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Abstract

:

The mechanical properties of methane hydrate are important to the stability of borehole and methane extraction from a methane hydrate reservoir. In this study, a series of triaxial compression tests were carried out on laboratory-formed methane hydrate-ice mixtures with various methane hydrate contents. Axial loading was conducted at an axial strain rate of 1.33%/min and a constant temperature of −10 °C. The results indicate that: (1) the deformation behavior is strongly affected by confining pressure and methane hydrate content; (2) the failure strength significantly increases with confining pressure when confining pressure is less than 10 MPa, and decreases with methane hydrate content; (3) the cohesion decreases with methane hydrate content, while the internal friction angle increases with methane hydrate content; (4) the strength of ice specimens are higher than that of methane hydrate-ice mixture specimens; Based on the experimental data, the relationship among failure strength, confining pressure and methane hydrate content was obtained, and a modified Mohr-Coulomb criterion considering the influence of methane hydrate content on shear strength was proposed.
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1. Introduction


Methane hydrate is a solid clathrate compound in which a large amount of methane is trapped within a water crystal structure, forming a solid similar to ice [1,2,3]. It generally exits in sediment below the seafloor on continental margins and permafrost regions where there are suitable conditions of low temperature and high pressure [4,5,6,7]. The total amounts of methane trapped in methane hydrates is conservatively estimated to total twice the amount of carbon stored in all known fossil fuels on Earth [8,9]. However, safely extracting gas from methane hydrates faces still many potentially insurmountable technical issues that must be resolved. In view of the problems experienced during mining and drilling, the mechanical properties of methane hydrate are important to ensure sustainable production [10].



Deformation behavior and failure strength of methane hydrate during methane hydrate extraction are not clearly understood. The acoustic properties of methane hydrate have been studied to some extent [11,12], and studies on failure strength of methane hydrate-bearing sediments can be found in the literature [13,14,15,16]. Hyodo et al. [13] studied the failure strength of methane hydrate-bearing sediments with various degrees of hydrate saturation. Winters et al. [12] studied the dependence of shear strength of gas hydrate-bearing sediment on pore space contents, and the acoustic properties of gas hydrates and ice. Durham et al. [17] studied the strength and rheology of methane clathrate hydrates. In previous work, we preliminary studied the effect of temperature, confining pressure, strain rate and porosity on the mechanical properties of laboratory-formed methane hydrate and methane hydrate-bearing sediments [18,19,20,21,22]. A constitutive model describing the stress-strain behavior for methane hydrate-bearing sediment was established [20,21]. However, the mechanical properties of methane hydrate-ice mixture were rarely investigated. The natural methane hydrates are commonly observed occurring as disseminated grains, massive layers of pure hydrate, nodules that grow and displace surrounding sediments and veins filling small fractures [23,24]. Examples of heterogeneous distribution with zones of sparse or no hydrate interspersed with zones of high concentration are commonly found [25,26]. During the Deep Sea Drilling Project (DSDP) Leg 84 a core 1 m long and 6 cm in diameter of massive gas hydrate was recovered at Site 570 in upper slope sediment of the Middle America Trench offshore of Guatemala. This core contained only 5–7% sediment, the remainder being a solid hydrate composed of gas and water [27]. Methane hydrate formed in deposits under permafrost conditions is always mixed with ice. For massive layers of methane hydrate and heterogeneous samples, it is required to study the properties of both methane hydrates and sediments. Characterization the mechanical properties of methane hydrate-ice mixture are important to safely extract methane from methane hydrate reservoirs in permafrost regions.



In this study, a series of triaxial compression tests were conducted on laboratory-formed methane hydrate-ice mixtures with various methane hydrate contents under various confining pressures. Axial loading was conducted at an axial strain rate of 1.33%/min and a constant temperature of −10 °C. The effects of confining pressure and methane hydrate content on the mechanical properties of methane hydrate-ice mixture were clarified.




2. Experimental Apparatus and Test Conditions


All the tests were conducted by using a TAW-60 triaxial testing device at low-temperature and high-pressure. The schematic diagram of the TAW-60 is shown in Figure 1 [17]. It can simulate in situ pressure and temperature conditions in a cylindrical sample which is typically 50 mm in diameter by 75–100 mm high. A test specimen is jacketed in the pressure chamber of the TAW-60 using a rubber membrane of 0.5 mm in thickness. A hydraulic servopump is used to maintain the confining pressure surrounding the specimen. A bath circulator is used to control the temperature of specimens by circulating liquid and a heat exchanger is located in the pressure chamber. A thermocouple (with accuracy of 0.5 °C) and a pressure sensor (with accuracy of 0.01 MPa) are placed in the pressure chamber to measure temperature and confining pressure.
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Figure 1. The schematic diagram of TAW-60 triaxial testing device. (1) Stepping motor; (2) Pump; (3) Hydraulic oil tank; (4) Pressure gauge; (5) Heat exchanger; (6) Specimen; (7) Thermocouple; (8) Load cell; (9) Air pressure line; (10) Thermostatic bath; (11) Computer. 
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In this study, methane hydrate was formed by mixing ice powder of 250 μm size and methane gas in a high-pressure reaction chamber (Figure 2). Firstly, ice was formed by freezing distilled water in a refrigerator with a temperature of −5 °C. Ice powder was manufactured by using and ice crusher and sieved on a 60 mesh screen under a temperature of −10 °C. Next, ice powder was put into the high-pressure reaction chamber, which was placed in a refrigerator and kept at a temperature of −5 °C. Thirdly, high pressure methane gas of 10 MPa was injected into the chamber through a connecting hose and kept for 24 h. That the ice and methane gas had been fully reacted was indicated when no obvious pressure drop was observed. The content of methane hydrate was calculated by the difference between the mass of methane hydrate-ice mixture sample before and after dissociation. In this way, the obtained content or volume fraction of methane hydrate was about 30%. The synthetic methane hydrate-ice mixture was well-mixed with a predetermined amount of ice powder by stirring under a temperature of −10 °C, and then methane hydrate-ice mixtures with various content of methane hydrate were obtained. The well-mixed methane hydrate-ice mixtures were put into a pressure molding device, and then cylindrical specimens (50 mm diameter × 75 mm height) were formed under a controlled temperature (−10 °C) and axial pressure (10 MPa). The prepared specimen was placed on the pedestal of the TAW-60, wrapped with a rubber membrane. When the hydraulic oil and specimen reached the designated temperature, the confining pressure and loading were applied. The tests were conducted on hydrate-ice mixture specimens under undrained conditions. The pore pressures remained constant during the axial loading. In order to reduce dissociation of methane hydrate or thawing of ice, all the test processes, including samples preparation were completed as soon as possible under cold storage (−10 °C), and the hydraulic oil was cooled down before the installation of specimen into pressure chamber. A series of laboratory tests on formed methane hydrate-ice mixtures with various methane hydrate content were carried out under a confining pressure of 2.5 MPa, 5 MPa, 10 MPa, a temperature of −10 °C and a strain rate of 1.33%/min, as shown in Table 1. The density of specimens is 0.9 g/cm3, the porosity of specimens is 17.8%.
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Figure 2. The schematic diagram of high-pressure reaction chamber. 
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Table 1. Experimental condition of triaxial compression tests on methane hydrate-ice mixture.
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Temperature  T 

	
Strain rate  ε 

	
Methane hydrate content    ω h   

	
Confining pressure (MPa)    σ 3   






	
−10 °C

	
1.33%/min

	
0%

	
2.5, 5, 10




	
10%

	
2.5, 5, 10




	
20%

	
2.5, 5, 10




	
30%

	
2.5, 5, 10










3. Results and Discussion


3.1. Stress-Strain Curves of Methane Hydrate-Ice Mixture


The stress-strain curves obtained from triaxial compression tests of methane hydrate-ice mixture with various methane hydrate content are shown in Figure 3. The deviator stress is defined as the stress after subtracting confining pressure from axial stress. The axial strain is calculated by the axial displacement divided by the initial height of specimen. From Figure 3, it can be observed that the deviator stress increases linearly with increasing axial strain when the axial strain is less than 1%. With further increases of axial strain, the slopes of stress-strain curves decrease gradually. Strain softening behavior is apparent for specimens with methane hydrate contents of 0% and 10% under all confining pressures, and specimen with methane hydrate content of 20% at a confining pressure of 2.5 MPa. Strain hardening behavior is presented for specimens with methane hydrate content of 20% at confining pressures of 5 MPa and 10 MPa, and specimens with methane hydrate content of 30%, thus indicates that the deformation characteristic is strongly affected by the confining pressure and methane hydrate content. Strain hardening became more apparent with increasing confining pressure and methane hydrate content. It is considered that crack propagation in methane hydrate-ice mixtures is associated with the formation of microcracks at the crack tip, and interlocking of particles behind the crack tip. The increasing confining pressure may restrict the growth of microcracks and the deformation of specimens, which leads to increases in interparticle coordination and frictional resistance. Hydrate particles altered the cohesion and enhanced the bite force between hydrates and ices. In the beginning of the crack growth, the stress-strain curves consist of some linear parts but near the fracture toughness they become non-linear. The slope of the stress-strain curves increases with the higher confining pressure [28] and methane hydrate content.
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Figure 3. Stress-strain curves of methane hydrate-ice mixture with methane hydrate content of (a) 0%, (b) 10%, (c) 20% and (d) 30%. 
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3.2. Effects of Confining Pressure and Methane Hydrate Content on Failure Strength


In this study, the peak value of deviator stress during the compression under axial strain reaching 15% is taken as failure strength. Figure 4 shows the failure strength plotted against the confining pressure. It indicates that the failure strengths are significantly increased with confining pressure when confining pressures are less than 10 MPa. This occurs because the increasing confining pressure restricts the growth of fractures, which may increase the interparticle coordination and frictional resistance, and consequently increases the strength of samples. There is a little difference with our previous work on methane hydrate-bearing sediments [17]. When the confining pressure is more than 5 MPa, the strength of methane hydrate-bearing sediments starts decreasing slowly with the increase of confining pressure. It is considered that the sand particles cause the decrease of strength. Some particles are crushed, and the pore-ice melting at grain-to-grain because of the stress concentration, which lead the decline of strength. According to the literatures [29,30], the effect of the interphase on the stress concentration strongly depends on the ratio between the elastic modulus of the matrix and the interphase and on the Poisson’s ratio of the interphase. The consideration of an interphase leads to a non-uniform stress distribution within the particle. The physical/chemical properties of ice are similar to that of hydrates, but dramatically different to that of sand particles. Stress concentration is smaller between ice and hydrate than between ice and sand particle. It also can be observed that the failure strengths of methane hydrate-ice mixture specimens strongly depend on methane hydrate content.
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Figure 4. Effect of confining pressure on failure strength of methane hydrate-ice mixture, and a comparison of calculated results and experimental results. 
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Figure 5 shows the strength and the dependency as a function of methane hydrate content under various confining pressures of 2.5 MPa, 5 MPa, and 10 MPa. The failure strength varies with methane hydrate content—the larger the methane hydrate content, the smaller the failure strength. Methane hydrate changes the cementing status between ice particles, and the cohesion between ice particles is larger than that between ice and methane hydrate particles. In the case of specimens with methane hydrate content of 0%, the failure strength rises from 5.25 MPa to 5.792 MPa as the confining pressure increases from 2.5 MPa to 10 MPa. The increment of failure strength is 0.512 MPa. In the case of specimen with methane hydrate contents of 10%, 20% and 30%, the increments of failure strength are 0.597 MPa, 0.73 MPa, and 0.961 MPa, respectively, indicating that confining pressure increasingly impacts failure strength of methane hydrate-ice mixture specimen with increasing methane hydrate content. It also means that the internal friction angle increases with increase of methane hydrate content; the friction force between ice particles is smaller than that between ice and methane hydrate particles.
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Figure 5. Effect of methane hydrate content on failure strength of methane hydrate-ice mixture, and a comparison of calculated results and experimental results. 
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The increments of failure strength are 1.788 MPa, 1.664 MPa and 1.369 MPa as the methane hydrate content increases from 0% to 30% under confining pressures of 2.5 MPa, 5 MPa and 10 MPa, respectively. The failure strength shows a more obvious dependence on methane hydrate content at higher confining pressures. This may be caused by the pressure sensitivity of methane hydrate. Confining pressure may suppress the dissociation of methane hydrate.




3.3. Failure Strength and Shear Strength


The purpose of strength criteria is to predict or estimate the failure of materials, and to guide engineering design. In this study, the Mohr-Coulomb criterion is used to describe the failure behavior of methane hydrate-ice mixture specimens. According to the Mohr-Coulomb criterion, cohesion and internal friction angle are two key factors to evaluate the shear strength of materials. Cohesion reflects the synthesis action of physical-chemical forces between particles, such as Van der Waals forces and cementing forces. The internal friction angle represents the friction characteristic of materials, including surface friction force and interlocking force of particles.



For a conventional triaxial test,     σ 1  >  σ 2  =  σ 3    , the Mohr-Coulomb criterion can be described by following equation:


    σ 1  = A  σ 3  + B   



(1)




where,    A =   1 + sin ϕ   1 − sin ϕ     ,    B =   2 c cos ϕ   1 − sin ϕ     ,     σ 1     is the major principal stress at failure,     σ 3     is the confining pressure or minor principal stress,   c   is the cohesion,   φ   is the internal friction angle. The values of c and   φ   can be obtained by the Mohr-Coulomb criterion, as shown in Figure 6(a–d). Table 2 shows the experimental parameters A and B, the cohesion   c   and internal friction angle   φ   of methane hydrate-ice mixture specimen with various methane hydrate content tested at a temperature of −10 °C.
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Figure 6. The strength envelopes and Mohr circles of methane hydrate-ice mixtures with various methane hydrate content of (a) 0%, (b) 10%, (c) 20% and (d) 30%. 
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Table 2. Experimental parameters obtained by Mohr-Coulomb criterion.
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Methane Hydrate Content    ω h   

	
A

	
B (MPa)

	
c (MPa)

	
 φ  (°)






	
0%

	
1.070

	
5.110

	
2.47

	
1.938




	
10%

	
1.078

	
4.620

	
2.225

	
2.142




	
20%

	
1.095

	
4.043

	
1.932

	
2.591




	
30%

	
1.126

	
3.175

	
1.496

	
3.404









From Table 2, it can be clearly observed that the cohesion decreases with increasing methane hydrate content, while the internal friction angle increases with increasing methane hydrate content. However, the effect of methane hydrate content on internal friction angle is not significant. The internal friction angle rises from 1.938° to 3.404° as the methane hydrate content increases from 0% to 30%, the increment of internal friction angle is only 1.5°.



Based on the experimental data in Table 2, the relationships between   A  ,   B   and methane hydrate content are obtained, and can be described respectively as follows:


   A = 1.0642 + 0.1857  ω h    



(2)






   B = 5.194 − 6.38  ω h    



(3)




Here,     ω h     is methane hydrate content,     R A 2  = 0.8843   ,     R B 2  = 0.9727   .



From Equation (1), we have:


     (  σ 1  −  σ 3  )   max   = ( A − 1 )  σ 3  + B   



(4)







Substituting Equations (2), (3) into Equation (4), we can obtain the relationship between failure strength and confining pressure     σ 3    , methane hydrate content     ω h    . Namely:


     (  σ 1  −  σ 3  )   max   = 5.194 − 6.38  ω h  + 0.0642  σ 3  + 0.1857  ω h   σ 3    



(5)







Based on Equation (5), a comparison is made between the experimental values and calculated values, and the results are shown in Figure 4 and Figure 5. The proposed equation can be taken to predict the failure strength of methane hydrate-ice mixture with various methane hydrate content under certain conditions.



Shear stress of a material is the internal resistance per unit area that the material can offer to resist failure and sliding along any plane inside it. As stated by the Mohr-Coulomb failure criterion, failure by shear will occur when the shear on a failure plane reaches a certain value. And this value can be deduced by the strength envelope of materials. The strength envelope can be expressed as:


   τ = c + σ tan ϕ   



(6)




where   τ   is the shear stress at failure,   σ   is the normal stress at the failure plane. From Table 2, the relationship between cohesion   c  ,   φ   and methane hydrate content     ω h     can be described respectively as follows:


   c = 2.513 − 3.215  ω h    



(7)






   tan ϕ = 0.0313 + 0.0848  ω h    



(8)




Here,     R c 2  = 0.9818   ,     R  tan φ  2  = 0.9262   .



Substituting Equations (7), (8) into Equation (6), the expression of strength envelope becomes this:


   τ = 2.513 − 3.215  ω h  + 0.0313 σ + 0.0848  ω h  σ   



(9)







Figure 7 shows the Mohr circles and the calculated strength envelopes of methane hydrate-ice mixture specimens with various methane hydrate content of 0%, 10%, 20% and 30% at a temperature of −10 °C. It can be seen that the Mohr-Coulomb criterion is still acceptable for methane hydrate-ice mixtures with various methane hydrate contents under a confining pressure of less than 10 MPa. While drilling for exploration and exploitation of gas hydrate reservoir in permafrost region, it can be used for the purposes of engineering design and optimization.





[image: Energies 05 00181 g007 1024] 





Figure 7. Comparisons between experimental results and calculated results. 
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4. Conclusions


To acquire more knowledge about the mechanical properties of methane hydrate, a series of triaxial compression tests were carried out on laboratory-formed methane hydrate-ice mixtures with various methane hydrate contents of 0%, 10%, 20% and 30%. Axial loading was conducted at an axial strain rate of 1.33%/min and a constant temperature of −10 °C. The failure strength and the behavior of stress-strain curves of methane hydrate-ice mixtures were analyzed. The following conclusions are drawn based on this study:

	(1)

	
The deformation characteristic is strongly affected by confining pressure and methane hydrate content. Strain hardening in the stress-strain relationship became stronger with increase in confining pressure and methane hydrate content.




	(2)

	
The failure strengths of methane hydrate-ice mixture specimens are significantly increased with confining pressure when confining pressure is less than 10 MPa. Confining pressure increasingly impacts on failure strength with increasing methane hydrate content, which means that the internal friction angle increases with methane hydrate content.




	(3)

	
The failure strengths of methane hydrate-ice mixture specimens decreases with methane hydrate content, and shows a more significant dependence on methane hydrate content at higher confining pressure.




	(4)

	
The cohesion of methane hydrate-ice mixture specimens decreases with methane hydrate content, and the strength of ice specimens are higher than that of methane hydrate-ice mixture specimens.









Based on the experimental data, the relationships among failure strength, confining pressure and methane hydrate content was obtained, and a modified Mohr-Coulomb criterion considering the influence of methane hydrate content on failure strength was proposed. They agree well with the experimental data, and can be taken to predict failure strength of methane hydrate-ice mixtures with various methane hydrate content under a confining pressure less than 10 MPa, a temperature of −10 °C. Further investigations on the mechanical properties of methane hydrate under various temperatures and strain rates are recommended.
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Nomenclature








	  c  
	
cohesion (MPa)





	    R 2    
	
coefficient of determination





	  T  
	
temperature (°C)





	  ε  
	
strain rate (%/min)





	  σ  
	
normal stress at failure plane (MPa)





	    σ 1    
	
major principal stress at failure (MPa)





	    σ 2    
	
secondary principal stress (MPa)





	    σ 3    
	
minor principal stress or confining pressure (MPa)





	     (  σ 1  −  σ 3  )   max     
	
maximum deviator stress or failure strength (MPa)





	  τ  
	
shear stress at failure (MPa)





	  ϕ  
	
internal friction angle (°)





	    ω h    
	
methane hydrate content
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