and stress-strain responses of the sedimentary formation under drained loading conditions can be effectively used to assess sediment responses to depressurization to ensure safe gas production operations in this potential target reservoir.
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1. Introduction


Gas hydrates are ice-like solid compounds that encapsulate gas molecules in hydrogen-bonded water cages. Natural gas hydrates are found in both permafrost and oceanic sediments, where temperature and pressure satisfy the thermodynamic conditions required for gas hydrates, and where an abundant gas flux is supplied. The abundance of natural gas hydrates has garnered interest as a potential energy resource. Moreover, the characterization of the geomechanical, transport, and thermal properties of the sediments hosting the gas hydrates is essential to our fundamental understanding of natural gas hydrate formation, as well as for the safe and effective production of gas from hydrate deposits.



Natural gas hydrates were identified in the Ulleung Basin, East Sea, during the Ulleung Basin gas hydrate expeditions 1 and 2 (UBGH1 and UBGH2) in 2007 [1,2] and 2010 [3,4]. The physical, geotechnical, and thermal properties of the sediment cores recovered were obtained via various on-board and on-shore laboratory experiments. A majority of the studies on the characterization of Ulleung Basin sediments have focused on silty or clayey sediments [5,6,7,8]; however, few studies have characterized the properties of sandy sediments, except for Reference [9]. Given that sandy sediment layers provide feasible conditions for safe and productive gas production (e.g., low compressibility and high permeability), their characterization is critical.



There are four categories of properties required to assess gas production from hydrate deposits:

	(a)

	
physical properties (e.g., density, hydrate saturation, porosity, and particle size distribution);




	(b)

	
thermal properties (e.g., thermal conductivity and heat capacity);




	(c)

	
transport properties (e.g., absolute permeability and relative permeability for gas and water phases); and




	(d)

	
mechanical properties (e.g., stiffness and strength).









The compilation of data on these properties provides a baseline for assessing hydrocarbon production rates and the geomechanical stability of reservoirs. However, while previous studies have attempted to obtain various sediment properties by conducting laboratory tests, several properties are often missed. Noting that the previous field production tests (e.g., Malilik 5L-38, Canada [10]; ConocoPhillips gas hydrate production test in Alaska [11]; offshore methane hydrate production test in the eastern Nankai Trough [12,13]) could not continue for an extended period of time as a result of fines migration and sand production, it is critical to identify a shear failure zone that is likely to generate the most fines migration and sand production. Thus, understanding of the interplays among physical, transport, and mechanical properties, such as fines content and pore size, will provide baseline knowledge to predict such fines migration and sand production.



In this study, we experimentally investigated the geomechanical, hydraulic, and thermal characteristics of natural sandy sediments, recovered from a sand layer with high gas hydrate saturation (i.e., Sh > 40%, estimated from the ring resistivity logging results). This is considered to be a prospective player for hydrate production. Using various laboratory tests and analyses, we determined the physical and basic index properties. The mechanical stiffness and strength of the remolded sediment were obtained from triaxial compression tests. The thermal conductivity of the remolded sample and the relative permeability of the water phase through the medium were extracted from the water retention tests. Then, models that predict the sediment properties when containing gas hydrates, based on the obtained baseline properties of the hydrate-free sediment samples, are discussed.




2. Study Area


2.1. Site of Interest


The Ulleung Basin is a deep, bowl-shaped back-arc basin located in the southwestern part of the East Sea, Korea [14,15]. The water depth in the basin is 1500–2300 m and gradually deepens toward the northeast (to a maximum depth of 2400–3200 m) [16]. The majority of the sediments in the Ulleung Basin were transported from the continental shelf and slope, although terrigenous materials were contributed by small rivers [15]. Gas hydrates were first identified in the center of the Ulleung Basin by using shallow gravity corers [17]. Following this, UBGH1 logged five sites and cored three sites in 2007 [1,2], whereas UBGH2, conducted in 2010, logged 13 sites and cored 10 sites, in order to locate potential sites for offshore production testing [3,4,18].



Among the cored sites of the UBGH2 expedition, UBGH2-6 (located at 37°00′N, 130°53′E) was the most northerly (Figure 1) [8,18]. At this location, the water depth was 2154 m, and the total depth of the drilled hole was 229 m below the seafloor (mbsf). The base of the gas hydrate stability zone (BGHSZ) was estimated at 167 mbsf [3]. Figure 2 shows the results of logging-while-drilling (LWD) and on-board core tests for UBGH2-6. Gas hydrate occurrences were identified at 110–155 mbsf, as can be seen from the P-wave velocity, electrical resistivity, and chlorinity (Figure 2). Within this interval, the presence of numerous thin to thick gas hydrate-bearing sand layers with high gas hydrate saturation was confirmed [3]. Thus, it is considered as a potential production test site. In this study, one of these prospective sand layers, located at ~145 mbsf, was chosen to be investigated for its physical, geomechanical, transport and thermal properties.


Figure 1. Locations of the study sites in the Ulleung Basin, East Sea, Korea.
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Figure 2. Logging-while-drilling (LWD) and core test results at Site UBGH2-6: (a) bulk density; (b) porosity; (c) chlorinity; (d) thermal conductivity; (e) ring resistivity; (f) P-wave velocity; (g) hydrate saturation; and (h) vertical effective stress. Thermal conductivity and chlorinity results were obtained from core tests. The base of gas hydrate stability zone (BGHSZ) at this site was estimated to occur at 174 mbsf (as denoted with a red dotted line), and the gas hydrate occurrence zone (GHOZ) was found to be from 110 mbsf to 155 mbsf (as denoted with a gray dashed line). All the data was gathered from Lee et al. [18] and Ryu et al. [3,4].
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2.2. Sampling Location


The sediment sample was cored using a Fugro rotary corer (FRC) at a depth of ~145 mbsf, situated within the gas hydrate occurrence zone of Site UBGH2-6B. The retrieved core (UBGH2-6B-22R or 6B-22R) was ~80 cm in length, extending from top to bottom through 145.15–145.95 mbsf. Core section UBGH2-6-22R contains three layers: sand layers at the top and bottom, and a clay layer in the middle. The sandy sediments found in the Ulleung Basin (i.e., massive and bioturbated sands in the shelf) have been reported to frequently contain laminated and bioturbated clayey layers [14,16,19]. Figure 3 shows the bottom half of the retrieved core. The sediment in the bottom 13 cm of the core (90–103 cm) was selected for analysis (representing 145.81–145.95 mbsf). While determining the exact value is a daunting task, the in situ gas hydrate saturation (Sh) is approximated to be more than ~40% based on the ring resistivity logging results (Figure 2). The main objective of this study is to present the compilation of physical, geomechanical, transport, and thermal properties of the hydrate-free sediment sample (bottom 13 cm of the core UBGH2-6B-22R) as baseline properties for assessing hydrocarbon production rates and the geomechanical stability of reservoirs. For comparison, the thermal and transport properties of the sediment sample UBGH2-5B-22H (or 5B-22H), which has a different particle size range, were additionally obtained to explore the effect of particle size on thermal and transport properties.


Figure 3. The texture of the core section studied. The digital photo of the half-cut core section 2-6B-22R has been obtained from UBGH2 Scientific Report (Ryu et al. [4], courtesy of Drs. J. J. Park and J. Y. Lee, KIGAM).
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Basic information and the physical characteristics of the studied sediment samples are described in Table 1. Further details regarding sample 5B-22H are described by Kim and Yun [9] and Ryu et al. [4]. Following basic on-board tests [18], the sediment samples were preserved in a plastic bag, delivered to the laboratory, and stored in a refrigerator at 4 °C and at atmospheric pressure prior to testing. The properties of samples 6B-22R and 5B-22H presented herein were obtained from disturbed, and thus remolded, samples following rinsing and oven drying, so as to achieve consistent initial sample conditions for all tests.



Table 1. Physical and index properties of the sample core. Cu: coefficient of uniformity; Cc: coefficient of curvature; USCS: unified soil classification system; SM: silty sand; SP: poorly graded sand.







	
Hole-Core-Section

	
2-6B-22R

	
2-5B-22H






	
Depth (mbsf) 1

	
145.9–147

	
139.5–147.5




	
Water depth (m)

	
2154

	
1969




	
Temperature (°C) 1

	
~17

	
~14–15




	
Pressure (MPa) 1

	
~23

	
~21




	
Bulk density (kg/m3) 1

	
1604

	
~1600




	
In situ porosity (%) 1

	
35.4

	
50




	
Remolded porosity (%) 2

	
~44–46

	
~43




	
Gs (-) 1

	
2.7

	
2.6




	
Water content (%) 1

	
20.3

	
Not available




	
D50 (mm) 2

	
110

	
220




	
Cu (-) 2

	
6.3

	
1.7




	
Cc (-) 2

	
2.9

	
0.96




	
Sand fraction (%) 2

	
78.1

	
97.6




	
Silt fraction (%) 2

	
20.6

	
2.4




	
Clay fraction (%) 2

	
1.3

	
Non-measurable




	
USCS 2

	
Well-graded SM

	
SP




	
Effective stress (kPa) 1

	
755

	
~700




	
Hydrate saturation (%) 1

	
>40

	
0 (No infrared anomaly)








1 The parameters were estimated from LWD results (Ryu et al. [3,4]) and on-board core test results (Lee et al. [18]); 2 the values were obtained from this study.










3. Materials and Methods


3.1. Description of Sediment Core Samples: Physical and Index Properties


The physical and index properties of sediments, such as porosity, grain size distribution, mean grain size, grain shapes, and mineralogy, are known to play a role in determining the morphology, extent, and growth characteristics of natural gas hydrates [20]. Thus, these properties are baseline parameters for estimating the geomechanical, transport, and thermal properties of hydrate-free, hydrate-containing, and post-dissociation sediments [21]. Furthermore, they can provide valuable information for predicting hydrate occurrence in sediments. In this section, we present the physical and index properties of sediment sample 6B-22R, including grain size distribution, fines content, mean grain size, scanning electron microscope (SEM) images of grain shapes, and mineralogy obtained through X-ray diffraction (XRD) analysis.



3.1.1. Particle Size Distribution and Soil Classification


Figure 4a shows the particle size distributions of sediment samples 6B-22R and 5B-22H, obtained by sieve analysis and laser diffraction particle size analysis (LS230, Beckman Coulter, West Sacramento, CA, USA) of both coarse and fine particles. For sample 6B-22R, the mean particle diameter (D50) is ~110 μm, while the majority of the sediment particles range from 1 μm to 1000 μm. For sample 6B-22R, the fractions of clay (<2 μm) and sand (>75 μm) are ~1.3% and ~78.1%, respectively, while the remainder (~21% of the sediment) is silt (>2 μm and <75 μm). Due to the low clay fraction, the sample exhibits no or minimal plasticity. The coefficient of uniformity (i.e., Cu = D60/D10) is 6.3, and the coefficient of curvature (i.e., Cc = (D30)2/[D60·D10]) is 2.9. Thus, the sediment (6B-22R) is characterized as well-graded silty sand (SM), according to unified soil classification system (USCS).


Figure 4. (a) Particle size distribution; and (b) X-ray diffraction (XRD) analysis results of the sediment samples.
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For sample 5B-22H, the mean particle diameter (D50) is ~250 μm, while the sediment particles mostly range from 50 μm to 4750 μm. The particle size of sample 5B-22H is greater than that of sample 2-6B-22R. The sand fraction is ~97.6% with a fines content (<75 μm) of ~2.4%. The clay content is non-measurable. The Cu is 1.7, and the Cc is 0.96. Thus, the sediment (5B-22H) is characterized as poorly graded sand (SP), according to USCS.




3.1.2. Mineralogy from X-Ray Diffraction Analysis


The mineralogy of air-dried sediment sample 6B-22R was evaluated by XRD analysis, conducted using a Phillips Xpert Material Powder Diffractormeter (MPD) (Figure 4b). The sample is comprised of ~64% quartz, 15% albite, and ~4.4% calcite, as well as various accessory clay minerals, including muscovite, illite and chlorite (Table 2).



Table 2. XRD analysis results of the sample 2-6B-22R.







	
Mineral

	
%






	
Quartz

	
63.7




	
Albite

	
15




	
Orthoclase K-feldspar

	
6.9




	
Muscovite/Illite

	
5.7




	
Calcite

	
4.4




	
Chlorite

	
2.5




	
Biotite

	
1.8










The calcite signature is presumed from calcareous microfossils and shell fragments, as previously reported by Tanaka and Locat [22] and Lee et al. [7]. The XRD results highlight the absence of pyrite, kaolinite, and montmorillonite in this sandy sediment sample. This is in contrast to the clay-dominant fine-grained sediments from the Ulleung Basin, which contain kaolinite, siliceous/calcareous microfossils, framboidal pyrite (FeS), and occasional montmorillonite [6,7,9], whereas the main mineralogy of sediment sample 5B-22H is reported as silicate minerals with some calcareous fragments [9].




3.1.3. Particle-Scale Observations in Scanning Electron Microscope Images


The particle shape and surface texture of sample 6B-22R were investigated using SEM images (Figure 5). The dominant grains are sand particles with high angularity (Figure 5a), corroborating the particle size distribution and XRD results. Sand particles are covered by platy fine minerals (i.e., clay and silt), which are ~1–5 μm in size (Figure 5b,c). A number of the fine minerals were found to have sub-microscale pores on their surface (Figure 5d–h). Such porous minerals, with nano- to micro-pores, possibly represent fragments of diatomaceous silicate minerals, so thought because microfossils of siliceous planktonic algae (or diatoms) typically show porous silica skeletons [23]. Although the presence of diatoms is predominantly limited to the clay and silt particles, the sample should exhibit a relatively high specific surface area compared with other sandy sediments with similar fines fractions. This is due to the internal pores on diatoms. Thus, such internal pores may play an important role in determining the physical properties of natural sediments, leading to a high natural water content and high plasticity [6,7,22,24].


Figure 5. The scanning electron microscopy images of the 2-6B-22R sediment particles: (a) angular sand particles; (b) a wide range of particle sizes with sands, silts, and clays; (c) platy clay particles; (d) a broken centric diatom with internal pores and covered with clays; (e) a fragment of centric diatom; (f) a centric diatom with internal pores filled with clays; (g) pennate diatoms; and (h) pennate diatoms.
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3.2. Setup and Procedure for Triaxial Compression Test


Figure 6 shows the setup for the triaxial compression tests used to obtain the geomechanical responses and parameters of the sediment. Core sample 6B-22R was oven-dried and remolded for the triaxial compression tests. For remolding, every specimen with a height of 76 mm and a diameter of 38 mm was prepared using a dry hand-tamping method. Thereby, the initial dry densities were kept consistent at 1.42–1.49 g/cm3, corresponding to a porosity of ~44%–46% (or void ratio of ~0.8–0.85) throughout the tests. While the in situ porosity of the sample was logged as ~35.4% (Table 1), the remolded samples showed higher porosity values, possibly owing to the presence of fines and the limitation of the hand-tamping method for re-creating the field condition. Meanwhile, it is difficult to rule out the possibility of inaccuracy in the logging result.


Figure 6. A set-up for triaxial compression tests.
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Similarly, SM samples from Eastern Nakai Trough showed a porosity of 39.1%–54.1% under confined conditions; in particular, the porosity of the majority of the remolded samples was higher than that of the original samples from the pressure cores [25]. The initial packing conditions of our SM core samples are comparable to previous studies; hence, the obtained strength results are presumed to be valid and are readily expandable. At least, they may serve as a lower bound as a result of the high initial packing porosities. After assembling the triaxial cell, the targeted confining stress (σc) was achieved by injecting nitrogen gas (Figure 6). Then, the specimen was fully saturated with water as follows: Carbon dioxide was injected into and circulated through the specimen at a low pressure (~0.2 MPa) in order to remove air; a vacuum of −80 kPa was then applied to remove the carbon dioxide from the specimen. After repeating this process three times, de-aired water was introduced at the bottom using a syringe pump (500HP, Teledyne ISCO, Lincoln, NE, USA). While maintaining the confining pressure greater than the pore pressure, a back pressure (or pore pressure) of ~0.33–1.13 MPa was applied to achieve 100% water saturation. While maintaining this back pressure, the water injection rate was monitored, and the specimen was seated for more than 6 h until there was no inflow into the specimen. In all tests, B-values of >0.9 were achieved. Thereafter, the confining stress (σc) was adjusted to achieve the targeted effective confining stress; herein, five isotropic effective confining stresses (σ′c) of 0.32, 0.63, 1.47, 2.58 and 5.25 MPa were applied to the fully water-saturated specimens prior to shearing, i.e., at the consolidation stage. Note that these specimens were prepared from the same sand. This stress range was chosen to cover the in situ vertical effective stress of the sand layer from which the sediment core was retrieved, i.e., ~0.75 MPa (Figure 2h and Table 1). This stress value (~0.75 MPa) was estimated from the logging results of bulk density and porosity (Figure 2a,b). The initial conditions of effective confining stress and pore pressure for all of the tested specimens are summarized in Table 3. In this study, we were not able to measure the changes in void ratio during the consolidation stage owing to the difficulty in the saturation processes in that back pressure was applied. Instead, the initial packing void ratio prior to consolidation was used to estimate the volume change behaviors during shearing. If the change in void ratio during the consolidation stages was measured, it would have rendered a more precise measurement of volumetric strain. Nevertheless, the tendency of the measured volume change behavior remains valid owing to the low fraction of clay (~1.3%) in the tested sample.



Table 3. Conditions and results of triaxial compression tests and Young’s moduli.







	
Effective Confining Stress (MPa)

	
Deviatoric Stress at Failure (MPa)

	
Deviatoric Stress at Critical State (MPa)

	
Pore Water Pressure (MPa)

	
Etan at 0.1% εa (MPa)

	
Etan at 1% εa (MPa)

	
E50 (MPa)






	
0.32

	
0.65

	
0.23

	
0.33

	
64

	
22

	
29




	
0.63

	
1.04

	
0.39

	
0.63

	
101

	
26

	
39




	
1.47

	
2.25

	
1.94

	
0.51

	
122

	
30

	
40




	
2.58

	
4.17

	
3.14

	
1.13

	
177

	
76

	
50




	
5.25

	
6.69

	
-

	
1.13

	
527

	
79

	
80










Once each water-saturated specimen was prepared under a given isotropic effective confining stress condition, the specimen was subjected to shear under a drained condition. Shear stress started to increase as additional vertical stress (deviatoric stress, σd) was applied at a constant axial strain rate. For the five tested specimens, the rate of axial strain (or shearing rate) was kept constant at 0.1% per min (0.076 mm/min; ASTM D7181-11) [26]. The shearing continued to an axial strain (εa) of 25%, with the exception of the case under the lowest confining stress. Changes in specimen volume were logged using the syringe pump that maintained the back pressure. For the two cases with effective confining stresses of 0.32 MPa and 0.63 MPa, the lateral deformation of each specimen, or the change in the central diameter of the specimen during shear, was measured using a local displacement transducer (LDT) mounted at the middle height of the specimen [27,28]. This lateral deformation measurement allowed for the estimation of the Poisson’s ratio of the sample.




3.3. Setup and Procedure for Thermal Water Retention Test


Construction of the water retention curve requires the time-dependent measurement of changes in the water volume driven by the applied pressure. The pressure control panel includes the secondary pressure regulator for accurate pressure control in the low-pressure regime. Figure 7 illustrates the overall experimental configuration.


Figure 7. The thermal water retention testing device used to obtain water retention curve, thermal conductivity and electrical resistance.
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The cylindrical cell, made of acryl with a height of 50 mm and an inner diameter of 65 mm, housed a transient plane source (TPS) for measuring thermal conductivity and two electrodes for measuring electrical resistance at the middle height. The TPS method was implemented for thermal conductivity measurement [29,30]. A pair of resistance temperature detectors (RTD) not only provided a heat source, but also simultaneously measured the temperature evolution. The potential drop was logged at 0.5-s intervals and calibrated according to temperature change in order to calculate the thermal conductivity of the sediment samples for given pressure conditions. In terms of electrical resistance, a constant AC current was supplied, and the potential change across the sample was directly measured to obtain the resistance. The sine wave of 1 V and 100 kHz was generated using the arbitrary waveform generator (33220A, Agilent Technologies, Santa Clara, CA, USA), and the potential changes at the reference resistor and sample were gathered (34972A, Agilent). Details of the electrical and thermal conductivity measurement are described by Kim et al. [30] and Santamarina et al. [31].



The sediment sample was compacted on the porous stone in the cell by gentle hand-tamping, and then submerged in water, which naturally wetted and saturated the sample. The water-saturated sediment sample was left for 12 h before computing the initial porosity. The initial porosity of the remolded samples 6B-22R and 5B-22H for this thermal water retention test were ~46% and ~43%, respectively. The volumetric water content (θ) was logged with simultaneous measurements of the electrical and thermal conductivity values, taken at an equilibrium condition for a given air pressure. The temperature in the laboratory was maintained at a constant temperature of 23–25 °C, because the ambient temperature significantly affects the capillary pressure in unsaturated porous media [32,33]. We used de-ionized water over the course of the test.



The sigmoidal model of the Maulem-van Genuchten equation was adopted to fit the water retention curve and to obtain the model parameters using Equation (1) [34,35]:
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(1)




where θ is the volumetric water content corresponding to the applied matric suction (Ψ), θr is the residual water content, θs is the saturated water content, and α, n and m (= 1 − 1/n) are the fitting parameters. Then, the relative permeability was expressed in terms of obtained parameters as follows:
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(2)




where KΨ and KS are the suction-dependent and saturated permeability, respectively.





4. Results


4.1. Stress-Strain Responses and Mohr-Coulomb Strength Parameters


Depressurization of gas hydrates in sediments, which causes a reduction in hydrostatic pressure, is considered a promising process for producing natural gas from gas hydrate deposits. However, the reduction in hydrostatic pressure induces an increase in effective stress and thus inevitably causes a change in the volume of sediments under drained conditions (i.e., drained loading). Therefore, an understanding of the geomechanical properties and stress-strain responses of the sediments under drained conditions is required to assess sediment responses to depressurization to ensure safe gas production operations in deep oceanic formations. We performed triaxial compression tests on sediment core 6B-22R to obtain the geomechanical characteristics, including strength parameters and stress- and strain-dependent stiffnesses. The results are described in this section.



Figure 8 presents the deviatoric stress (σd = σ1 − σ3) as a function of the axial strain (εa) response to monotonic loading under the five different effective confining stresses (σ′c = 0.32, 0.63, 1.47, 2.58 and 5.25 MPa). The results show that the peak strength of the specimens increases with increasing effective confining stress, and that all specimens exhibit post-peak behavior with clear peak deviatoric stresses (Figure 8a). When visually inspected after tests, clear localized failure zones, referred to as shear bands, were observed in all specimens. Contractive behavior was generally observed during the initial stage of shear (Figure 8b). After the peak stress, the deviatoric stress dropped and then leveled off at a residual state. In particular, a critical state is reached when the specimen volume becomes constant during shear. With the exception of the specimen under the effective confining stress of 5.25 MPa, the specimens all reached a critical state. Table 3 summarizes the test results.


Figure 8. Responses to drained monotonic loading and the resulting Mohr-Coulomb failure envelop: (a) deviatoric stress; (b) void ratio; (c) lateral strain versus axial strain; and (d) the Mohr circles at failure (solid lines) and critical state (dotted lines) and the failure envelopes.
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Figure 8c shows the evolution of the lateral strain (εl) at the midplane as a function of the axial strain (εa) during shear. The slopes of the curves represents the Poisson’s ratio, and the dotted reference line εl/εa = 0.5. A Poisson’s ratio of 0.5 (i.e., cylindrical deformation at constant volume) is superimposed on Figure 8c. Large lateral expansion, which is plotted above this reference line, occurred at the midplane as the axial strain increased, possibly because of end plate friction, the bulging of specimens (or barreling-type deformation), shear band formation, or a combination of these. This has been observed in previous studies on clean sands [28]. For σ′c = 0.32 MPa, the lateral strain showed negative values in a small strain regime of <3%, which indicates volume contraction during the initial stage of shear.



The Mohr-Coulomb strength criterion is commonly adopted for geomechanical analyses, where a linear failure envelope with two strength parameters approximates the shear strength of the sediments, the apparent cohesion intercept (c), and the internal friction angle (φ). Following the triaxial compression tests, the peak and critical state friction angles under drained loading conditions are identified as ~26° and ~22°, respectively, assuming no or minimal cohesion intercept (Figure 8d). The assumption of no or minimal cohesion intercept is presumed reasonable because the sediment is categorized as sand-dominant with no plasticity. Table 4 summarizes the strength parameters of natural sediments recovered from hydrate-occurring layers around the world. Due to a higher sand fraction, the sediment sample in this study, classified as SM, has a higher peak friction angle than other clay- or silt-dominant sediments (i.e., fine-grained sediments) from the Ulleung Basin, Krishna-Godavari Basin, and Mahanadi Basin. The peak friction angles of coarse-grained sediments from hydrate-occurring layers are predominantly in the range of 27°–31° for oceanic sediments [8,36,37], 34°–44° for permafrost sediments [37], and 30°–37° for the sandy sediments of the eastern Nankai Trough [25]. In comparison, it appears that the studied sediment has a relatively low peak friction angle (26°). It is presumed to be attributed to the presence of diatoms, which leads to a large specific surface area, water content, and porosity.



Table 4. Strength parameters of natural sediments from hydrate-occurring layers.







	
Location

	
Site-Hole

	
Test Conditions

	
Cohesion or Undrained Strength

	
Internal Friction Angle 1

	
Sediment Description

	
Reference






	
Ulleung Basin, Korea

	
UBGH2-6B-22R

	
Drained triaxial tests

	
No cohesion intercept

	
26° (Peak friction angle)

22° (Critical State friction angle)

	
SM

	
This study




	
Ulleung Basin, Korea

	
UBGH2-10D-8H

UBGH2-6B-8H/27H

UBGH2-10C-11H

	
Undrained triaxial tests

	
18–30 kPa

	
17.6°–24.6°

	
Clay- and silt-dominant sediments

	
Lee et al. [8]




	
Ulleung Basin, Korea

	
UBGH2-6C-10H

	
Undrained triaxial tests

	
Not available

	
27°

	
Sediment with a high sand fraction

	
Lee et al. [8]




	
Krishna-Godavari Basins, India

	
NGHP-01

KG Basin

21A-2Y

	
Undrained triaxial tests

	
Not available

	
30°–31°

	
Maximum friction angle

	
Winters et al. [37]




	
Krishna-Godavari Basin, India

	
NGHP-01

KG Basin

10D-10X

	
Undrained triaxial tests

	
7.2 kPa

	
21.3°

	
Fine-grained sediments Composite friction angle

	
Winters et al. [37]




	
Mahanadi Basin, India

	
NGHP-01, Mahanadi Basin 18A-5H

	
Undrained triaxial tests

	
9.7 kPa

	
24.5°

	
Fine-grained sediments Composite friction angle

	
Winters et al. [37]




	
Cascadia, Hydrate Ridge

	
ODP Leg 204 1249-4H

	
Undrained triaxial tests

	
Not available

	
29

	
Fine-grained sediments

	
Winters et al. [37]




	
Mckenzie Delta, Canada

	
Mallik-2L

	
Undrained triaxial tests

	
Not available

	
34°–44°

	
Coarse-grained sediment

	
Winters et al. [37]




	
Nakai Trough, Japan

	
AT1-C-20P

	
Direct shear tests

	
Not available

	
27° (Peak friction angle)

25° (Residual friction angle)

	
Sand-silt mixed sediments, using Pressure core characterization tools

	
Santamarina et al. [36]




	
Nakai Trough, Japan

	
AT1-C

	
Drained and undrained triaxial tests for sandy sediments and for clayey-silty sediments

	
No or minimal cohesion intercept, but increases with hydrate saturation

	
30°–37° (Effective friction angle)

	
Sandy sediments and clayey-silty sediments

	
Yoneda et al. [25]








Note: 1 the internal friction angles collected herein are peak friction angles unless denoted.








Since specimens were prepared using the same sand for different confining stresses, the change in particle size distribution before and after the triaxial compression tests were also examined. It was found that the mass fractions passing Sieves No. 50–170 (corresponding to an opening size of 0.09–0.3 mm) increased by a maximum of ~2.5%. This indicates that the large particles were crushed as a result of the high stresses applied during triaxial tests. However, the increases in the fines fractions (e.g., passing Sieves No. 230–635) were practically undetectable owing to the loss of fines during soil collection after the triaxial compression tests. Because the sediment sample originally contained a fairly high fines fraction of 24.3% (Figure 4a), the particle crushing due to the applied stress caused a relatively small increase in fines fractions of a maximum of 2.5%. Accordingly, it can be assumed that the effect of particle crushing on the geomechanical properties was insignificant in this study.




4.2. Stress- and Strain-Dependent Young’s Modulus


Stiffness of sediments can be described by the tangential slope of the stress-strain curve (i.e., Δσdev/Δεa; Figure 8a), and is referred to as the tangential Young’s modulus (Etan). This tangential modulus can be determined at any point along the stress-strain curve, and degrades as the axial strain increases, as shown in Figure 9. The secant modulus (E50) can be also determined from the slope of a straight line that connects half the peak deviatoric stress through the origin of the stress-strain curve. Figure 8 and Table 3 show the variations in the tangential (Etan) and secant (E50) moduli with confining stress and axial strain for the sediment sample investigated. The gradual degradation of the tangential moduli with increasing axial strain is clearly observed (Figure 9a–e). The initial quasi-elastic high stiffness region extends to an axial strain of ~0.1%. Figure 9f clearly demonstrates that the stiffness of the sediment, including the tangential and secant moduli, increases with increasing confining stress, indicating a strong strain dependency. This is because increasing confining stress leads to increasing inter-particle coordination, contact area, and frictional resistance, which consequently increase skeletal stiffness.


Figure 9. Variation of tangential Young’s moduli as a function of axial strain at different effective confining stresses (σ′c): (a) 0.32 MPa; (b) 0.63 MPa; (c) 1.47 MPa; (d) 2.57 MPa; (e) 5.25 MPa; and (f) variation of Young’s moduli as a function of effective confining stresses.
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Depressurization for gas hydrate production and the consequential reduction of hydrostatic pressure are likely to cause an increase in effective stresses in sediments. This additional loading will accompany additional contractive deformation (i.e., depressurization-induced subsidence). In contrast, excess pore pressure is likely to develop when sediments are effectively impermeable and thermal stimulation is applied for gas hydrate production [38,39]. In this case, an unloading condition is expected because the excess pore fluid pressure reduces the confining effective stress, resulting in the volume expansion of the sediments. This class of deformation, which is caused by changes in stress states, whether volume contraction or expansion, can be assessed based on the material stiffness. Many of reservoir-scale geomechanics simulators, including those presented by the Lawrence Berkeley National Laboratory (LBNL) group [40,41,42], by the Korea Advanced Institute of Science and Technology (KAIST) group [39,43], and by the Cambridge University group [44,45,46], adopt elastoplasticity to model sediment deformation behaviors. Thereby, one of the elastic moduli (typically Young’s modulus or bulk modulus), Poisson’s ratio ν, and strength parameters (cohesion and friction angle, if Mohr-Coulomb yield criterion used) for material yielding are typically used as input parameters for describing elasto-plastic behavior. In particular, the secant modulus E50 is widely chosen for such inputs because it is determined from fairly wide and representative strain regimes prior to material yield or failure.




4.3. Water Retention Curves and Parameters for Water Permeability


Figure 10a presents the changes in the volumetric water contents experimentally gathered with increasing matric suction for samples 6B-22R and 5B-22H. These experiment results were fitted using Equation (1), resulting in the water retention curves for the tested sediment samples. The air entry value (AEV) of 1/α was determined as 11.3 kPa and 7.5 kPa for 6B-22R and 5B-22H, respectively. As sample 6B-22R has lower particle sizes and a higher fraction of fines (Figure 4a), it exhibited a higher AEV and a lower slope. However, the values of residual water saturation for both samples are similar (~10%–20%).


Figure 10. (a) The water retention curves; (b) relative permeability versus matric suction; and (c) relative permeability versus water saturation.
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Figure 10b,c shows the estimated relative permeability plotted with the matric suction and water saturation. At very low matric suctions, the relative permeability started at unity (i.e., the water permeability was equivalent to that of a fully water-saturated condition). As the matric suction increased and became close to the AEV, the relative permeability sharply decreased to ~0.1. In other words, unsaturated conditions cause a significant reduction in water permeability for SM sediments.



The in situ pressure and temperature of the two sample locations are ~21–23 MPa and ~14–17 °C, corresponding to a water depth of 2300 m and 2100 m for 6B-22R and 5B-22H, respectively. The methane gas pressure at in situ is expected to be in the range of several MPa when a depressurization method is applied for gas hydrate production from hydrate deposits. However, the water retention curves were obtained under atmospheric pressure conditions and a temperature of 23–25 °C. When the pressure increases from 1 MPa to 10 MPa, it is reported that the interfacial tension between methane and water decreases from ~73 mN/m to ~64 mN/m at 298.15 K, varying by ~12% [47,48,49]. To date, there is no contact angle measurement data available for the methane-water system on hydrophilic surfaces. Adopting gaseous carbon dioxide (CO2) as an analogue, when the pressure increases from 0.1 MPa to 7.0 MPa, the contact angle of gaseous CO2-water on hydrophilic surfaces (silica or quartz) is reported to stay fairly constant, varying by less than 2° [50,51]. Accordingly, it is justifiable to assume that the contact angle of methane-water on hydrophilic sand grains varies minimally as long as methane stays in the gas phase. Hence, it is worth noting that the reduction in the interfacial tension due to the elevated pore fluid pressure will cause some variation in the water retention curves, although the relative contributions of the in situ pressure and temperature should be further examined for a particular field condition of interest. For practical use, the effect of the reduced interfacial tension at elevated pore pressures needs to be calibrated based on the obtained results of the residual saturation and relative permeability at atmospheric pressure.




4.4. Variations in Thermal Conductivity and Electrical Resistance with Water Saturation


The volumetric fractions of phases within a sediment (e.g., sediment grains, water, gas, and hydrates) affect the thermal conductivity. Of the pore fluid constituents, methane hydrate, and water are reported to have similar thermal conductivities (~0.6 W·m−1·K−1 and ~0.58 W·m−1·K−1, respectively; [20,52,53]). The thermal conductivity of gas-bearing sediments is known to decrease linearly with decreasing water saturation because the thermal conductivity of a gas phase is the lowest among the constituents (e.g., ~0.026–0.038 W·m−1·K−1 for air at 27 °C and 0.1–20 MPa [53,54]). Figure 11a shows the variation in sediment thermal conductivity with decreasing water-saturation (Sw), which was measured during the drying process using the thermal water retention testing device (Figure 7).


Figure 11. (a) Thermal conductivity; and (b) electrical resistance versus water saturation.
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A fully water-saturated condition with de-ionized water (Sw = 100%) was prepared as the initial condition for both 6B-22R and 5B-22H. The thermal conductivity at Sw = 100% was measured as ~1.4 W·m−1·K−1 for 6B-22R and ~1.6 W·m−1·K−1 for 5B-22H, with the nominal difference between the two samples reflecting the initial porosity (~46% for 6B-22R and ~43% for 5B-22H) and the quartz-dominant mineralogy in 5B-22H. As shown in Table 2, the 6B-22R sample contained a considerable fraction of non-quartz minerals (~36%), such as albite, feldspar, illite, and muscovite, whereas 5B-22H mostly consisted of quartz-dominant silicate sand with some calcareous fragments. Over the range of water saturation, as can be seen in Figure 11a, the thermal conductivity of 6B-22R was consistently lower than that of 5B-22H because of the higher non-quartz fraction in 6B-22R, as quartz is known to have higher thermal conductivity value (e.g., ~6–8 W·m−1·K−1) than other minerals [55]. The results confirm that the measured thermal conductivity of 5B-22H at Sw = 100% is within a similar range to that of the same sediment sample containing methane hydrate under a brine-saturated condition (i.e., 1.47 W·m−1·K−1 [9]) due to the similar thermal conductivity of water and methane hydrate. The measured thermal conductivities of the Ulleung Basin sandy sediments are unique and unlike those of the hydrate-bearing sediments of other provinces. As the water saturation of the tested samples gradually decreased to their residual water saturation levels (~10%–20%), thermal conductivity was reduced by more than 60% (e.g., from ~1.4–1.6 W·m−1·K−1 to ~0.5–0.7 W·m−1·K−1; Figure 11a). These results suggest that the fraction of the gas phase plays a significant role in the overall thermal conductivity of sediments. As the dissociation of gas hydrate inevitably produces free gas in the sediments, the obtained curves of thermal conductivity versus water saturation can be effectively used for estimating the dynamic change in thermal conductivity during hydrate production.



Figure 11b shows the variation in electrical resistance with decreasing water saturation. The 6B-22R sediment sample showed higher electrical resistance at SW = 100% than the 5B-22H sediment sample, which is likely due to the smaller particle size (Figure 4) and the corresponding narrower pore network. In other words, the 5B-22H sediment sample constructed a well-defined long-range connectivity of the water film or channel. As the water saturation decreased, the increment in electrical resistance was observed with a quasi-linear tendency. However, as the water saturation approached the residual state, the electrical resistance of the two samples converged to a value of ~10–20 kΩ across two orders of magnitude, despite the initial electrical resistance at SW = 100% being significantly different (~4 kΩ and ~0.3 kΩ). This result indicates that the electrical resistance is a good indicator of water saturation. It is worth noting that the observed electrical resistance variations (~one order of magnitude) are fairly large because de-ionized water was used as pore water. If the high salinity pore water is used, its variation with water saturation will decline. On the other hand, as the electrical resistance is sensitive to pore water salinity, release of fresh water during methane hydrate dissociation also causes the dilution of the salinity and hence the reduction in the electrical resistance. Therefore, as the electrical resistance captures the changes in pore water salinity and pore water saturation (or gas saturation), the monitoring of such evolution in electrical resistance is expected to provide information for the assessment of the dynamic state of the water phase in sediments during methane production.





5. Discussion: Implications for Hydrate-Bearing Sediments


The geomechanical, hydraulic, and thermal properties of the hydrate-free sediments reported herein can be used as the baseline when predicting properties and behavior of the sediments containing hydrates, and when the hydrates dissociate during gas production. The logging results indicate that the 6B-22R sample was estimated to contain more than 40% hydrate saturation, and the 5B-22H sample contained no hydrate (Table 1). Using the obtained properties of the hydrate-free 6B-22R sample, the effect of gas hydrate presence on such properties is inferred. A model that can predict its properties is described in this section.



5.1. Thermal Conductivity


As mentioned, the thermal conductivity is heavily affected by the thermal conductivity of each phase and its volumetric fraction. Because of the similar thermal conductivities of methane hydrate and water (~0.6 W·m−1·K−1 and ~0.58 W·m−1·K−1, respectively) and the lowest thermal conductivity of a gas phase (e.g., <~0.04 W·m−1·K−1), it is known that the bulk thermal conductivity of a sediment is not significantly affected by the presence of hydrate and hydrate saturation. This is further supported by our thermal conductivity results of the brine-saturated hydrate-free and hydrate-bearing sediment (i.e., ~1.6 W·m−1·K−1 and ~1.47 W·m−1·K−1, respectively, for sample 5B-22H) [15]. Therefore, the variation of thermal conductivity with gas saturation is presumed valid for hydrate-free and hydrate-bearing sediments.




5.2. Bulk Permeability


The presence of hydrate reduces the sediment permeability, and the morphological growth habits in pores have a pronounced effect on the permeability reduction by hydrate formation. The capillary tube models, presented by Kleinberg et al. [56], can be used to estimate the permeability reduction with increasing hydrate saturation. Thereafter, Dai and Seol [57] extended the work by Kleinberg et al. [56] by adopting the Kozeny-Carman equation, as shown in Table 5: K/Ko = (1 − Sh)3/(1 + 2Sh)2, where K and Ko are the permeability with and without hydrate, respectively, and Sh is the hydrate saturation.



Table 5. Models for correlation between sediment properties and hydrate saturation.







	
Property

	
Correlation

	
Reference






	
Permeability

	
[image: there is no content]

	
Dai et al. [57]




	
Relative permeability
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kri0 : Relative permeability of end point to the phase i

Ni: Relative permeability index of the phase i

Se: Normalized water saturation

Swm: Effective water saturation

Sii: Irreducible saturation of the phase i

	
Konno et al. [58]

Note: Nw = 3, Ng = 2, krw0 = 1, krg0 = 1, Siw = 0.1, and Sig = 0.1 were used in Kanno et al. (2010)
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a, b, c: van Genuchten parameters for soil pore structures

Swm: Effective water saturation

	
Klar et al. [45,46]

Note: a = 0.92, b = 0.5, c = 0.5 were used in Klar et al. [45,46]




	
Cohesion
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Rutqvist and Moridis [40]

Rutqvist et al. [41]
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Klar et al. [45,46]
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Ng et al. [44]
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Uchida et al. [59]
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chfs: Cohesion of hydrate-free sediments

	
Yoneda et al. [25]

Note: α = 1.1 × 10−3, β = 1.8




	
Dilation angle
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Klar et al. [45,46]
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Ng et al. [44]
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Uchida et al. [59]




	
Young’s modulus
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Rutqvist et al. [41]
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Klar et al. [45,46]
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Ng et al. [44]




	
[image: there is no content]

	
Kim [43]











5.3. Relative Permeability


The higher hydrate saturation renders the smaller pore size and the greater capillary pressure. Therefore, it is presumed that the presence of hydrate causes increases in the air-entry value and the residual water saturation. To date, few reservoir-scale simulation studies have considered the effect of hydrate saturation on relative permeability; Klar et al. [45,46] and Konno et al. [58] incorporated the effect of hydrate saturation on the relative permeability of water and gas phases, as shown in Table 5. Therefore, the semi-empirical parameters describing sediment pore structures, such as relative permeability index Ni, van Genuchten parameters a, b and c, and irreducible water and gas saturation, can be estimated using the water retention curve that was experimentally obtained for hydrate-free sediments. Thereby, it becomes feasible to model the effect of hydrate saturation on the relative permeability of hydrate-bearing sediments by using the determined parameters.



However, it remains still a challenging task to obtain the water retention curves of hydrate-bearing sediments by means of experimentation because the excess water can readily react with methane gas and form hydrate during typical imbibition and drying processes, thereby changing the hydrate saturation. In addition, because the pore morphology also changes as hydrate is removed from pores, estimating the water saturation and capillary pressure during hydrate dissociation from typical water retention curves requires further research [21].




5.4. Geomechanical Properties


An increase in hydrate saturation increased sediment strength and stiffness. The presence of hydrate has little effect on the critical state friction angle, but causes the more pronounced shear dilation behavior [59,60]. Therefore, the friction angle obtained in this study can be used when predicting the geomechanical failure of the particular class of sediment. Table 5 summarizes the previously suggested models, correlating strength parameters and elastic moduli with hydrate saturation. These models can be used to infer the cohesion, dilation angle, and Young’s modulus of sediments containing gas hydrate. The presence of hydrate has a pronounced effect on cohesion, where cohesion can be linearly or non-linearly correlated with hydrate saturation (Table 5). For sediment stiffness, Kim [43] presented an empirical relation for Young’s modulus of Ulleung Basin sediments based on previous data [28,59,60,61] as follows:
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(3)




where Ehbs and Eo are the Young’s modulus of hydrate-bearing sediments and of hydrate-free sediments, respectively. Accordingly, Young’s modulus of hydrate-bearing sediments is assumed based on linear interpolation between the values at two different hydrate saturations—typically, one for hydrate-free sediment and the other for a certain hydrate saturation (e.g., [40,41,42,43,44,45,46,62]). On the other hand, a logarithmic increase of the secant Young’s modulus of hydrate-bearing sediments has been also observed with increasing hydrate saturation by Yoneda et al. [25].



As a matter of fact, there are increasing concerns of extrapolating the mechanical properties of hydrate-bearing sediments from those of reconstituted hydrate-free sediments because the two can exhibit considerably different behaviors, such as brittle versus plastic behaviors. Therefore, using such correlations, predicting mechanical properties of hydrate-bearing sediments based on that of hydrate-free sediments should be done with caution; if possible, this should be limited to the same or a very particular class of sediments. Noting that the properties presented in this study are obtained from natural but reconstituted hydrate-free sediments, we acknowledge that the tests with natural or synthesized hydrate-bearing sediment core samples are needed for reliable correlation between hydrate saturation and thermal, mechanical, and hydraulic properties of Ulleung Basin sediments.





6. Conclusions


This study investigated the geomechanical, hydraulic, and thermal properties of natural coarse-grained sediments (UBGH2-6B-22R) cored from the hydrate occurrence region in the Ulleung Basin, East Sea, Korea. The sediment sample was classified as well-graded SM with a clay fraction of 1.3% and a silt fraction of 21%. The mean grain diameter was 110 μm, whereas the majority of the sediment grains were in the range of 1 μm to 1000 μm. XRD analysis showed that the sample was comprised of ~64% quartz, 15% albite, ~4.4% calcite, and accessory clay minerals that predominantly include muscovite, illite, and chlorite. Diatomaceous minerals with internal pores, albeit in limited quantities, were observed in the SEM images, implying a relatively high specific surface area compared with other sandy sediments with similar fine fractions.



The geomechanical strength and stiffness of the sediment were obtained using a series of triaxial compression tests under a consolidated-drained (CD) condition, covering in situ vertical effective stress at the depth from which the sediment core was retrieved (~0.75 MPa). While all of the specimens exhibited post-peak behavior with clear peak deviatoric stresses and clear shear bands, the peak and critical state friction angle under drained loading conditions were ~26° and ~22°, respectively, assuming no or minimal cohesion intercept. The stiffness of the sediment, including the tangential modulus (Etan) and secant modulus (E50), increased with increasing confining stress because this increasing stress caused increases in inter-particle coordination, contact area, frictional resistance, and consequently skeletal stiffness. The tangential moduli gradually reduced as the strain increased, and the initial quasi-elastic high stiffness region extended to an axial strain of ~0.1%. The obtained strength and stiffness parameters can be effectively used to assess sediment deformation and stability during depressurization and thermal dissociation of gas hydrates in sediments, which are highly likely to cause changes in stress conditions.



A change in water permeability with decreasing water saturation was observed in samples UBGH2-6B-22R and UBGH2-5B-22H. The thermal conductivity and electrical resistance were measured using a thermal water retention testing device. The water retention curve was fitted to the Maulem-van Genuchen equation, and the fitting parameters were extracted. For both sediments, water permeability was observed to decrease sharply as water saturation decreased. The 6B-22R sediments showed a higher AEV and a lower slope than those of 5B-22H due to the small particle size and high fraction of fines. However, residual water saturation was ~10%–20% in both sediment samples. As the gas phase fraction increased to ~80%–90%, the thermal conductivities of both samples decreased by ~60% (from ~1.4–1.6 W·m−1·K−1 to ~0.5–0.7 W·m−1·K−1). The opposite trend of increasing electrical resistance with increasing gas fraction was observed for electrical resistance with a quasi-linear tendency. Such a reduction in water saturation will likely occur when the dissociation of gas hydrate inevitably produces free gas in sediments.
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