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Abstract

:

The geotechnical properties of methane-hydrate-bearing sediments (MHBS) are commonly investigated in the laboratory by using artificial hydrate formations in sandy specimens. Analyses of MHBS saturated with gas or water (in addition to methane-hydrate) showed significant mechanical differences between the two pore-filling states. This paper discusses the unique dilatancy behavior of gas-saturated MHBS, with comparison to water-saturated test results of previously-published works. It is shown that the significant compaction of gas-saturated samples is related to internal tensile forces, which are absent in water-saturated samples. The conceptual link between the internal tensile forces and the compaction characteristics is demonstrated through mechanical differences between pure sand and cemented sand. The paper establishes the link between internal adhesion in gas-saturated MHBS and the unique dilation response by using a stress–dilatancy analysis.
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1. Introduction


1.1. Hydrate-Bearing Sediments


Methane-hydrates have attracted increased interest in recent years as a potential energy source due to the existence of extensive methane-hydrate-bearing sediments (MHBS) around the world [1,2,3,4,5,6]. Taken together, these reserves are estimated to contain double the productive energy potential of all known fossil fuel resources [7,8,9]. Hydrate reservoirs are also studied in the context of the environmental benefit in the CH4-CO2 replacement process [10,11] and their mechanical stability in production from offshore petroleum reserves [12]. Methane-hydrate is an ice-like substance comprising solid structures of water molecules that encapsulate methane gas molecules in a stoichiometric ratio of about 5.75 (number of water to methane molecules) [13]. The hydrate is thermodynamically stable under a combination of low temperature and high pressure, and it naturally crystallizes in the porous medium of soil [14,15,16], conditions that exist widely in offshore marine sediments and under permafrost. Industrial efforts to produce energy from hydrate-bearing sediments concentrate mainly on offshore sandy sediments because of their widespread availability (offshore) and their granular morphology (i.e., sand, which is highly permeable and can be highly saturated with hydrate). The solid hydrate trapped in the pores of the sandy substrate may function as part of the whole-sediment load-bearing system, where it can modify sediment mechanical properties [16]. Consequently, hydrate dissociation, which occurs during gas production, can degrade the mechanical properties of the MHBS to such an extent that the sediment (and in turn, the production well) collapses under the load generated by upper deposits. Sediment collapse during gas production can also be caused by sand migration that can occur at high gas and water flow gradients [17]. Investigations of the mechanical behavior of MHBS, which is most commonly studied using laboratory tools, are therefore needed.




1.2. Laboratory Testing


The extraction of undisturbed MHBS samples for laboratory testing is significantly expensive due to complex pressure and temperature coring procedures and the need for unique drilling and sediment transfer systems, in addition to other engineering offshore challenges. However, the challenges aside, the use of undisturbed samples precludes undertaking a repeatable and well-characterized study. For these reasons, experimental investigations are typically performed with artificial MHBS.



A variety of methods for the laboratory formation of hydrate entrapped in a soil medium exist, differing from each other by the morphology of the hydrate end-product in the pores. Three morphologies are commonly discussed, in which hydrate is grown (1) within the pore space (2) as part of the load bearing system of the sediment or (3) between grain contacts. A typical artificial MHBS formation procedure involves standard soil sampling in a wet environment (which can be moisture, crushed ice, methane-dissolved water, and more) [18]. Methane gas is then percolated through the wet environment, and the entire system is pressurized and cooled down in a process that typically takes a few days until a complete hydrate formation is achieved. After hydrate formation and before testing, the residual free gas in the pore space can be replaced with water to simulate the underwater environment or to improve strain measurement using the water flow during the test. In general, experimental results show that the mechanical responses vary with hydrate morphology, stress level, and testing conditions (gas or water saturation).



The most common testing laboratory for mechanical characterization is an environmental triaxial testing system. Such a system applies axial deformations upon a cylindrical sample, which is confined by hydrostatic pressure using a pressurized liquid in an outer cell. The sample is separated from the cell liquid by a membrane (usually a latex membrane), which allows applying independent pore pressure (gas or liquid). To reach the hydrate stability conditions, the cell liquid temperature is cooled down (typically around 5 °C), and the pore pressure is increased (typically 8 MPa or more). The effective stress in the test is calculated by reducing the pore pressure value from the outer applied stresses (Terzaghi’s law). During the test, axial and radial deformations can be directly measured, as opposed to volumetric changes, which may not be precisely measured (as in standard soil, for which the inlet/outlet water can be directly measured) due to dissolution and dissociation difficulties of methane in the pore liquid. To overcome this difficulty, Hyodo et al. [19] used a double-wall cell, in which volumetric changes can be directly and precisely measured, based on measurement of liquid flow from the inner cell throughout the test (see the schematic laboratory diagram in Figure 1 of [19]). This work follows the test results of Hyodo et al. [19], using an analysis based on the measured volumetric measurements.




1.3. Geotechnical Properties


The mechanical properties of MHBS can be examined by assessing its fundamental geotechnical features, such as strength, stiffness, and dilation. Experimental results show amplification in these properties with the increase in sediment hydrate saturation, sh; sh=vh/vv, where vh and vv are hydrate volume and void volume, respectively [20,21,22,23,24,25,26]. A significant increase in the MHBS’s stiffness was noticed even at low sh values (5%), by using ultrasonic pressure and shear wave measurement, in the case where hydrate was nucleated between grain contacts [27]. However, the increase in stress response in failure was found significant at high sh levels (>25%) [16]. This can be explained by strong hydrate-hydrate net connections that may be percolated through the whole sediment pore-space at such a high sh level. The threshold of sh=25% is demonstrated in Figure 1 for pyramidal and simple-cubic sphere packings, in which hydrate is located between grain contacts in a meniscus shape (for a wetting angle of 20°). A consistent increase in dilation (with shearing) with the increase in sh has been noticed in all mechanical test results of MHBS. This phenomenon has been addressed to the presence of solid hydrate as a kinematic obstacle within the soil pore-space, which forces volumetric expansion throughout MHBS’s deformation.



The increase in the stress response of MHBS has been attributed in the past to cementation interactions between soil grains and hydrate, which are simulated in some models by using a cohesion property [24,28,29,30,31]. In general, cohesion (in geotechnical terms) is used as a model parameter, for models such as Mohr–Coulomb or Cam–Clay, while it may not necessarily be referred to true physical characteristics (though enabling a reasonable estimation of mechanical behavior under certain conditions). A distinction between the “apparent” and “true” cohesion property was introduced by Hvorslev [32] and since then has been used for differentiation between the cementation phenomenon and other indirect effects on the mechanical behavior of soils.



Pinkert [33] suggested to investigate MHBS’s “true” cohesion in geotechnical terms by using a combined analysis of experimental stress–dilatancy responses as suggested by Rowe [34] for standard soils. Using comparisons of experimentally-obtained stress–dilatancy relationships between MHBS and cemented sand, Pinkert [35] showed that, unlike cemented sand, MHBS can be mechanically characterized without using a cohesion property, i.e., stress–dilatancy relationships for cemented sand vary depending on cement content, while those of MHBS are the same regardless of hydrate content. This difference is evident in the results of drained triaxial tests of cemented sand in Figure 2 with comparison to MHBS test results in Figure 3, when drawn on the 1−ϵ˙v/ϵ˙a and σ1′/σ3′ axes, where σ1′ and σ3′ are major and minor principle effective stresses, respectively, and ϵ˙v and ϵ˙a are volumetric and axial strain rates, respectively (ϵa=ϵ1, the major principle stress, in triaxial compression testing). In this work, positive strains signify contraction, and negative strains signify expansion.



Figure 2 refers to the results obtained by Abdulla and Kiousis [36] for their tests of standard sand and sand containing Portland cement at different concentrations. The general stress–dilatancy concept is demonstrated in Figure 2a, in which a constant stress–dilatancy relationship is shown in the results for the standard (uncemented) sand, regardless of the stress confinement level, and all the results seem to follow the same linear trend, which intercepts the origin. Following the models both of Rowe [34] and of Zhang and Salgado [38] for non-cohesive soils:


σ1′σ3′=tan2ϕcs2+π41−ϵ˙vϵ˙1



(1)




the trend-line slope can be directly related to the critical state friction angle, ϕcs, as shown in the figure. Equation (1) refers to the stress response evaluation of a single test, which varied with the evaluation of dilation during the test and was valid only up to peak stress [34]. The cementation effect is demonstrated in Figure 2b, where higher cement concentrations yielded higher positioning of the test results under the given axes. The expansion of Equation (1) for cohesive soils was given by Rowe [34], by using the principle of energy-ratio minimization, as:


σ1′σ3′=tan2ϕcs2+π4+2cσ3′tanϕcs2+π41−ϵ˙vϵ˙1



(2)




and by Zhang and Salgado [38], based on a saw-tooth (non-associated) rule, as:


σ1′σ3′=tan2ϕcs2+π41−ϵ˙vϵ˙1+2cσ3′tanϕcs2+π41−ϵ˙vϵ˙1



(3)




where c is cohesion. The validity of the above equations is demonstrated in Figure 2c by showing that both models captured the major trends of all the experimental results for the same cement content when using a single cohesion value.



If hydrate saturation were shown to be of a cohesive nature, i.e., c=f(sh) in Equation (2) or (3), tests of sediments with higher hydrate saturations would have returned higher stress–dilatancy results. However, Figure 3 shows the opposite, i.e., the same stress–dilatancy trends can be observed in MHBS at various hydrate saturations, hydrate morphologies, sand types, porosities, confinement level, and specimen temperatures. The vertical axis in the figure was normalized by tan2(ϕcs/2+π/4) (strength factor of Equation (1)) to enable it to include all sand types associated with different friction values. Therefore, a lack of true cohesion in hydrate-bearing sands was concluded by Pinkert [35].



Other geotechnical models for MHBS that do not use cohesion can also be found in DeLaFuente et al. [39] and Uchida et al. [40]. In both, the models showed good agreement with experimental results when using critical state models where hydrate affected the plastic flow rather than related to a cohesion property. The lack of a true cohesion component also coincided with the micro-scale visual evidence of Chaouachi et al. [41]. The existence of thin water films between hydrate in the pores and sand grains (without any direct sand–hydrate contacts) has been consistently shown by X-ray CT scans. In contrast, cemented sand X-ray images showed direct microscale cement-sand contacts [42]. The evidence of water films between hydrate and sand grains supported the energy calculations of Bonnefoy et al. [43], which showed that hydrate–water–quartz interaction was at a lower energetic state than hydrate–quartz interaction.



All the test results mentioned above together with the related analysis are relevant for MHBS that are tested under a full water saturation, in which all free gas in the pore space is replaced with water before testing. However, when such water-gas replacement does not take place, different mechanical trends have been observed. This paper analyses the experimental results of Hyodo et al. [19] on gas-saturated MHBS and suggests different mechanisms to address mechanical differences that can be drawn between water-saturated and gas-saturated MHBS.





2. Dilation Response of Gas-Saturated MHBS


Hyodo et al. [19] presented triaxial test results of gas-saturated MHBS in which the water saturation process did not take place prior to the mechanical testing. In these tests, artificial hydrate was formed in Toyoura sand using the “excess gas” method. In this method, methane gas was injected into a moist sand sample, then the gas pressure was increased to the desired pore pressure while the cell pressures were increased (keeping a difference of 0.2 MPa from the pore pressure), and the temperature was fixed at 1 °C. Under these conditions, methane-hydrate was formed throughout the following 24 h. After complete hydrate formation, the specimen was tested (sheared) under drained conditions. The triaxial testing apparatus was equipped with a double-wall cell system for accurate volumetric change measurement. Test results showed trends of amplified stress and dilation responses with increasing hydrate saturation. However, comparison with test results of water-saturated MHBS (where the free gas in the sample was replaced with water prior to shearing) of the same soil and hydrate saturation showed that there were fundamental mechanical differences between the two testing conditions. The test results of water-saturated (WS) and gas-saturated (GS) MHBS differed markedly in terms of deviatoric stress (q), such that GS samples experienced higher stiffness and strength throughout shearing.



Another critical mechanical difference between GS and WS MHBS was the initial volumetric response to shearing, in which all the GS test results showed a significant compaction when axial deformation was initiated. Moreover, the volumetric change of the GS samples was higher than the axial compaction; or in other words, the GS samples exhibited initial lateral compaction with initial axial compaction. Such a phenomenon can be described using the parameter χ:


∂ϵv∂ϵa|ϵa→0=1+2∂ϵr∂ϵa|ϵa→0=1−2χ



(4)




where ϵr and ϵa are radial (lateral) and axial strains, respectively, and χ refers to their ratio. Note that χ is not the formal Poison’s ratio of Hooke’s law (because effective confining pressure was applied), but practically used as such in previous works. Thus, ∂ϵv/∂ϵa<1 refers to lateral expansion (χ>0) and ∂ϵv/∂ϵa>1 to lateral contraction (χ<0), and ∂ϵv/∂ϵa=1 is associated with zero lateral deformation (χ=0).



The difference in the dilation response between GS and WS MHBS is presented for the results of [19] in Figure 4, upon test results of the same soil characteristic with similar hydrate saturation. A zoom-in was added to the original figure for the two test results, in which the 1:1 line represents no lateral deformation (i.e., χ=0). As can be seen, the dilation slope of the WS sample (sh=26%) lied above the 1:1 line, and thus, it exhibited initial expansion, while the GS sample (sh=27%) exhibited initial contraction (i.e., lies below the 1:1 line). Numerically, the WS sample in the figure refers to χ=0.46 (equivalent to ν=0.49) and the GS sample to χ=−0.74 (equivalent to ν=−0.09). Considering all the test results of Hyodo et al. [19], χ = −0.74–0.0 can be attributed to the GS, while χ=0.28–0.46 to the WS samples. Moreover, χ values calculated for all WS test results shown in Figure 3 were between 0.167 and 0.47; i.e., they were all much above the measured χ values of the GS test results.



Further evidence for the drastic decrease in Poisson’s ratio, ν, can be inferred from the ultrasonic measurements in Priest et al. [27]. This work showed a comparison of different velocity waves between GS MHBS, using the “excess gas” hydrate formation method, and WS MHBS, using the “excess water” method. Although this was not the same WS formation method as used in Hyodo et al. [19], similar dilation characteristic may be attributed to different hydrate morphologies when WS testing conditions are used, as shown by Pinkert [35] upon the test results of Masui et al. [20]. Figure 5 shows the ratio between pressure wave velocities, Vp, and shear wave velocities, Vs, for both GS and WS MHBS at a wide range of hydrate saturations. As can clearly be seen in the figure, the Vp/Vs ratio was much lower for the GS test results than those measured for the WS test results. Based on the linear-elastic theory and the commonly-used relation between velocity waves and elastic properties, Poisson’s ratio can be evaluated by:


ν=M−2G2M−2G=VpVs2−22VpVs2−2



(5)




where M and G are the longitudinal modulus and shear modulus, respectively. Using this expression for sh>10% (in the figure), all WS test results were associated with ν>0.45, and all GS test results were associated with ν<0.34. Specifically, for σ3′ = 0.5 MPa (to compare the same pressure conditions), 0.47<ν<0.48 for the WS test results, and 0.29<ν<0.34 was extracted for the GS test results. Since Vp and Vs are associated with the sediment bulk and shear modulus, respectively, it can be inferred that the shear resistance of GS MHBS may be significantly higher (for a given bulk resistance) than in WS MHBS. This paper hypothesizes that the unique GS dilation response was associated with additional shear resistance characteristics (than WS) as detailed below.




3. Fundamental Difference between GS and WS MHBS


3.1. Stress–Dilatancy Response


The stress–dilatancy representation of all given WS MHBS (shown in Figure 3) indicated that “true” cohesion may not be attributed to WS testing conditions. Figure 6 shows all available triaxial test results from Hyodo et al. [19], depicted on the “stress–dilatancy” axes, of GS hydrate-bearing Toyoura sand samples and WS Toyoura sand samples. As can be seen, and as expected in standard sands, the hydrate-free Toyoura sand results (in filled symbols) followed a linear trend-line stretching from the origin. Such a linear trend can also be expected for all WS test results, as concluded by Pinkert [33] and Pinkert [35], and can be inferred from Figure 3. The solid line in the figure represents Equation (3) for ϕ=34.7° (depicted from Pinkert [35] for Toyoura sand) and c=0, which well represented the behavior of the two sh=0 tests. Without exception, all the GS MHBS results were situated higher (in the graph) for larger sh values. This trend was similar to the effect of cement in sands, as shown in Figure 2b. Some results, (1) σ3′=1 MPa, sh=43%, and (2) σ3′=3 MPa, sh=47%, seemed to follow Equation (3)’s trend for 0.66<c/σ3′<0.95 (marked by the dashed lines in the figure). In addition, other GS test results exhibited negative 1−ϵ˙v/ϵ˙a values, which was opposite all given WS test results (Figure 3). As described in the figure, negative values of 1−ϵ˙v/ϵ˙a denote lateral contraction, and positive values denote lateral expansion. These test results were unique in their accuracy in volumetric changes measurements because they were executed by using a special double-wall cell equipment [19]. Therefore, although only a few GS test results were shown, they clearly showed different mechanical trends from the WS test results.



As shown in Figure 6, the consistent situation of GS MHBS results being higher (in the graph) than the WS results may refer to the development of cohesion forces. Since cohesive soils enable carrying of tension forces, two mechanisms for the development of internal forces in GS MHBS are suggested and detailed in the two following sections:




3.2. Adhesion Due to Capillary Forces


To address the mechanical differences between WS and GS MHBS shown above, a conceptual comparison to differences between saturated and unsaturated clay, respectively, is suggested. The stress dilatancy concept in saturated clay was demonstrated using the drained triaxial test results on the saturated Fukakusa clay of Ye et al. [44] in Figure 7b. The figure shows the drained triaxial test results of normally-consolidated and over-consolidated saturated clays, both of which followed the same stress–dilatancy curve, though they experienced different stress and kinematic responses when presented as a function of ϵa (given in Ye et al. [44]). It is therefore concluded that the overconsolidation ratio did not involve true cohesion (can be related to apparent cohesion via a standard failure criterion such as that of Mohr–Coulomb), but affects the kinematic behavior of the clay, which indirectly influences the stress response. This behavior is well characterized in critical state theories such as the Cam–Clay model, in which the size of the failure envelope is governed by plastic flow and not by modification of the strength properties. However, different behavior was observed in unsaturated clays. Figure 7a shows drained triaxial test results of both fully-saturated and partially-saturated Pearl clay [45], in which the unsaturated samples did not follow the same stress–dilatancy response (curve) as the fully-saturated samples, but instead were positioned higher in the graph. Numerically, the saturated sample in the figure refers to ϕ=28.5° (solid line), and the two unsaturated samples in the figure, with suctions of 100 and 150 kPa, refer to c/σ3′= 0.25 and 0.5, respectively (according to Equation (3)); represented by the dashed lines. As an amplified stress–dilatancy response may be related to cementation interactions, it may also be related to inter-granular tension forces developed in unsaturated clays due to absorption or capillary forces [46]. The modification of MHBS strength under gas saturation can be compared to the increase in strength in unsaturated clays by using the characteristics detailed below.



Fully-water-saturated and fully-gas-saturated sands are generally expected to exhibit similar mechanical responses [47]. In contrast, the mechanical responses of WS and GS MHBS were dissimilar (Figure 3 vs. Figure 6). It is suggested here that the essential difference between sands and methane-hydrate sediment is that MHBS cannot be entirely gas-saturated (without water) since thin films of water develop between the quartz grains and the hydrate (as mentioned before; Bonnefoy et al. [43] and Chaouachi et al. [41]). Therefore, while water-saturated MHBS comprises three phases (solid, hydrate, and water), gas-saturated MHBS possesses four phases (solid, hydrate, gas, and water), as illustrated in Figure 8. Beyond this schematic difference between the GS and WS morphologies in the figure, one should note that the structure of hydrate in the pores might be different between the two morphologies (not similar, as drawn in Figure 8). This difference may stand in equivalence to the difference between saturated and partly-saturated clays, in which a small amount of water makes the mechanical difference through absorption and capillary forces.



In general, hydrate that is formed in a gas environment is expected to crystallize between grain contacts, where water moisture is trapped (capillaries). Accordingly, thin water films also develop between grain contacts. Similar to how films of water may develop inter-granular tension forces in clay, the water films that occur in GS MHBS (Figure 8) may involve tension forces between grain contacts to the extent of tens of kPa. Such tension forces may affect the overall mechanical stress–dilatancy relationship. The thin water film phenomenon in GS MHBS can also explain adhesive forces that were observed in direct micro-scale measurements. Jung et al. [29] measured tensile stresses greater than 160 kPa between a calcite substrate and a methane-hydrate droplet. Because the hydrate droplet was tested in a gassy environment (i.e., surrounded by methane gas), it is hypothesizes that if the experiments would have been conducted in a wet environment, a significantly lower adhesion would have been measured, just as WS MHBS did not show an overall cohesive nature.




3.3. Tensile Resistance Due to Continuous Hydrate–Hydrate Connections


One may consider these hydrate–sand capillary forces as low impact contacts relative to other effects related to the high pressures in MHBS. Although this hydrate–sand adhesion may be neglected in the sediment, hydrate–hydrate cementation does exist. Thus, in the case of high hydrate saturation, a continuous stiff hydrate bridge may be developed through the whole MHBS’s pore space. In that case, the hydrate by itself may carry tension or shear loads. If the hydrate is formed between the grain contacts (illustrated in Figure 1), as performed in Hyodo et al. [19], such a connection may be developed at roughly sh>25% (according to Waite et al. [16] and the illustration in Figure 1). This may be the reason for the overall cohesive nature of GS MHBS.



However, in WS MHBS, before testing, the free gas in the sample was replaced by water. The water is typically designed with lower methane consecration than the maximum solubility threshold, to prevent additional hydrate formation and to avoid hydrate blockages. Thus, some hydrate may be dissociated due to methane dissolvement during the water saturation process, which in turn damages the continuous hydrate bridge and disables the sediment from carrying the tensile loads. This constitutes a technical interpretation for the difference between GS and WS MHBS in their resistance to tensile loads, or alternatively, in their ability to develop shear resistance regardless of the frictional contribution of MHBS.





4. Compaction Mechanism of MHBS with Initial Shearing


Two mechanisms regarding the internal tension bearing system are presented above. For both cases, the specimen is capable of carrying compression loads to some extent. In shearing, when relative grain movement develops, the adhesion contacts may break, where (1) continuous hydrate bridges may collapse or (2) the tight hydrate–quartz geometric fitting that emerges due to the adhesion forces is destroyed. This mechanism may address the phenomenon of lateral contraction with initial axial loading (Figure 4 and Figure 6), as illustrated in Figure 9. In the figure, the soil-hydrate skeleton that initially supported the high hydrostatic stress underwent volumetric contraction with initial shearing due to hydrate breakage. As part of this process, lateral contraction took place, fitting the hydrostatic stress to the new, degraded, sediment compressibility.



A similar link between internal cementation and amplified initial compaction can be found in the work of [48]. This work examined sand with different degrees of cementation (cement content) in triaxial testing. Similar to the GS MHBS, cemented sand samples exhibited both higher strength and initial lateral compaction (than pure sand). For example, for sand samples confined by 1.72 MPa [48], a clear trend of decrease in χ (Equation (4)) was shown for higher cement content; for example, χ = 0.28, 0, and −0.15 were calculated for cementation content of 0%, 6%, and 12%, respectively.




5. Discussion and Conclusions


This paper discusses the unique dilatancy behavior of gas-saturated (GS) methane hydrate-bearing sediment (MHBS). The unique mechanical features are discussed by comparing the mechanical behavior of GS to water-saturated (WS) MHBS. First, GS MHBS exhibited lateral contraction with initial axial loading, while WS specimens showed initial lateral expansion. Second, combined analysis of both stress and strain responses of drained triaxial test results showed that all WS MHBS results followed the same stress–dilatancy relationship, while GS MHBS results, in contrast, showed higher stress–dilatancy relations for higher hydrate saturation (Figure 3 vs. Figure 6). This work hypothesized that both phenomena were related to internal tensile forces developed under GS testing conditions.



In shearing, internal relative grain movements disturb the tension resistance, which, in turn, results in hydrostatic contraction without changing the stress confinement level. Such a phenomenon is possible in GS MHBS, where tension forces may exist, but do not appear in WS MHBS. This explanation addresses the experimental observation of Hyodo et al. [19] regarding the comparison of lateral compaction results between GS and WS MHBS. A similar difference in such dilatancy behavior can also be noticed between pure sand and cemented sand [48] (which develops internal tension forces). Further evidence for this dilatancy characteristic in GS MHBS is the comparison of Poisson’s ratio (evaluated from Vp/Vs measurements of Priest et al. [27]) between GS and WS MHBS.



The findings regarding the evidence of the internal tensile forces in GS are based on extensive experimental data of WS MHBS (Figure 3) and the experimental work of Hyodo et al. [19] for the GS MHBS data. The analytical fit with the experimental results showed that cohesion ratios of up to c/σ3′=0.95 can be attributed to the GS MHBS. However, because the work of Hyodo et al. [19] includes only five GS test results (with high precision of volume change measurement that cannot be currently found elsewhere), this paper did not aim at quantifying the geotechnical parameters, but discussed the clear trends that could be inferred from all given test results. The mechanical trends that were found in the GS MHBS test results deviated, without exception, from what we expected in WS test results at similar testing conditions. To explain this apparent deviation, two conceptual mechanisms of GS MHBS were suggested; (1) adhesion due to capillary forces that may be developed in a mechanism similar to that for unsaturated soils and (2) a continuous hydrate bridge throughout the whole pore-space (which may be damaged in WS samples). The first mechanical option was based on a mechanical pore-scale phenomenon, which resulted from the fact that thin water films always existed between hydrate and soil grains, which yielded capillary forces in a gas environment. The second option refers to an experimental procedure (water saturation) at the sediment scale (macro-scale). This paper concluded that the global mechanical difference between GS and WS MHBS may be a result of either one of the phenomena or both.



The paper suggested that GS MHBS can be characterized as a four-phase sediment (quartz, hydrate, gas, and a small amount of water), while WS MHBS was a three-phase composition (quartz, hydrate, and water). Therefore, a conceptual comparison of GS MHBS to unsaturated clay is suggested, regarding both the stress–dilatancy and the suction associated with the water films. In clays, the suction can be a natural outcome of phenomena such as capillarity and absorption [49] and amplified at low values of saturation. In GS MHBS of a granular medium, the water saturation of all water films did not exceed a few percentages of saturation (a function of surface area and the water film width). The suction response in water films at GS MHBS may be an outcome of capillary forces, hydrate–water–grain Van-Der-Waals forces [43], or absorptions [50].



This work showed that mechanical differences between MHBS under water and gas saturation may be addressed using a systematic mechanical interpretation. Therefore, we suggest that alternative conceptual modeling approaches (than those used in the past for WS MHBS) are needed for proper characterization of the mechanical behavior of gas-saturated methane-hydrate-bearing sands.
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Figure 1. 3D illustration of sh=25% of hydrate in a meniscus shape between grain contacts of (a) pyramidal and (b) simple-cubic sphere packings. 
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Figure 2. Stress-dilatancy representation of cemented sand [36]: (a) without cement, (b) with different cement content, and (c) with 4% cement content at different confining stresses. 
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Figure 3. Results of drained triaxial tests of water-saturated methane-hydrate-bearing sediments (MHBS) of Masui et al. [20], Hyodo et al. [25], and Hyodo et al. [37], plotted on the 1−ϵv˙/ϵa˙ and σ1′/σ3′ axes, for different sh values, hydrate morphologies, sample porosities, temperatures, and confining stresses. 
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Figure 4. Triaxial test results for gas-saturated MHBS [19]. For all tests: host soil = Toyoura sand, cell pressure = 13 MPa, pore fluid pressure = 10 MPa (gas and water pressures for GS and WS, respectively), temperature = 5 °C, porosity = 0.389–0.397. 
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Figure 5. Vp/Vs ratio as a function of hydrate saturation; filled and empty symbols denote GS and WS testing conditions, respectively. By Priest et al. [27]. 
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Figure 6. Triaxial test results of gas-saturated MHBS [19], represented on the 1−ϵ˙v/ϵ˙v and σ1′/σ3′ axes. 






Figure 6. Triaxial test results of gas-saturated MHBS [19], represented on the 1−ϵ˙v/ϵ˙v and σ1′/σ3′ axes.



[image: Energies 12 02937 g006]







[image: Energies 12 02937 g007 550]





Figure 7. Stress-dilatancy representation of drained triaxial test results of (a) unsaturated clays in different applied suctions and water saturations, and (b) saturated clays in different overconsilidation ratios. Modified from Gao et al. [45] and Ye et al. [44], respectively. 
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Figure 8. Qualitative description of the three-phase composition of WS MHBS (a) and the four-phase composition of GS MHBS (b), as well as the developed water film between sand grains and methane-hydrate. 
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Figure 9. Illustration of volumetric contraction due to hydrate breakage as deviatoric stress is applied. 
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