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Abstract

:

The mechanical behaviors of hydrate-bearing marine sediments (HBMS) drilled from the seafloor need to be understood in order to safely exploit natural gas from marine hydrate reservoirs. In this study, hydrates were prepared using ice powder and CH4 gas, and HBMS from the Shenhu area in the South China Sea were remolded using a mixed sample preparation method. A series of triaxial tests were conducted on the remolded HBMS to investigate the effects of soil particle gradation and the existence of hydrate on the mechanical properties of hydrate reservoirs. The results show that the stiffness and failure strength of HBMS decrease along with the decrease of mean particle size and soil aggregate morphology change at different drilling depths, and the reduction of failure strength is more than 20% when the drilling depth drops by 30 m. A better particle gradation of marine sediments may boost the stiffness and failure strength of HBMS. In addition, the existence of hydrate plays an important role in the strength behaviors of HBMS. The reduction of failure strength of HBMS with 30% initial hydrate saturation is more than 35% after complete hydrate dissociation.
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1. Introduction


Methane gas hydrate, an ice-like compound, has attracted the attention of global scientists for its huge exploitation potential [1,2,3,4,5]. In recent years, a series of research projects on gas hydrate have been carried out in China, Japan, the United States of America and India [6,7,8,9]. Many marine explorations have confirmed that large amounts of natural gas hydrate resources exist in the Shenhu area in the South China Sea [10,11,12]. Thus, this area may become an objective target for hydrate exploitation in the future. However, hydrate dissociation in the natural gas exploitation process may lead to submarine landslides and tsunamis, and further give rise to unexpected engineering facility damage [13,14,15,16,17,18]. Hence, the mechanical behaviors of HBMS need to be investigated systematically before that the large-scale exploitation from gas hydrate reservoirs is undertaken.



Up to now, a series of experimental studies on artificial hydrate-bearing sediments have been conducted systematically in the laboratory [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. It has been proven that the confining pressure, sediment matrix, hydrate saturation and hydrate type have significant influences on the failure strength, stiffness and volume characteristics of hydrate-bearing sediments [9,36,37,38,39,40,41,42,43,44].



More importantly, some triaxial tests on HBMS drilled from the seafloor have been carried out for investigation. Masui et al. [45,46] firstly conducted a series of triaxial shear tests on the HBMS drilled from offshore Japan and found that when the particle size distributions of hydrate-bearing sands are close to that of remolded HBMS, the strength properties and deformation characteristics of these two materials are consistent. Yoneda et al. [43] found that HBMS containing different fine contents display different E50 modulus due to the better mobility of fine particles in that material during the shear process. Winters et al. [47] then conducted a series of drained and undrained triaxial tests on hydrate cores drilled from the Krishna-Godavari and Mahanadi Basins located offshore from India, and they found that fine-grained HBMS obviously exhibits shear shrinkage behaviors while sandy HBMS displays a higher internal friction angle. These research described above suggests that the particle size of marine sediments has a significant influence on the mechanical characteristics of HBMS.



Hyodo et al. [48,49] confirmed that the failure strength of remolded HBMS from the Nankai Trough located offshore from Japan increases with the increase of effective confining pressure. The internal friction angle and cohesion force significantly reflect the mechanical properties of that material. After that, Yoneda et al. [9,43,50] studied the mechanical behaviors of HBMS from the Daini-Atsumi Knoll located offshore from Japan and found that the peak friction angle of that material would drop by 30% after hydrate dissociation. Luo et al. [51] proved that the failure strength of remolded HBMS of the South China Sea increases with the increase of confining pressure and shows an obvious reduction after hydrate dissociation. Priest et al. [52] and Yun et al. [53] pointed out that hydrate dissociation induced by the production of gas hydrates within under-consolidated sediments may potentially lead to seafloor instability based on the mechanical property investigation of HBMS from the Krishna−Godavari Basin, offshore from India. All of the above research demonstrates that the existence of hydrate plays an important role in the mechanical properties of HBMS. However, to date, studies published focusing on remolded HBMS of the South China Sea are still rare. Investigations have shown that hydrate cores drilled from the South China Sea are predominantly composed of fine-grained particles, and silty-size particles count for approximately 50% [51,54], which differs from the sediment matrix of other hydrate reservoirs. Moreover, the particles size of the sediment matrix has a significant influence on the mechanical properties of hydrate reservoirs [46,55,56]. It is important to understand the mechanical behaviors of remolded HBMS of the South China Sea to assess the risk of hydrate exploitation and exploration.



In this study, hydrates were prepared using ice powder and CH4 gas. HBMS from the Shenhu area in the South China Sea were remolded using a mixed sample preparation method. The stress–strain behaviors, elastic modulus and failure strength of HBMS, hydrate-bearing artificial silt and hydrate-bearing kaolin clay were obtained and intercompared to study the effect of soil particle gradation on the mechanical properties of reservoirs. In addition, the mechanical behaviors of HBMS after hydrate dissociation were studied, and several triaxial tests on HBMS with different hydrate saturations and different existence forms of hydrate (uniform distribution and interbedded) were also conducted to understand the effect of existence of hydrate on the mechanical properties of HBMS.




2. Experimental Methods


2.1. Apparatus


In this study, all the HBMS were sheared by a triaxial apparatus (TAW-60, Chaoyang Test Instrument Co. Ltd., Changchun, China), and a schematic diagram of the triaxial testing system is shown in Figure 1. This triaxial apparatus consists of four systems: an axial loading system, a temperature control system, a confining pressure servo system and a computer control system. The function of the axial loading system is to provide axial pressure to the sample with a normal loading capacity of 60 kN with a pressure precision of 0.01 kN by an axial servo motor and a removable piston. The temperature control system can ensure the temperature of the pressure chamber ranging from −30 °C to 30 °C with a precision of 0.1 °C, using a thermostatic bath and an internal heat exchanger around the sample. The confining pressure servo system provides a confining pressure with a maximum of 30 MPa and a pressure precision of 0.01 MPa by a plunger pump. The data acquisition and the experimental parameter setup are accomplished by computer control system, which consists of the control software entitled “Test”, a full digital servo controller (DOLI Elektronik Co. Ltd., Munich, Germany), a pressure transducer and a temperature transducer.




2.2. Marine Sediments


The marine sediments were obtained from the Shenhu area in the South China Sea. At a water depth of about 1200 m, the drilling depth of marine sediments ranges from 128 m to 158 m. The results also show that the hydrate saturation varies from 20% to 40%, and the permeability is lower than 10 mD. The temperature of the seafloor is about 3.75 °C and the geothermal gradient is about 0.0045 °C/m. Figure 2 shows the appearance of marine sediments before and after remolding.



Table 1 shows the drilling depths and particle size distributions of marine sediments. It can be clearly seen that S-1, S-2, S-3 and S-4 marine sediments belong to the same hydrate-bearing layer, while S-5 marine sediments belong to a different hydrate-bearing layer below the seafloor based on the drilling depth. It is obvious that the mean particle size of marine sediments decreases slightly with increasing drilling depth, and S-3 and S-4 marine sediments display a better particle gradation than the other three marine sediments.



In Figure 3, the SEM images of S-1, S-2, S-3, S-4 and S-5 marine sediments and artificial silt prove that these six materials display obviously different aggregate morphology: S-1, S-2 and S-3 marine sediments and artificial silt display a similar, relatively uniform lamella shape while S-4 and S-5 marine sediments mostly present a sticky flocculent shape. It can be observed that there are more coarse soil particles and fine particles in S-3 and S-4 marine sediments, implying that S-3 and S-4 marine sediments have a better particle gradation than the other marine sediments.




2.3. Sample Preparation and Shear Process


During the sample-remolding process, ice powder (average particle size of 250 μm) was made and placed into a high-pressure reactor. The reactor was then sealed and methane gas of 10 MPa was injected into the reactor to generate CH4 hydrate in the next 48 h. The hydrate saturation was approximately 30% in this hydrate formation method. Afterwards, according to the pre-designed porosity (40%), a certain amount of hydrate containing ice and marine sediments was weighed, mixed equally and put into the remolding device to form the sample of HBMS (100 mm × 50 mm). In order to obtain samples with different hydrate saturations, we put pure ice powder into hydrate containing ice to alter the hydrate saturation. To form the interbedded sample, hydrate containing ice and marine sediments was placed into the molding device by turns to form a sample with 11 different layers (Interbedded 1) or 21 different layers (Interbedded 2), as shown in Figure 4. All of the above work was conducted in a cold room (−20 °C) to reduce hydrate dissociation.



Then the sample was wrapped with a rubber membrane, top platen and bottom platen. The pre-designed effective confining pressure and temperature were adjusted after the sample was transformed vertically in the pressure chamber. After adequate isotropic consolidation, the sample was sheared. In this study, a series of triaxial tests on HBMS were conducted under a confining pressure of 3 MPa, at a strain rate of 1 mm/min and a temperature of 5 °C.





3. Results and Discussion


3.1. Effect of Drilling Depth


Figure 5 shows the stress–strain curves of remolded HBMS at different drilling depths. From the figure, it is clear that all HBMS display strain hardening on the stress–strain curves, occurring over three stages: the elastic-plastic stage, the yield stage and the critical state stage. The maximum stress of HBMS mostly occurs at approximately 7%–8% strain, which is consistent with previous work [26,38,44,56].



A comparison between the mechanical properties of HBMS formed by S-1, S-2, S-3 and S-4 marine sediments in Figure 6 clearly shows that the elastic modulus and failure strength of HBMS S-3 and S-4 are higher than those of other HBMS, which can be explained by the fact that S-3 and S-4 marine sediments have a better particle gradation, as shown in Table 1. For the sediment matrix with a better particle gradation, the number of contact points between large particles and fine particles in the unit volume may increase and enhance the shear strength of HBMS [38,41]. However, it is clear that HBMS S-5 displays lower stiffness and failure strength compared to the other HBMS. Table 1 shows the mean particle size of the marine sediments gradually declines with the increase of drilling depth, which may cause the lower failure strength of HBMS formed by S-5 marine sediments [45,46]. Another reason for this phenomenon is that, as shown by the SEM images of S-5 marine sediments, the soil particles are mostly a sticky flocculent shape. According to Hyodo et al. [38], high effective stress may produce the occurrence of a sticky flocculent shape of soil particles, reducing the failure strength of hydrate-bearing sediments. Hence, for this study, the increase of drilling depth would bring about higher effective stress and lead to the decline of the failure strength in HBMS.



The above results show that the decrease of mean particle size and the change in the aggregate morphology of soil particles would decrease the elastic modulus and failure strength of HBMS, and a better particle gradation of marine sediments may effectively enhance the failure strength of HBMS.



To find one possible kind of soil which can replace marine sediments in massive and systematic triaxial shear tests, hydrate-bearing artificial silt and hydrate-bearing kaolin clay were remolded and used for the investigation. The relationships between stress–strain curves and different kinds of soil observed are displayed in Figure 7 and Figure 8. The similar strain hardening phenomenon, elastic modulus and failure strength show that the mechanical characteristics of remolded HBMS and hydrate-bearing clays are nearly consistent. Hence, we suggest that the kaolin clay and artificial silt could be used to investigate the mechanical stability of hydrate reservoirs instead of marine sediments.




3.2. Effect of Hydrate Saturation and Existence Form of Hydrate


In Figure 9 and Figure 10, the stress–strain curves of HBMS with different hydrate saturations and different existence forms of hydrate all exhibit hyperbola behaviors with strain hardening. Nevertheless, the maximum deviator stress of HBMS changes with hydrate saturation and the existence form of hydrate.



Hyodo et al. [57] suggested that the hydrate saturation level influences the mechanical behaviors of hydrate-bearing sands, and this study confirmed these results for HBMS, as shown in Figure 11a. The figure shows that the failure strength of HBMS increases slightly with the increase of hydrate saturation. Since the mixed sample preparation method was used to remold the HBMS, one can expect most of the hydrate structures would be a pore-filling type or a frame-supporting type. Since the hydrate is already in the solid form when it was mixed with the sediments, no cementation is expected since this occurs only during hydrate formation. Thus, hydrate particles mostly play a partial load-bearing role in the structure strength, leading to the slight increase of the failure strength of HBMS. Moreover, the relatively small change of HBMS in the interbedded form and uniform distribution form in Figure 11b can also be attributed to the fact that the hydrate structure in HBMS is mostly the pore-filling type or frame-supporting type, preventing cementation between the soil particles. Thus, even the hydrate layers are separated from the marine sediments layers, the failure strength change of HBMS is not so obvious.




3.3. Effect of Hydrate Dissociation


Hydrate dissociation has a significant influence on the mechanical properties of hydrate-bearing sediments [21,24]. The data in Figure 12 clearly show the stress–strain curves of HBMS formed by S-1 and S-3 marine sediments before and after hydrate dissociation. All curves present three compression stages: the elastic-plastic stage, the yield stage and the critical state stage, which indicates that hydrate dissociation would not dramatically influence the strain hardening characteristics of HBMS.



The data in Figure 13 clearly show that the elastic modulus and failure strength of remolded HBMS formed by S-1 and S-3 marine sediments decline significantly after hydrate dissociation, indicating that hydrate dissociation has a significant influence on the mechanical stability of hydrate reservoirs in the natural gas exploitation process. One reason for this behavior could be that hydrate particles of the pore-filling type or the frame-supporting type in HBMS mostly play a partial load-bearing role in the structure strength of HBMS. Thus, hydrate dissociation would also reduce the structure strength of HBMS due to the hydrate particles having vanished. Moreover, by comparing the data on HBMS formed by S-1 and S-3 marine sediments before and after hydrate dissociation in this figure, it can also be found that the value of the elastic modulus and failure strength decline of remolded HBMS in the same layer are almost consistent after hydrate dissociation. This result may imply that the existence of hydrate works in a similar way on hydrate reservoirs in the same layer.





4. Conclusions


In this study, a series of triaxial tests was conducted to investigate the effects of soil particle gradation and hydrate existence on the mechanical properties of remolded HBMS.



(1) The stress–strain behaviors of remolded HBMS at different drilling depths are consistent. The elastic modulus and strength properties of HBMS decline with the decrease of the mean particle size and with aggregate morphology changes of the marine sediment particles. In addition, a better particle gradation of marine sediments may effectively enhance the failure strength of HBMS.



(2) The similar strength characteristics of remolded HBMS and hydrate-bearing artificial silt prove that artificial silt can be used as a replacement for marine sediments to investigate the mechanical properties of hydrate reservoirs.



(3) The existence of hydrate plays an important role in the strength behaviors of HBMS. It was found that the failure strength of HBMS increases with increasing hydrate saturation even though most of the hydrate structures are the pore-filling type or frame-supporting type in the mixed sample preparation method. The reduction in the failure strength of HBMS with 30% initial hydrate saturation is more than 35% after complete hydrate dissociation.
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Figure 1. Schematic diagram of the triaxial testing system 
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Figure 2. S-1 marine sediments: (a) before remolding; (b) after remolding. 






Figure 2. S-1 marine sediments: (a) before remolding; (b) after remolding.



[image: Energies 12 00253 g002]







[image: Energies 12 00253 g003a 550][image: Energies 12 00253 g003b 550]





Figure 3. SEM images of marine sediments: (a) S-1; (b) S-2; (c) S-3; (d) S-4; (e) S-5; (f) artificial silt. 
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Figure 4. Schematic diagrams of HBMS with different forms of hydrate. 
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Figure 5. Stress–strain curves of HBMS at different drilling depths. 
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Figure 6. Elastic modulus and failure strength of HBMS at different drilling depths. 
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Figure 7. Stress–strain curves of HBMS, hydrate-bearing artificial silt and hydrate-bearing kaolin clay. 
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Figure 8. Elastic modulus and failure strength of HBMS, hydrate-bearing artificial silt and hydrate-bearing kaolin clay. 
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Figure 9. Stress–strain curves of HBMS with different hydrate saturations. 
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Figure 10. Stress–strain curves of HBMS with different existence forms of hydrate. 
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Figure 11. Failure strength of HBMS: (a) with different hydrate saturations; (b) in different existence forms of hydrate. 
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Figure 12. Stress–strain curves of HBMS formed by S-1 and S-3 marine sediments before and after hydrate dissociation. 
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Figure 13. Elastic modulus and failure strength of HBMS formed by S-1 and S-3 marine sediments before and after hydrate dissociation. 
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Table 1. Drilling depths and particle size distributions of different marine sediments and artificial silt.
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Sediments

	
Particle Size

	
Mean Size (μm)

	
Depth (m)






	

	
<1.5 μm

	
1.5 μm–4 μm

	
4 μm–10 μm

	
10 μm–25 μm

	
>25 μm

	

	




	
S-1

	
9.07%

	
18.71%

	
31.89%

	
25.16%

	
15.17%

	
9.165

	
128




	
S-2

	
7.83%

	
20.52%

	
29.47%

	
23.6%

	
18.58%

	
8.997

	
132




	
S-3

	
14.01%

	
23.97%

	
20.81%

	
20.88%

	
20.33%

	
7.976

	
133




	
S-4

	
12.68%

	
21.18%

	
20.54%

	
22.65%

	
22.95%

	
7.983

	
134




	
S-5

	
9.99%

	
20.82%

	
33.52%

	
22.34%

	
13.33%

	
7.925

	
158




	
Artificial silt

	
11.54%

	
17.93%

	
28.99%

	
24.69%

	
16.85%

	
8.270
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