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Abstract: We used a ring-shear apparatus to examine the perpendicular permeability of 

sands with different mineral compositions to evaluate fault behavior around gas hydrate 

reservoirs. The effect of effective normal stress on the permeability of two sand types was 

investigated under constant effective normal stresses of 0.5–8.0 MPa. Although Toyoura 

sand and silica sand No. 7 mainly comprise quartz, silica sand No. 7 contains small amounts 

of feldspar. For Toyoura sand, the permeability after ring-shearing dramatically decreased 

with increasing effective normal stress up to 3.0 MPa, then gradually decreased for stresses 

over 3.0 MPa, whereas the permeability after ring-shearing of silica sand No. 7 rapidly 

decreased with increasing effective normal stress up to 2.0 MPa. Although the relationships 

between the permeability after ring-shearing and effective normal stress for both sands 

could be expressed by exponential equations up to 3.0 MPa, a more gradual change in 

slope was shown for Toyoura sand. The permeabilities of both sands were almost equal for 

effective normal stresses over 3.0 MPa. The mineralogical properties of the small amount 

of feldspar in the sample indicate that both mineralogy and original grain size distribution 

affect the fault permeability and shear zone formation. 
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1. Introduction 

Gas hydrates in sediments are expected to be developed as a next-generation energy resource,  

which would affect the future development of agriculture, construction, industry, and human life.  

In the exploitation of methane hydrates, the production methods of methane gas from methane hydrate 

layers by depressurisation, thermal stimulation, and inhibiter injection have been proposed [1–4].  

For all methods, the gas and water permeability of methane hydrate-bearing sediments are important 

factors in estimating the efficiency of methane gas production. As a result of coring and logging,  

the existence of sandy layers containing a large amount of methane hydrate is predicted in the eastern 

Nankai Trough area, offshore central Japan, where many faults and folds have been observed [5]. It is 

necessary to consider production methods as well as the permeability around faults to estimate 

methane gas production from methane hydrate reservoirs, because shearing caused by fault slip may 

produce drastic changes in the texture of materials. Typically, porosity reduction is associated with 

grain size reduction and fault slip due to the reorientation of particles [6–10]. Several studies used  

a ring-shear apparatus with large-displacement shearing to measure permeability evolution [11–16], 

because a ring-shear device can shear a specimen with a large displacement that is similar to natural 

faults with the same direction of movement for the mobile half of the specimen relative to  

the stationary half [17–24]. Previous studies found that permeability evolution due to particle crushing 

is related to porosity reduction [11–16]. However, these studies have not completely clarified  

the relationship between permeability and effective normal stress after large-displacement ring-shearing 

under overburden pressure, which is less than approximately 10 MPa, in methane hydrate reservoir 

zones. In particular, it is not obvious to research the influence of similar grain size and the sand 

mineralogy on fault permeability under the normal stress conditions of methane hydrate reservoirs. 

Further investigations of fault permeability are required for the safe, long-term, and rational production 

of methane from methane hydrate reservoirs. 

The objective of this study was to investigate whether the effects of effective normal stress 

conditions influence the fault-normal permeability of sand samples with different mineral compositions 

in experimental faults using a ring-shear apparatus. We measured the permeability after large-displacement 

shearing under a constant effective normal stress in the range of 0.5–8.0 MPa, considering the effective 

normal stress conditions of methane hydrate reservoirs. Furthermore, to reveal the relationship between 

the shear zone conditions and permeability, the microstructure and grain size distribution of the shear 

zone were analyzed after each experiment. In an updated discussion that considers these new test 

results in addition to those of Kimura et al. [16], grain crushing in two sand samples with similar grain 

size distributions and different mineralogical compositions is described to clarify the role of grain 

crushing in the permeability evolution of a shear zone. 
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2. Materials and Experimental Section 

2.1. Samples 

The sand samples used for the permeability test and grain size analysis were Toyoura sand and 

silica sand No. 7. The grains in Toyoura sand and silica sand No. 7 are sub-angular to angular  

with median diameters D50 of 231.7 and 215.7 µm, respectively (Figures 1 and 2). Furthermore,  

the particle densities ρs of Toyoura sand and silica sand No. 7 are 2.697 and 2.717 g/cm3, respectively. 

Minagawa et al. [25,26] reported that the pore size distributions of these sands measured using  

two methods, mercury porosimetry and the transverse magnetic relaxation time T2 of the nuclear 

magnetic resonance (NMR) method, have a maximum value of approximately 40 µm. The sand 

specimen is loaded into the glass sleeve by sedimentation and is formed into a column by 

sedimentation of sand in water using a vibrator in mercury porosimetry analysis (Quantachrome 

Instruments Japan, Kawasaki, Japan) and NMR analysis (Resonance Research Inc., Billerica, MA, 

USA), respectively. The pore size distribution of sand specimens in NMR analysis was measured 

under the effective confining stress of 1.0 MPa [25,26]. 

 

Figure 1. Field emission scanning electron microscopy (FE-SEM) image of the microstructure 

of (a) Toyoura sand and (b) Silica sand No. 7 used in the experiments. 

 

Figure 2. Grain size frequency distribution curves for Toyoura sand (black) and silica 

sand No. 7 (blue) samples. 
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Although the mineral compositions of both samples analyzed by X-ray diffraction (Rigaku, 

Akishima, Japan) mainly comprised quartz, a small amount of feldspar was detected in silica sand  

No. 7 sample and not in Toyoura sand (Figure 3). The quartz and feldspar compositions were 

determined using the method described by Egashira et al. [27]. The quartz and feldspar in silica sand 

No. 7 are 93% and 7%, respectively. The sub-2000-µm soil fraction of the two sand samples was used 

in the testing program. 

 

Figure 3. Results of powder X-ray diffraction of Toyoura sand (black) and silica sand  

No. 7 (blue). 

2.2. Ring-Shear Apparatus and Permeability Measurements 

Permeability measurements were performed using an improved ring-shear apparatus (Jacom, 

Sapporo, Japan). A ring-shear test apparatus is commonly used in investigations of shear strength in  

the slip surfaces of landslides and fault zones because it can shear a specimen with a unidirectional 

rotational movement for unlimited relative displacement [10,16,18,19,21–24,28–38]. The ring-shear 

apparatus used in this study was improved at the National Institute of Advanced Industrial Science and 

Technology (AIST) in Japan. It allows shear testing in both drained and undrained conditions for 

permeability measurements [16]. 

Figure 4 shows a vertical cross-sectional view of the apparatus. The specimen is sheared by rotating 

the lower half of the shear box while the upper half remains stationary. The gap between the upper and 

lower halves of the confining rings is covered by O-rings and rubber edges in the inner and outer parts 

of the shear box to prevent water leakage from the gap and ensure the maintenance of undrained 

conditions for the shear and permeability experiments. A normal load is applied to the sample through 

a loading plate and is controlled by a pneumatic system. The torque is applied by an electronic servo 

motor system and is measured by a load cell in the constrained upper half of the confining ring.  

The application and maintenance of the shearing rate and data retrieval are computer-controlled. In this 

study, the measurement specifications of the ring-shear apparatus used are as follows: a maximum 

normal stress of approximately 10 MPa, a shearing rate range of approximately 0.2–1020 mm/min, and 

a simultaneous data acquisition system with a digital indicator and desktop computer. The accuracy 
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ranges for the data acquisition are as follows: a normal stress of 0.0024 MPa, a shear stress of  

0.0012 MPa, a vertical displacement of 0.0020 mm, and a differential pressure of 0.0067 kPa. Simple 

schematics of a specimen in the ring-shear apparatus and the permeability measurement system  

are shown in Figure 4. The specimen has outer and inner diameters of 75 and 55 mm, respectively.  

The final height of the specimen after initial compaction is variable but typically averages 20 mm in 

the ring-shear box. To measure the water permeability, distilled and deionized water is injected into the 

bottom of the specimen and drained from the top of the specimen by a precisely controlled syringe 

pump. The water flow rate can be varied in the range of 0.001–200 cm3/min. The pressure difference 

between the specimen inlet and outlet is measured by two differential pressure gauges with full ranges 

of 20 kPa and 1.0 MPa. 

 

Figure 4. Schematics of the ring-shear apparatus, a specimen in the ring-shear apparatus, 

and the permeability measurement system. 
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Ring-shear experiments were conducted at room temperature under effective normal stresses of  

0.5, 1.0, 2.0, 3.0, 5.0, and 8.0 MPa. The effective normal stress (σ′n) on the specimen is defined as  

the difference between the confining pressure and the pore fluid pressure. In this study, the back 

pressure on the specimen was maintained at 0.1 MPa by the air pump for all experiments. The dry sand 

sample was poured into an annular ring-shear box. The specimen was saturated with distilled and 

deionized water with a volume of at least five times that of the specimen. Then, the sand sample was 

vertically loaded with incremental increases in the effective normal stress until the desired pressure was 

achieved. The ring-shear tests were performed under a constant effective normal stress and drained 

conditions during shearing. A shearing rate of 2.0 mm/min was used. The shear displacement was 

approximately 2000 mm under various effective normal stresses to satisfy the requirement of achieving 

a sufficiently large displacement in the residual state throughout this study. The change in total 

porosity ϕ was determined by a vertical displacement at each testing. 

Following Darcy’s law, measurements of permeability perpendicular to the experimental fault zone 

were conducted using the constant flow method controlled by the syringe pump, because the confining 

rings were not subject to confining pressure. To examine the permeability evolution of the specimen, 

the permeability k was measured in each testing stage. The testing stages were the phase after initial 

compaction (before shearing) and the phase after large-displacement shearing, which had permeabilities 

kic and kas, respectively. A single-stage test was performed for a single set of load, drained shear, and 

permeability values. After the shear testing, the sample was removed, and a new sample was moulded 

for the next test. In each test, the effective normal stress at each shear was the same as that under 

normal stress, yielding an overconsolidation ratio (OCR) value of 1.0. 

2.3. Analysis of Microstructure and Grain Size Distribution of Shear Zones 

The specimens used in the analysis of the microstructure and grain size distribution were collected 

with a steel tube at the end of each experiment. The steel tube was pushed perpendicularly into  

the shear zone of the specimen without disturbance. The samples for the microstructure observation  

were halved lengthwise and frozen at −150 °C. The microstructures around the shear zones in  

the specimens after the tests were observed by field emission scanning electron microscopy (FE-SEM, 

JEOL JSM-7000F, Akishima, Japan). To maintain the sample structure, the observations were 

conducted at −193 °C in the freezing system of FE-SEM. The grain size distribution was determined 

using the laser diffraction method with a Nikkiso Microtrac MT3300EXII [39] (Tokyo, Japan).  

The shear zone samples for the grain size analysis were separated and air-dried at room temperature. 

Before the grain size analysis, a dry sample weighing approximately 0.1 g was placed into 50 cm3 of 

distilled and deionized water and then dispersed using ultrasonic vibration [40]. The results are 

expressed as volume percentages. 
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3. Results and Discussion 

3.1. Permeability and Porosity Reduction versus Effective Normal Stress 

Table 1 summarizes the results of the ring-shear tests for the fault permeability and porosity at each 

effective normal stress. For the calculation of permeabilities after initial compaction kic (m2) and after 

shearing kas (m2), the Equations are as follows: 
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where q is the flow rate (cm3/min) of the pore fluid, μ is the viscosity of the pore fluid, L is the length 

of the water flow (m), DP is the difference in pressure after initial compaction (Pa), and A is  

the cross-sectional area of the specimen (m2). The length of the water flow L1, which is related to  

the shear zone thickness (m), was determined in each experiment from FE-SEM observations,  

as discussed in Section 3.2. The length of the water flow L2, which is the non-shear zone in the specimen 

after shearing without any change in permeability, is of unchanging permeability before shearing (m). 

Furthermore, the length of the water flow L2 is obtained as the difference between the specimen and 

shear zone heights after the shear test. DP1 and DP2 are the different pressures (Pa) after shearing for 

the whole specimen and at the non-shear zone of the specimen, respectively. kic is the permeability 

measured after initial compaction (m2). 

Table 1. Permeability and porosity after initial compaction and after shearing in  

sand samples. 

Effective Normal 
Stress during 

Shearing (MPa) 

Permeability (m2) Porosity (%) Specimen Height (mm) 

Initial 
Compaction 

After 
Shearing 

Initial 
Compaction 

After 
Shearing 

Initial 
Compaction 

After 
Shearing 

σ′n kic kas ϕic ϕas Hic Has 

Toyoura 

0.5 1.80 × 10−13 7.21 × 10−16 44.8 43.6 23.7 21.7 
1.0 2.55 × 10−13 3.83 × 10−16 44.4 42.2 22.4 19.8 
2.0 3.64 × 10−13 1.70 × 10−16 42.8 38.7 22.3 19.3 
3.0 5.06 × 10−13 1.92 × 10−17 42.9 31.4 21.5 18.5 
5.0 3.42 × 10−13 6.15 × 10−18 40.6 31.4 21.6 17.6 
8.0 4.74 × 10−14 5.31 × 10−18 39.7 31.6 23.3 19.5 

Silica sand No. 7 

0.5 3.51 × 10−13 7.38 × 10−16 46.2 43.7 21.1 20.2 
1.0 3.88 × 10−13 5.19 × 10−17 46.5 41.5 21.3 19.4 
2.0 2.83 × 10−13 1.42 × 10−17 44.8 34.1 22.9 19.2 
3.0 4.10 × 10−13 2.02 × 10−17 43.5 31.8 22.4 18.5 
5.0 1.82 × 10−13 7.73 × 10−18 42.9 30.4 22.0 18.0 
8.0 5.71 × 10−14 6.89 × 10−18 40.5 30.8 21.2 18.2 
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Figure 5 shows the variation in permeability k (Figure 5a) and porosity ϕ  (Figure 5b) after  

large-displacement ring-shearing and initial compaction plotted as functions of the effective normal 

stress σ′n for both sand samples. The average permeability and porosity before initial compaction  

were approximately 10−13 m2 and approximately 46%–47% in the both sands (Table 1 and Figure 5).  

The lowest permeability values in the experiments were approximately 10−18 m2 after ring-shearing at 

the high effective normal stresses of 5.0 and 8.0 MPa. In contrast, a lower permeability of 10−16 m2 was 

obtained at the low effective normal stress of 0.5 MPa. At midrange effective normal stresses of 1.0, 

2.0, and 3.0 MPa, the permeability values after shearing ranged from 10−16 to 10−17 m2. The permeability 

after shearing was lower than that after initial compaction by a maximum of five orders of magnitude 

at high effective normal stresses. However, the difference between the permeabilities before and after 

shearing was not negligible at low effective normal stresses. For both sands, the stress dependency of 

the change in permeability after shearing is clearly visible within the tested effective normal stress. 

The decrease in the permeabilities of both sands after shearing with increasing effective normal stress 

changed from sharp to gradual. However, the difference in the stress dependency behaviors of  

the two sands was evident at effective normal stresses below 3.0 MPa (Figure 5a). The permeability 

after the shearing of silica sand No. 7 was lower than that of Toyoura sand by a maximum of one order 

of magnitude. The porosity after shearing at effective normal stresses in the range of 3.0–8.0 MPa was 

less than approximately 35%, whereas its value at effective normal stresses of 0.5 and 1.0 MPa, 

respectively, was greater than approximately 40%. The porosity after shearing of Toyoura sand and 

silica sand No. 7 sharply decreased with increasing effective normal stresses up to 3.0 and 2.0 MPa, 

respectively. With increasing effective normal stress up to 3.0 MPa, the reduction in the porosity after 

the shearing of Toyoura sand was more gradual than that of silica sand No. 7. However, with further 

increases in effective normal stress, the porosity of both sands gradually reduced. The abrupt changes 

in permeability at 2.0 and 3.0 MPa for the two sands are causally related to the sharp decrease in 

porosity at 2.0 and 3.0 MPa. The porosity reduction mainly reflects the formation of the shear zone 

structure because of large-displacement shear under effective normal stress. Figure 5 indicates that  

the permeability and porosity for the tested sand samples were considerably reduced at 2.0 or 3.0 MPa.  

In contrast, the permeability after initial compaction of both samples decreased with increasing effective 

normal stress, and differences between the behaviors of the samples were unclear. Furthermore, 

although the results of particle shape and grain size distribution in both sands showed that their 

properties are similar (Figures 1 and 2), different permeabilities after shearing were observed at  

the moderate effective normal stresses of 1.0 and 2.0 MPa. Therefore, the properties of the difference 

between the sand samples were reported in the results of X-ray diffraction analysis (Figure 3).  

The peak of feldspar, which is clear despite reflecting a minor amount, was visible for silica sand  

No. 7. The existing literature has reported that the permeability of granitic soil samples that contain 

feldspar after ring-shearing is relatively lower, and particle breakage in such samples is comparatively 

higher than that in quartz samples at 0.5 MPa [15] and is in the range of 25–100 MPa [13]. 
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Figure 5. Variation in (a) permeability and (b) porosity with respect to effective normal 

stress for Toyoura sand (open symbols) and silica sand No. 7 (solid symbols). Numbers in 

parentheses indicate the correlations listed in Table 2. 

Data points were considered to form two distinct groups, and regressions were performed.  

The correlations between the permeability after shearing and the effective normal stress during 

shearing can be expressed by exponential relationships with boundaries at effective normal stresses of 

2.0 or 3.0 MPa, depending on sand type. The Correlations are given in Table 2, and numbers in 

parentheses in Figure 5 correspond to the numbers of these correlations. In Figure 5 and Table 2,  

the corresponding correlations for Toyoura sand and silica sand No. 7 can be found in Correlations (1), 

(2), (5), (7), (8), and (11) and Correlations (3), (4), (6), (9), (10), and (12), respectively. Figure 5a and 

Table 2 show the relationship between the permeability and effective normal stress. The statistical fits 

r of Correlations (1) and (2) to the permeability after shearing of Toyoura sand were 0.976 and 0.861 

for effective normal stresses lesser and greater than 3.0 MPa, respectively. The boundary between 

Correlations (1) and (2) is defined by the effective normal stress of 3.0 MPa. In contrast, for silica sand 

No. 7, the statistical fits r of Correlations (3) and (4) to the permeability after shearing were 0.926 and 

0.832 for effective normal stresses lesser and greater than 2.0 MPa, respectively. The regressions for 
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permeability after initial compaction throughout the tested effective normal stresses for Toyoura sand 

and silica sand No. 7 are presented in Correlations (5) and (6) and have fits of r = 0.825 and r = 0.921, 

respectively. Figure 5b and Table 2 exhibit the relationship between the porosity and effective normal 

stress. The statistical fits r of Correlations (7) and (8) to the porosity after shearing of Toyoura sand 

were 0.969 and 0.993 for effective normal stresses lesser and greater than 3.0 MPa, respectively.  

The statistical fits r of Correlations (9) and (10) to the porosity after shearing of silica sand No. 7 were 

0.991 and 0.758 for effective normal stresses lesser and greater than 2.0 MPa, respectively.  

Each regression presenting the porosity after initial compaction as a function of effective normal 

stresses for Toyoura sand and silica sand No. 7 was exhibited in Correlations (11) and (12) with  

r = 0.967 and r = 0.981, respectively. 

Table 2. Correlations and statistical fits obtained from various correlations in Figure 5. 

No. Correlations 
Statistical Fit Sample * 

Remarks 
r T or No. 7 

1 kas = 2.0 × 10−15 × exp (−1.3915 × σ′n) 0.976 T kas, σ′n < 3.0 MPa 
2 kas = 3.0 × 10−17 × exp (−0.2408 × σ′n) 0.861 T kas, σ′n > 3.0 MPa 
3 kas = 1.0 × 10−15 × exp (−2.4430 × σ′n) 0.926 No. 7 kas, σ′n < 2.0 MPa 
4 kas = 2.0 × 10−17 × exp (−0.1602 × σ′n) 0.832 No. 7 kas, σ′n > 2.0 MPa 
5 kic = 2.0 × 10−13 × exp (−0.0839 × σ′n) 0.825 T kic, σ′n = 0.5–8.0 MPa 
6 kic = 5.0 × 10−13 × exp (−0.2450 × σ′n) 0.921 No. 7 kic, σ′n = 0.5–8.0 MPa 
7 ϕas = 47.7362 × exp (−0.1297 × σ′n) 0.969 T ϕas, σ′n < 3.0 MPa 
8 ϕas = 31.2473 × exp (0.0012 × σ′n) 0.993 T ϕas, σ′n > 3.0 MPa 
9 ϕas = 48.2113 × exp (−0.1696 × σ′n) 0.991 No. 7 ϕas, σ′n < 2.0 MPa 

10 ϕas = 33.9440 × exp (−0.0149 × σ′n) 0.758 No. 7 ϕas, σ′n > 2.0 MPa 
11 ϕic = 44.9012 × exp (−0.0168 × σ′n) 0.967 T ϕic, σ′n = 0.5–8.0 MPa 
12 ϕic = 46.6999 × exp (−0.0181 × σ′n) 0.981 No. 7 ϕic, σ′n = 0.5–8.0 MPa 

* T: Toyoura sand, No. 7: Silica sand No. 7. 

3.2. Microstructure and Grain Size Distribution of Shear Zones 

To investigate the microstructure of the shear zones in the specimens after ring-shearing under each 

effective normal stress, an imaging method (FE-SEM) was used to observe the microstructures around 

the shear zone. Figures 6 and 7 show the FE-SEM images of the shear zones for halved samples within 

the selected effective normal stress range. The local changes in the conditions of the shear zones were 

observed in the collected samples. The shear zone thickness was determined by the microstructure in 

each sheared sample and was considered to be causally related to the permeability reduction after 

shearing for all tested values of effective normal stress. The shear zone thickness was 0.5–3.0 mm 

(Figures 6 and 7). The shear zone thickness varied with effective normal stress. Furthermore,  

the morphology within the shear zone varied with effective normal stress during shearing. Grain size 

reduction and compaction in the shear zone due to grain crushing were observed more clearly with 

increasing effective normal stress. Grain crushing in both samples was apparent at the high effective  

normal stresses of 5.0 and 8.0 MPa. Furthermore, the principal shear plane in the shear zone at 8.0 MPa, 

which was horizontal, could be discerned in both sands. The grain sizes at effective normal stresses of 

1.0 and 2.0 MPa were moderately reduced. Slight particle breakage and a thin shear zone layer were 
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seen even at an effective normal stress of 0.5 MPa. Permeability reduction after shearing is because of 

the shear zone. In contrast, the shear zone thicknesses in both sands increased with increasing effective 

normal stress (Figures 6 and 7). Although Fukuoka et al. [41] showed that the shear zone thickness 

could change in the sample, its ring-shear box apparatus has an outer diameter and an inner diameter of 

350 mm and 270 mm, respectively. Furthermore, the maximum shear rate is 300 cm/s. Our apparatus 

is relatively smaller than that of the previous apparatus and the shear rate used low range. Therefore,  

in our study, the change of shear zone thickness in the specimen could not be clearly observed.  

The shear zones of the samples after ring shearing were collected as quadrangular prisms and were 

separated for a more detailed investigation of the role of grain size reduction in the formation of shear 

zones under each effective normal stress. 

 

Figure 6. Cont. 
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Figure 6. FE-SEM images of shear zones and non-shear zones for Toyoura sand at each 

effective normal stress. Continued for Toyoura sand at (a) 0.5 MPa; (b) 1.0 MPa;  

(c) 2.0 MPa; (d) 3.0 MPa; (e) 5.0 MPa; and (f) 8.0 MPa. 

Figure 8 shows the results of the grain size distribution analysis of the shear zone samples.  

The frequency peak was reduced for effective normal stress values greater than 2.0 MPa, although this 

reduction was not clearly observed for stresses up to 1.0 MPa. The grain size reduction is particularly 

obvious under effective normal stresses of 5.0 and 8.0 MPa. For silica sand No. 7, the fine fraction 

frequency was slightly higher at higher effective normal stresses. For Toyoura sand, the frequency 

peaks at effective normal stresses of 0.5 and 1.0 MPa were higher than that of the original sample  

(no shearing). This reflects that coarse particles are slightly broken by shearing at lower effective 

normal stresses. 
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Figure 7. FE-SEM images of shear zones and non-shear zones for silica sand No. 7 at each 

effective normal stress. Continued for silica sand No. 7 at (a) 0.5 MPa; (b) 1.0 MPa;  

(c) 2.0 MPa; (d) 3.0 MPa; (e) 5.0 MPa; and (f) 8.0 MPa. 

 

Figure 8. Grain size frequency distribution curves for the shear zones of (a) Toyoura sand 

and (b) silica sand No. 7 samples. 

Table 3 gives the grain size distribution, median diameter D50, and sorting So of the shear zone 

samples for each sample and each effective normal stress value. D50 of the shear zone samples for 

Toyoura sand and silica sand No. 7 varied in the range of 8.8–225.8 µm and 4.8–194.2 µm, respectively. 

The D50 values of the shear zone samples at effective normal stresses of 5.0 and 8.0 MPa are 

significantly smaller than the values at other effective normal stresses. D50 of the shear zones 

drastically decreased as the effective normal stress increased from 3.0 to 5.0 MPa, although D50 

gradually decreased with increasing effective normal stress up to 3.0 MPa. The So of the shear zone 

samples for Toyoura sand and silica sand No. 7 varied in the range of 0.31–3.03 and 0.42–2.81, 

respectively. Thus, both sand samples rapidly increased with increasing effective normal stress up to 

an effective normal stress of 3.0 MPa. The So values of the two sands at an effective normal stress of 
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2.0 MPa substantially differed from each other. Although So for Toyoura sand at effective normal 

stress values greater than 3.0 MPa indicates that the sand is very poorly sorted, according to Folk and 

Ward [42], its values at stresses lower than 2.0 MPa are moderately well sorted. For silica sand No. 7, 

So at effective normal stresses of 0.5, 1.0, and 2.0 MPa, and greater than 3.0 MPa, are classified as well 

sorted, moderately sorted, poorly sorted, and very poorly sorted, respectively. The sorting after 

shearing for both sands tended to be poor at higher effective normal stresses. The change in the grain 

size distribution with varying effective normal stress is apparent. The sand size fraction decreased, and 

the clay and silt size fractions increased with increasing effective normal stress. The sand, silt, and clay 

size fractions for Toyoura sand were in the ranges of 100.0%–32.0%, 0.0%–30.3%, and 0.0%–37.7%, 

respectively. For silica sand No. 7, the sand, silt, and clay size fractions were in the ranges of  

100.0%–9.4%, 0.0%–52.5% and 0.0%–45.7%, respectively. The sand size fraction of the Toyoura sand 

clearly decreased with increasing effective normal stress of 2.0–5.0 MPa, whereas the sand value for 

the silica sand No. 7 decreased with increasing effective normal stress of 1.0–5.0 MPa. The grain size 

reduction of the silica sand No. 7 was more apparent than that of the Toyoura sand. The results for 

each sand sample are in agreement with the shear zone microstructures observed using FE-SEM 

(Figures 6 and 7). Fragmentation of feldspar at low temperature is facilitated by cleavage fracturing, 

which in this case probably produces a larger fraction of finer particles (Figure 8). This would in turn 

affect permeability. 

Table 3. Grain size distribution, median, and sorting in shear zones of specimen after ring-shearing. 

Effective Normal Stress 
during Shearing 

Grain Size Distribution (%) Median Sorting 

Clay Silt Sand D50 
SO 

σ′n (MPa) Sub-3.9-µm 3.9–62.5 (µm) 62.5–2000 (µm) (µm) 

Toyoura 

Original 0.0 0.0 100.0 231.7 0.37 
0.5 0.0 0.0 100.0 225.8 0.31 
1.0 0.0 0.0 100.0 219.5 0.35 
2.0 3.2 3.6 93.2 211.7 0.71 
3.0 13.2 10.2 76.6 184.2 2.49 
5.0 33.4 25.0 41.6 18.1 3.03 
8.0 37.7 30.3 32.0 8.8 2.96 

Silica sand No. 7 

Original 0.0 0.0 100.0 215.7 0.42 
0.5 0.0 2.0 98.0 194.2 0.49 
1.0 1.0 5.9 93.1 192.1 0.75 
2.0 9.3 12.8 77.9 166.4 1.99 
3.0 18.1 15.0 66.9 149.2 2.76 
5.0 45.7 35.2 19.1 4.8 2.81 
8.0 38.1 52.5 9.4 7.0 2.28 

Figure 9 shows the grain size distribution of the shear zones for each effective normal stress plotted 

on a triangular diagram for the classification sediment types developed by Shepard [43]. To propose 

the possible areas for gas hydrate reservoirs, it is important to consider seal layers with lithological 

features of hydrate-bearing sediments and geological structures (e.g., faults). The shear zone samples 
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for Toyoura sand at effective normal stresses of 5.0 and 8.0 MPa were classified as sand silt-clay, 

while the others were sand. The shear zone samples for silica sand No. 7 at effective normal stresses of 

3.0, 5.0, and 8.0 MPa were classified as clayey sand, silty clay, and clayey silt, respectively. Methane 

hydrate–bearing layer samples in the eastern Nankai Trough area were classified as sand, silty sand, 

sandy silt, and clayey silt by Ito and Minagawa [39], Ito et al. [44] using the Shepard [43] triangle 

diagram. Hemipelagic mud classified as clayey silt acted as a sealing layer in gas production from  

the methane hydrate–bearing layer. These results indicate that although the shear zone samples at 

moderate effective normal stresses of 2.0 and 3.0 MPa are classified as sand, the fault zone formed at 

moderate effective normal stresses can be assumed to be a sealing (low-permeability) layer as well as 

the fault zone formed at higher effective normal stresses. Furthermore, to develop the exploitation of 

the production method for a long-term, safe, and stable production, relationships between lithological 

features of sediments and experimental fault properties is needed to be revealed on the basis of  

more tests. 

 

Figure 9. Classification of shear zone sample after ring-shearing using the triangle diagram 

developed by Shepard [43]. 

3.3. Effect of Grain Size Reduction of Shear Zone on Permeability/Porosity Reduction 

Figure 10 shows the permeability and porosity as functions of the median and sand size fraction for 

each effective normal stress. The relationships can be presented significantly. The statistical fits r of 

the correlations given in Table 4 to the permeability and porosity of Toyoura sand were in the range of 

0.985–0.998 (Correlations (13), (14), (21) and (22)) and 0.761–0.995 (Correlations (17), (18), (24) and 

(25)), respectively. The fits of the correlations to the permeability and porosity of silica sand No. 7 

were in the range of 0.795–0.928 (Correlations (15), (16), (23) and (24)) and 0.867–0.999  

(Correlations (19), (20), (27) and (28)), respectively. Although relationships obtained in  

Figures 5 and 10 and Tables 2 and 4 are expected to be an estimation method of fault permeability and 

preliminary simulations of natural gas production, it is necessary to further investigate soils with 

different mineralogical features for statistically reliable relationships in a future study.  

The permeability and porosity decreased with decreasing D50 and sand size fractions. Considering  
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the relationship between permeability, porosity, and effective normal stress (Figure 5), the boundaries 

in Figure 10 can be defined by separating the two phases. The permeability and porosity decreased 

from approximately 10−16 to 10−17 m2 and approximately 43% to 31%, respectively, within a relatively 

narrow range of D50 and sand size fraction values. The permeability and porosity outside that D50 and 

sand size fraction range gradually decreased from approximately 10−17 to 10−18 m2 and approximately 

30% to 31%, respectively. As shown in Figure 10, the controlling grain size distribution factors for 

permeability and porosity reduction quickly shifted from non-sealing to sealing behavior at D50 values 

of approximately 180 and 160 µm for Toyoura sand and silica sand No. 7, respectively. Furthermore, 

the permeability and porosity of both sand samples drastically decreased with decreasing sand size 

fractions in the range of approximately 80%–100% and gradually decreased as sand size fractions 

decreased from 80% downwards. For Toyoura sand and silica sand No. 7, the behavior of D50 and  

the sand size fractions with respect to permeability and porosity after ring-shearing significantly 

changed at effective normal stresses of 3.0 and 2.0 MPa, respectively. These features show that  

the porosity decreases with decreasing grain size and increasing effective normal stress during shearing 

for decreasing permeability, because grain crushing does not occur during the initial compaction of  

the sand (Figures 6 and 7). This indicates that the shear zone formation, due to the increase in finer 

grains and porosity reduction, is a controlling factor for fault permeability reduction in sands with 

different mineral compositions. These results are significant for any reservoirs that contain fractures, 

which would be expected in a subduction zone environment, and even more generally for fluid flow. 

As an implication subject for safety and for rationally extracting natural gas from gas hydrate 

reservoirs, to effectively explain the microstructural processes behind the shear displacement of change 

and to evaluate networks of small displacements at shallow depths in gas hydrate reservoirs,  

the relationship between porosity/permeability and shear displacement for various applied effective 

normal stress needs to be investigated in a future study. 

Table 4. Correlations and statistical fits obtained from various correlations in Figure 10. 

No. Correlations 
Statistical Fit Sample * 

Remarks 
r T or No. 7 

13 kas = 2.0 × 10−24 × exp (0.0862 × D50) 0.998 T kas, D50 > 184.2 µm 
14 kas = 5.0 × 10−18 × exp (0.00071 × D50) 0.998 T kas, D50 < 184.2 µm 
15 kas = 2.0 × 10−25 × exp (0.1033 × D50) 0.795 No. 7 kas, D50 > 166.4 µm 
16 kas = 7.0 × 10−18 × exp (0.0054 × D50) 0.928 No. 7 kas, D50 < 166.4 µm 
17 ϕas = 0.2978 × D50 − 23.6646 0.995 T ϕas, D50 > 184.2 µm 
18 ϕas = −0.0008 × D50 + 31.5057 0.761 T ϕas, D50 < 184.2 µm 
19 ϕas = 0.3204 × D50 − 19.2591 0.988 No. 7 ϕas, D50 > 166.4 µm 
20 ϕas = 0.0166 × D50 + 30.4121 0.867 No. 7 ϕas, D50 < 166.4 µm 
21 kas = 4.0 × 10−22 × exp (0.1411 × Sand) 0.985 T kas, Sand > 76.6% 
22 kas = 2.0 × 10−18 × exp (0.0298 × Sand) 0.995 T kas, Sand < 76.6% 
23 kas = 2.0 × 10−23 × exp (0.1701 × Sand) 0.885 No. 7 kas, Sand > 77.9% 
24 kas = 6.0 × 10−18 × exp (0.0136 × Sand) 0.913 No. 7 kas, Sand < 77.9% 
25 ϕas = 0.4921 × Sand − 6.5634 0.991 T ϕas, Sand > 76.6% 
26 ϕas = −0.0036 × Sand + 31.6309 0.854 T ϕas, Sand < 76.6% 
27 ϕas = 0.4793 × Sand − 3.2028 0.999 No. 7 ϕas, Sand > 77.9% 
28 ϕas = 0.0431 × Sand + 29.9039 0.873 No. 7 ϕas, Sand < 77.9% 

* T: Toyoura sand, No. 7: Silica sand No. 7. 
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Figure 10. Permeability (centre line symbols) and porosity (solid symbols) plotted against 

median grain size and sand size fraction of shear zone samples of Toyoura sand  

(black symbols) and silica sand No. 7 (blue symbols). Numbers in parentheses indicate  

the correlations listed in Table 4. 

4. Conclusions 

This study reported an analysis of the fault-normal permeability of sands with different mineral 

compositions using a ring-shear apparatus for the evaluation of faults around gas hydrate reservoirs. 

Although Toyoura sand and silica sand No. 7 are mainly composed of quartz, silica sand No. 7 

contained small amounts of feldspar. The effect of the effective normal stress on the permeability was 

investigated in these two sands under constant effective normal stresses in the range of 0.5–8.0 MPa. 

For Toyoura sand, the permeability after ring-shearing substantially decreased with increasing 

effective normal stress up to 3.0 MPa and then gradually decreased for increasing effective normal 

stress greater than 3.0 MPa. In contrast, the permeability after the ring-shearing of silica sand No. 7 

drastically decreased for increasing effective normal stress up to 2.0 MPa. Although the relationships 

between the permeability after ring-shearing and the effective normal stress could be expressed by  
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an exponential equation up to 3.0 MPa, a more gradual change in the slope was shown for Toyoura 

sand than silica sand No. 7. The permeability of both sands was almost the same for effective normal 

stresses greater than 3.0 MPa. 

The stress dependencies of the permeability and porosity before and after ring-shearing were clearly 

observed. The microstructure identified using FE-SEM showed a reduction in the grain size and porosity 

at the shear zone. The shear zone thickness increased with increasing effective normal stress. The grain 

size distribution, which was investigated using laser diffraction, demonstrated significant grain 

crushing in the shear zone for both sand samples. It also clarified the relationship between the fault 

permeability, porosity, and grain size distribution. The finer fractions increased with increasing 

effective normal stress. The reduction in porosity with grain size reduction caused by particle breakage 

during shear zone formation at each effective normal stress may explain the permeability reduction.  

To understand the differences in the permeabilities of the two sands up to 3.0 MPa, the mineralogical 

properties of the small amount of feldspar composition in the sand sample indicate that both  

the mineralogy and the original grain size distribution affect the fault permeability and shear  

zone formation. 
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