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ABSTRACT 
 Methane hydrate, a form of clean energy also called 

flammable ice, has drawn global interest as an 
alternative energy resource of traditional fossil energy. 
The rate of gas production using depressurization 
depends on the effective permeability of the formations, 
which is controlled by not only hydrate saturation but 
also the porosity change of the host sediment. A 
decrease in pore pressure leads to an increase in the 
effective stress and the collapse of the bonded structure 
made by the hydrate resulting in the volume contraction 
and permeability reduction. On the other hand, the pore 
pressure drop induces hydrate dissociation, which 
increases the volume of the pore and permeability. In 
this study, we conducted a series of experiments to 
measure the effective permeability of HBSs with 
different hydrate saturation. The relationship between 
porosity, hydrate saturation and effective permeability is 
analyzed. Combining the consolidation analysis, we 
proposed a new method to estimate the change in 
effective permeability of hydrate-bearing sands during 
dissociation by depressurization.  
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1. INTRODUCTION
Clathrates of natural gas hydrates contain enormous

energy reserves [1-2] and potential environment amity 
[3-5]. Depressurization, which reduces the pore fluid 
pressure from a wellbore and dissociates hydrate to gas, 
is a promising low-cost and highly efficient method to 
extract methane gas from the natural gas hydrate-

bearing sediments (HBSs) [6]. Permeability is a key factor 
to efficient gas production by depressurization as it 
affects both the motion of fluid and the temperature of 
the sediment, which are necessary conditions for 
hydrate dissociation [7-8]. 

At present, the permeability characteristics of 
hydrate-bearing reservoirs have been studied in many 
aspects by relevant researchers[9–14]. Although many 
researchers investigated the effects of hydrate existence 
on the permeability of HBSs, few published paper 
discussed the effect of compaction due to 
depressurization on the permeability. 

In this paper, we extend the previous work about the 
effective permeability to analyze the effect of the soil 
compaction on the permeability of the HBSs. The 
relationship between the permeability and porosity and 
the relationship between the porosity and 
preconsolidation pressure are combined to estimate the 
variation in permeability of HBSs during hydrate 
dissociation by depressurization.  

2. EXPERIMENT

2.1 Experimental apparatus 

Fig.1 shows the experimental system adopted in this 
study. The system consists of an ISCO pump used for pore 
pressure control, an axial compression pump used for 
compacting soils, a Glycol water bath used for 
temperature control, a reaction chamber used for 
containing specimen, a differential pressure transducer 
used for measuring pressure loss, a back pressure valve 
and several devices for data transmission and signal 
processing. The temperature ranges from -243K to 363K 
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with a controlling precision is 0.05~0.1 K, which were 
controlled by the water bath (model XT5704LT-R30). The 
pore pressure of the hydrate-bearing sediments is 
supplied and controlled by an ISCO 260D pump. The 
differential pressure between the inlet and outlet of the 
reaction chamber is measured by a differential pressure 
sensor (ranges from 0 to 1MPa, with an accuracy of ±
0.01kPa)  

 

2.2 Experimental procedure 

The experimental procedure is similar to our 
previous work[12]. The difference is that in this study, 
the quartz sands are used as host sediments for forming 
the HBSs. The initial porosity is 42.7%. Initial pore 
pressure is set to 6MPa and temperature is kept at 
274.15 K. The external load is exerted to make the 
specimen deforming. Table 1 shows the conditions of the 
experiment. Tests of No. 1-6 were done for the 
relationship between porosity and intrinsic permeability. 
Tests of No.7-9 were done for the relationship between 
hydrate saturation and effective permeability. 

 
Table 1 The experimental conditions 

No. 1 2 3 4 5 6 7 8 9 

Hydrate 
saturation 

0 0 0 0 0 0 0.1 0.25 0.45 

External 
load(MPa) 

0.1 1 3 5 7 9 6 6 6 

Pore 
pressure at 
outlet(MPa) 

0.1 0.1 0.1 0.1 0.1 0.1 6 6 6 

 

2.3 Results and discussion 

Fig.2 shows that the porosity decreases with the 
increasing effective stress, which means the compaction 

makes HBSs dense and low compressible. The volume of 
pores decreases with the compaction influencing the 
permeability. As shown in Fig.3, the intrinsic permeability 
is positively proportional to porosity. Therefore, with the 
decrease in porosity due to compaction, intrinsic 
permeability decreases. The effective permeability 
decreases with hydrate saturation as shown in Fig.4. 
Hydrate occurrence habits change with hydrate 
saturation further affecting the relationship between 
hydrate saturation and effective permeability of 
HBSs[13]. 

 

 

 

Fig. 1 scheme of the experimental system consisting of (1) 
CH4 gas, (2) ISCO pump, (3) axial compression pump, (4) 

Glycol water bath, 
(5) reaction chamber, (6) differential pressure transducer, 
(7) exhaust, (8) back pressure valve, (9) A/D Module, (10) 

 
Fig.2 The effects of soil compaction on the porosity 

 
Fig.3 The relationship between porosity and intrinsic 

permeability 

 
Fig.4 The relationship between hydrate saturation and 

effective permeability 



 3 Copyright © 2019 ICAE 

3. ESTIMATING METHOD OF THE EFFECTIVE 
PERMEABILITY 

 
Ren et al.[15] used the following expression to describe 
the relationship between porosity and intrinsic 
permeability.  

K୧୬୲ = K୧୬୲଴ ቀ
஦

஦బ
ቁ

ஒ
   (1) 

where β is the model coefficient, Kint0 is the initial 
intrinsic permeability, φ is porosity and φ0 is initial 
porosity.  
Masuda et al. [16] proposed a formula to describe the 
relationship between hydrate saturation and effective 
permeability.  

Kୣ୤୤ = K୧୬୲(1 − s୦)୒  (2) 
Therefore, combing (1) and (2), we have the permeability 
model describing the relationship among porosity, 
hydrate saturation and permeability.  
   According to the theory of soil mechanics, the 
compaction results in the decrease in porosity of the soil. 
For HBSs, the existence of hydrate has effects on the 
relationship between porosity and effective stress. 
Therefore, the compressibility of HBSs changes with 
hydrate dissociation.  

σᇱ = σ଴
ᇱ exp ൬

஦బି஦

஛బିୟୱ౞
ౘ ൰          (3) 

   Here,  σ′  is the effective stress, λ଴  is the 
coefficient of compressibility of the host sediments. a 
and b are coefficients, which are related to hydrate 
saturation. σ଴

ᇱ  is initial stress. We can get the 
relationship between effective stress and effective 
permeability. 

Kୣ୤୤ = K୧୬୲଴ ቆ1 −
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  According to the principle of effective stress, the 
decrease in pore pressure results in an increase in the 
effective stress as shown in Eq. (5) 

σᇱ = σ − p୮     (5) 
where σ is total stress which can be calculated by the 
external load in the experiment. p୮  is pore pressure. 
Then, we have 

Kୣ୤୤ = K୧୬୲଴ ቆ1 −
൫୪୬൫஢ି୮౦൯ି୪୬஢బ

ᇲ ൯ቀ஛బିୟୱ౞
ౘቁ
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ቇ
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(6) 
The change in hydrate saturation during hydrate 

dissociation can be calculated using dissociation kinetic 
model. Definitely, it should be coupled with deformation, 
which has been shown in our previous paper[17,18]. 
Here, we use s୦൫φ, p୮, T൯ to describe the dependence 
of hydrate saturation on porosity, pore pressure and 

temperature. Therefore, Eq. (6) can be directly used to 
estimate the permeability change with pore pressure.  

 
Table 2 Coefficients of the model obtained from the 

test data 
λ0 β N 

0.0269 1.4 2.024 

The coefficients β, N and λ0 in Table 2 are obtained 
by fitting the data in Fig.3, Fig. 4 and Fig. 2 using Eq. (1), 
Eq. (2) and Eq. (3) respectively. R2 value for these three 
fitting curves is equal to 0.9369, 0.9820 and 0.9728 
respectively. The variation of the effective permeability 
can be described by substituting all the coefficients into 
the Eq. (6), and can be quantified with the analysis of 
hydrate dissociation kinetics. Assuming that (1) the 
external load remains constant of 13.1MPa; (2) pore 
pressure decreases from 13MPa to 4MPa over one day; 
(3) temperature is maintaining during hydrate 
dissociation meaning that heat supply is sufficient; (4) 
initial hydrate saturation is equal to 0.5; (5) the 
coefficients corresponding to hydrate enhanced 
compressibility equals 0.003 and 2 respectively, the 
variation of effective permeability during hydrate 
dissociation by depressurization is shown in Fig. 5. 

 

4. CONCLUSIONS 
This paper proposes a method for estimating the 

effective permeability of hydrate-bearing sediments 
during hydrate production by depressurization. The 
variation is recognized as a combination of the effects of 

 

 
Fig.5 Change in effective permeability during 

depressurization 
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compaction and hydrate dissociation. Both of them are 
investigated by a series of seepage experiments.  

The experiments show that for the quartz sand, the 
intrinsic permeability decreases with soil compaction 
and the increase in hydrate saturation. Masuda’s model 
and Ren’s model can be used to fit the experimental data 
well and estimate the transient change in permeability 
during hydrate dissociation by depressurization. 
Combing with the relationship between porosity and 
effective stress and hydrate dissociation kinetics model, 
the variation in effective permeability can be described 
by changing pore pressure directly.  
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