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Abstract

:

The permeability characteristics of natural fracture systems are crucial to the production potential of shale gas wells. To investigate the permeability behavior of a regional fault that is located within the Wufeng Formation, China, the gas permeability of shale samples with natural micro-fractures was measured at different confining pressures and complemented with helium pycnometry for porosity, computed micro-tomographic (µCT) imaging, and a comparison with well testing data. The cores originated from a shale gas well (HD-1) drilled at the Huayingshan anticline in the eastern Sichuan Basin. The measured Klinkenberg permeabilities are in the range between 0.059 and 5.9 mD, which roughly agrees with the permeability of the regional fault (0.96 mD) as estimated from well HD-1 productivity data. An extrapolation of the measured permeability to reservoir pressures in combination with the µCT images shows that the stress sensitivity of the permeability is closely correlated to the micro-fracture distribution and orientation. Here, the permeability of the samples in which the micro-fractures are predominantly oriented along the flow direction is the least stress sensitive. This implies that tectonic zones with a large fluid potential gradient can define favorable areas for shale gas exploitation, potentially even without requirements for hydraulic fracture treatments.
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1. Introduction


Shale formations are expected to provide a large amount of potential for the current and future energy supply. Shale permeability is commonly less than 0.1 mD [1,2,3], which normally requires hydraulic fracturing to achieve economic shale gas production by creating fracture networks [4]. Fractures often dominate or at least favor fluid flow in the subsurface [5]. Fracture permeability in shale is not only crucial to understanding the production of hydrocarbons during their exploitation [6], but is also beneficial for understanding hydrocarbon migration in shale strata and the enrichment of shale gas [6]. Macro-fractures have been widely studied previously to gain insight into their transport properties under different pressure conditions [7,8,9,10]. Most of the laboratory investigations, however, were based on artificially generated fractures [2,6,11]. Shale is a type of fracture-prone rock [12], in which natural micro-fractures may exist due to tectonic stress or diagenesis [13]. Such micro-fractures in or connected to a fault may play an important role in shale gas enrichment and exploitation because they constitute the pathways along which adsorbed gases migrate [4,14]. Most previous studies were focused on natural micro-fractures distributed randomly within shale strata [15]. As shales often show a large amount of hydraulic anisotropy at the microscale [16], a correlation between the rock microstructure and its flow properties needs to be elucidated. Laboratory-derived permeability is commonly lower than that found in the field, which requires fractures acting as flow conduits to be postulated [17]. Additionally, there is no general agreement on whether and where natural fractures independently contribute to shale gas production [12].



Within the past six years, it was found that a regional fault in the Wufeng Formation is stable over the Middle–Upper Yangtze (MUY) [18]. The regional fault in this formation is commonly observed in the laminar siliceous shale section (LSS) at both the core and the limbs of the folds in the MUY. It is mainly composed of a damage or fracture zone that is commonly parallel to the strata and stable over an entire outcrop with a thickness of 0.3–1.5 m (Figure 1A), which is obviously different from local faults (e.g., in the Longmaxi Formation). Both on the upper and lower plane, the fracture zone is in abrupt contact with normal strata, which also is obviously different from common faults and fractures in shale strata (Figure 1A). The fracture zone in this slip layer is mainly composed of fault breccia and fault gouge and, according to the cleavage in the fault gouge, was formed by shear stress. The fabric of the fracture zone is very complex and differs locally. In general, this layer is mainly composed of fault gouge at the limb of the fold, in which the LSS is mainly composed of calcareous siliceous shale. In contrast, at the core of the fold, the fracture zone is composed of fault breccia and disengaged shale layers intersected by vertical fractures and interlayered with other disengaged layers in which the LSS is mainly composed of siliceous shale.



This regional fault likely acts as a hydrocarbon migration pathway in the shale gas target layer (i.e., the Wufeng–Longmaxi Formation). In this formation, well HD-1 was drilled into the core of the Huayingshan anticline located in the eastern Sichuan Basin, China [18]. The natural shale gas flow in well HD-1 yields a daily production of more than 3 × 103 m3 and its payback period is shorter than that in ordinary shale gas wells with previous hydraulic fracture treatments [19]. This indicates that shale gas in China has the potential to be exploited without hydraulic fracturing, which, to date, has constituted a bottleneck for the shale gas industry worldwide in terms of pollution [20], investments [21], and the possibility of induced seismicity [22]. The permeability of intact shale in the Wufeng Formation is commonly less than 0.01 mD [18] and thus negligible, whereas it amounts to as much as 217 mD when the shale is fractured [23]. Hence, the permeability of natural fractures in shale is crucial to evaluating the economic potential of shale gas exploitation without the requirement of hydraulic fracture treatments. In this work, the permeability of naturally fractured core samples from well HD-1 was investigated to understand the permeability characteristics and the shale gas migration ability of the associated regional fault.




2. Materials and Sample Preparation


All shale samples used in this study originated from cores recovered from well HD-1 (Figure 1B) at a depth between 1312 and 1333 m. They relate either to the largest total gas content (BTGC) layer (Samples 4, 20, and 26) or to the main production (MP) layer (all other shale samples). The shale cores are composed of quartz, feldspar, calcite, pyrite, and clay at variable contents, as specified in [18]. Cores from the MP layer are dominated by quartz in the range of 85.0 wt% to 89.6 wt%. Veins filled with precipitated minerals can be observed in the cores, indicating that the micro-fractures have developed in the reservoir and constitute migration pathways for fluid flow on geological time scales [24]. Sample 8 is a porous sandstone sample without fractures, which was used for reference and comparison purposes, particularly related to the pressure dependence of permeability in the naturally micro-fractured shale samples. This Rotliegend sample originated from a quarry near Flechtingen, Germany and contains 59 wt% quartz, 8 wt% feldspar, 6 wt% illite, 5 wt% rock fragments, and approximately 20 wt% cement [25,26].



Considering that regional faults are commonly parallel to the strata, the samples were drilled perpendicular to the original direction of the cores using liquid nitrogen. The well is nearly vertical at the site and, thus, the samples are oriented sub-horizontally, i.e., in parallel, to the reservoir section. Larger pre-existing fractures through the original core section were not sampled to minimize the risk of sample decomposition. Instead, samples were taken on apparently intact pieces containing fractures at the micro to the sample scale. All samples were prepared in a cylindrical shape with a diameter of 30 mm and a length of 40 mm and protected with a Fluorinated Ethylene Propylene (FEP) heat shrink tube (Figure 1B).




3. Experimental and Analytical Procedures


3.1. Porosity and Permeability


Before the porosity measurements, all samples were kept in a vacuum drying oven at 60 °C for four days to minimize the residual water content, which, however, was unknown. The porosity of the samples was then determined with a helium pycnometer (Micromeritics AccuPyc 1330). The shale samples were measured with the jackets and the bulk volume was corrected accordingly. The porosity can be calculated from the measured solid volume (effective) (Table 1).



Due to the content of clay minerals in shales, permeability measurements with shale are always performed with inert gases to avoid any potential fluid–rock interactions (e.g., clay swelling) [3,14,27,28,29,30]. Permeability was measured under hydrostatic pressure conditions with a gas permeameter (Figure 2). It should be noted that the confining pressure gas enters the slit between the fixed vessel parts and the plugs that hold the sample up to the smaller O-ring that disconnects the confining pressure from the pore pressure system. Consequently, a small area of the sample’s end faces is not fully pressurized and the pressure state is only approximately hydrostatic. Argon was used as both the confining pressure medium and the pore fluid. The temperature was held constant at 50 ± 1 °C to simulate the approximate thermal state in the reservoir. Flow was initiated by applying a constant fluid pressure upstream, keeping the downstream side of the sample at atmospheric pressure. The confining pressure was increased from 4 to 10 MPa in steps of 1 MPa. The choice of the highest confining pressure was motivated by technical limitations and not by the reservoir conditions found in situ. As outlined further below, an empirical extrapolation of the experimental data toward higher pressures was then performed. At each confining pressure level, the (absolute) upstream pore pressure was increased from 0.2 to about 1.3 MPa in 8 steps and the respective resulting flow rate was measured with flow meters downstream. As confining pressure is increased, permeability typically decreases as the cross-sectional area of the void space (i.e., pores and/or cracks) effective for flow is reduced. To evaluate hydrocarbon migration and trapping during the burial history, it is also valuable to measure permeability during the unloading sequence to investigate any possible departure from the respective starting value. Therefore, stepwise unloading was applied to Samples 2, 8, and 16 to investigate the reversibility of permeability changes.



The steady-state method for measuring permeability is based on a constant pressure gradient and the resulting constant gas flow rate. Gas permeability (kg) was calculated according to [31]:


   k g  =   2 µ L Q  A   (     P  down      P  up  2  −  P  down  2     )  ,  



(1)




where µ is the viscosity of argon at 50 °C (24.6 μPa·s), L is the specimen length, A is the cross-sectional area of the sample, Q is the measured flow rate, and Pup and Pdown are the respective (absolute) pore pressures at the upstream and downstream (i.e., atmospheric pressure; 0.1 MPa) ends of the specimen, respectively.



Intrinsic permeability is a measure of the mobility of a fluid within a porous material that is related solely to the pore geometry of the rock (e.g., porosity, pore shape, pore connectivity, and pore-size distribution) and is independent of the properties of the fluid. As is well known [31] and also evident from the present results, the permeability to gas of a porous medium decreases as the pore-pressure differential increases at all confining pressures. The gas pressure-dependent permeability mainly originates from gas slip on the solid pore walls. This phenomenon is called the Klinkenberg effect [27,32,33]. The permeability to gas (i.e., argon) as a function of the inverse of the average pore pressure, 1/Pav, where Pav = (Pup + Pdown)/2, is often found to be a linear correlation and the (apparent or Klinkenberg) permeability of a rock to a liquid, e.g., water, k can be derived from:


   k g  = k  (  1 +  b   P  av      )  ,  



(2)




where b is the so-called Klinkenberg slip factor.



To assess any time influence of confining pressure on the permeability of the samples, Sample 19 was used as a reference. The confining pressure was first increased from 4 to 10 MPa as indicated above and was then kept constant for 24 h. During the first 10 h, the permeability was measured every hour and then again after 24 h. This showed that the permeability decreased by approximately 20% during the first hour but remained more or less constant afterwards (Figure 3), where the slight scattering of data points should relate to analytical uncertainty. Consequently, all samples underwent the same confining pressure sequence and, in particular, were held at 10 MPa for one hour before unloading. It should be noted that any such permeability–time relation will be stress dependent. Higher confining pressures than the ones applied here may yield different creep behavior from the fracture void space, resulting in different time spans to reach a steady state.




3.2. Microstructural Observations


To investigate the correlation between sample microstructure and measured permeability, X-ray computed micro-tomographic (µCT) scans were performed with all shale samples, and Samples 1, 2, and 16 (Figure 1B) were further evaluated as references for three distinct types of fracture microstructure. Sample 1 represents all samples with a low-angle fracture oblique in the cross-section but not connected to the top and bottom sample ends. Sample 2 represents those samples with a high-angle fracture connected to the sample’s top and bottom ends. Finally, Sample 16 represents all other samples with several but mostly isolated low-angle fractures as well as pores.



The µCT scans were performed with a laboratory CT system (GE Phoenix nanotom m 180) dedicated to analyzing small samples at a resolution of 20 µm. The samples were scanned over 360° at an exposure time of 120 ms for each step, yielding 1600 images. A 3D reconstruction of each shale sample was obtained using Avizo Fire 8.1. Subsequently, a quantitative analysis of the pore or micro-fracture lengths and widths was conducted on the rendered volumes in Avizo by assigning different grayscale values to the microstructural features of interest. The pore throat connectivity was qualitatively determined based on the grayscale values of different segmentations [34].





4. Results


4.1. Porosity


The porosity of the shale samples as measured by helium pycnometry is lower than 5%, ranging from 1.3% to 4.2% (Table 1). Although some fractures can be observed in the samples, the porosity is close to that in shale samples without fractures, such as in the BTGC layer, where the porosity ranges from 2.0% to 3.9% at a depth of 1313.8 m to 1321.5 m in well HD-1 [18]. In particular, even though some fractures and pores are apparent in Samples 2 and 16 (Figure 1B), these samples are very dense with porosities lower than 2.0%. The porosity of the sandstone sample (Sample 8) is 13.5% and thus evidently much higher than that of all shale samples.




4.2. Gas and Klinkenberg Permeabilities


The measured gas permeabilities of the shale samples ranged from 0.064 to 26.9 mD, as documented in Appendix A and shown in Figure 4. Sample 1 contains one diagonally oriented fracture through its entire length yielding the highest permeability of 26.9 mD at a confining pressure of 4 MPa. In contrast, Sample 16 has some pores on one end and some smaller fractures on its other end displaying the lowest measured permeability of 0.064 mD at a confining pressure of 10 MPa. Although some of the micro-fractures in the samples are partially filled by veins, the permeability of the samples with fractures is still higher than that of samples without fractures, such as those measured in the BTGC layer at a depth of 1313.8 m to 1321.5 m in well HD-1 [18].



The Klinkenberg (apparent liquid) permeability of the samples derived from the measured gas permeability and Equation (2) ranges between 0.059 and 5.9 mD (Appendix A), which is obviously lower than the corresponding gas permeability. In particular, the gas permeability is much higher than the corresponding Klinkenberg permeability under both low pore and confining pressure conditions. This indicates that the Klinkenberg effect is obvious in both the tested shale and sandstone samples, which implies that this effect should be considered when evaluating gas flow in shale strata.




4.3. Stress-Dependent Permeability


The laminar siliceous shales in the Wufeng Formation are characterized by a shear strength of 33.6–46.9 MPa, a compressive strength of 90.0–137.0 MPa, and a Young’s modulus of 17.9–35.0 GPa at confining pressures ranging from 0 to 25 MPa [35,36]. As the present tests were performed under comparatively low hydrostatic pressure conditions and also in the absence of deviatoric stresses, it is reasonable to assume that no additional cracks or fractures were formed in the rock samples during the experiments.



Although the pore microstructure of the rock is rather stable at lower pore and confining pressures, the micro-fracture apertures may be very sensitive to pressure changes. Hence, the stress sensitivity of the fractures dominates the stress-dependent permeability of the samples. The results show that the permeability of the micro-fractured shale samples decreases by at least 50% as the confining pressure is increased from 4 to 10 MPa (Figure 5; Table 2). In contrast, the permeability of the porous sandstone sample (Sample 8) containing no apparent sample scale fractures decreases by only 16% in the same confining pressure range. However, at lower confining pressures up to approximately 7 MPa the trend in the permeability decrease is similar to the one for the shale samples. This points to the existence of grain-scale microcracks in this rock that readily close at low confining pressures, after which the permeability decrease is controlled by the compression of the rounded pores. Any possible non-monotonic trend in the graphs in Figure 5 reflects analytical scattering.



To further investigate the confining pressure dependence of permeability on reservoir conditions, the sample-dependent data-based functional relationships between permeability and confining pressure were empirically extrapolated from 10 to 60 MPa using power functions (Figure 6; Table 2; Appendix B). Although the maximum lithostatic pressure at the site of well HD-1 is only approximately 35 MPa, the choice of a higher extrapolation pressure is motivated by the fact that the studied reservoir layer in the Wufeng Formation is stable over the Middle–Upper Yangtze and its burial history can extend to formation pressures as high as 60 MPa, such as those evidenced in well L203 in Luzhou City, Sichuan Province, China.



As a result, the sample permeability decreases by more than 80% when the confining pressure increases from 4 to 35 MPa. In particular, the pre-existing micro-fractures likely tend to close in Sample 3, where the permeability is predicted to decrease by 99%. However, the permeability of the sandstone sample (Sample 8) would only decrease by 36.3%, again indicating a high confining pressure sensitivity of the micro-fractured shale samples. When the confining pressure further increases from 35 to 60 MPa, the permeability would decrease by about another 0.6% to 7.0% relative to the permeability at a confining pressure of 4 MPa. Overall, this indicates a decrease in the pressure sensitivity of the permeability with an increase in the confining pressure, being very obvious at pressures below approximately 16 MPa.



In Appendix B, the data displayed in Figure 6 are plotted again on a log-log scale, yielding a linear dependency (Figure A1). In addition, the experimental data are shown in this figure, evidencing the reasonable quality of the correlations. Moreover, we tested whether power functions would fit the data better than exponential ones (e.g., [37,38]). This indeed proved to be the case for all but two samples, although it should be mentioned that the differences in the respective correlation coefficients (R2) are small.



It is evident that the accuracy of the extrapolated permeability values using power functions can only be evaluated by actually performing measurements. This was not possible in the present case. However, the correlation coefficient in the explored pressure range is larger than 0.9, which suggests that the extrapolated values are reasonable. Moreover, the permeability of the micro-fractured rock is controlled by the dominant fracture orientation relative to the stress field within the reservoir and the mechanical properties of the (usually stronger) upper and lower strata. Under hydrostatic stress conditions, as in the present experiments, the measured permeability values will likely be lower compared with the ones to be expected in situ.




4.4. Reversibility of Permeability upon Unloading


Sample 2 (Figure 7) represents a micro-fractured shale sample of comparatively high permeability. When the confining pressure is increased from 4 to 10 MPa, the permeability gradually decreases from 3.9 to 1.5 mD, i.e., by about 61%. Maintaining the confining pressure constant at 10 MPa for one hour (Section 3.1) yields no resolvable permeability change within the resolution limits. When the confining pressure is decreased from 10 to 4 MPa, the permeability is only recovered to approximately 50% of its starting value. Such hysteretic behavior has also been observed for other types of rock (e.g., crystalline rock [39]). The same trend, both qualitatively and quantitatively, also applies to Sample 16 (Figure 7), representing a micro-fractured shale sample of comparatively low permeability. The permeability hysteresis is less pronounced for the porous and unfractured sandstone sample (Sample 8; Figure 7), and the recovery deficit is only about 10%. Overall, this indicates partially irreversible permeability damage during loading–unloading sequences that can be rather substantial when micro-fractures are present in the rock as compared with a purely porous one.





5. Discussion


5.1. Stress Sensitivity of the Micro-Fractures


As was shown in Section 4.3, the stress sensitivity of permeability differs between samples. In Figure 8, µCT images of three selected samples are shown, i.e., Sample 1 (Figure 8A), Sample 2 (Figure 8B), and Sample 16 (Figure 8C). The fracture distribution and orientation in all other shale samples can be associated with one of the following three categories. Sample 1 (similarly, Sample 3) displays a diagonal fracture, which was found to be the most stress-sensitive fracture type. Here, a permeability decrease by 88% was observed as the confining pressure was increased from 4 to 10 MPa, indicating that at 10 MPa, this fracture likely was closed (Figure 8A). Although the permeability of Sample 2 at a confining pressure of 4 MPa was only about 66.5% of that of Sample 1, it was more than two times higher than that of Sample 1 at a confining pressure of 10 MPa. Thus, when the confining pressure was increased from 4 to 10 MPa, the permeability decrease was lower than 60% in Sample 2, which is characterized by a fracture that connects both sample ends and is oriented subparallel to its axis (Figure 8B). A similar fracture geometry can be found in Samples 4, 19, 20, and 26. In this type of fracture, an elevation of pore pressure may partly counterbalance the effect of confining pressure, reducing the overall stress sensitivity.



In some of the shale samples (i.e., Sample 16 (Figure 8C) and Sample 17), there are several micro-fractures, which, however, are only partly connected to the sample ends. The fluid flow here occurs along both fractures and connected pores between them. This sample microstructure constitutes an intermediate case in permeability stress sensitivity (Table 2), where connected micro-fractures tend to partly close as the confining pressure is increased.



It can be concluded that all fracture types found in the present shale samples are sensitive to changes in stress but to different degrees (Table 2). In the case where single fractures are roughly oriented along the flow direction, their stress sensitivity is the lowest. In contrast, when single fractures are oriented obliquely to the flow direction, their stress sensitivity is very pronounced. The reason for this may be that these fractures indeed connect the sample ends but only partly or weakly (Figure 8A), where increasing the confining pressure more readily cuts off the dominant flow path. An intermediate case of stress sensitivity exists where multiple micro-fractures of random orientation are connected to form flow paths.



When comparing the three microstructure categories with the empirical exponents in the power law functions listed in Appendix B, one notices a rough correlation. Sample 1-type specimens show exponents around 2.1, Sample 2-type ones have exponents around 0.9, and Sample 16-type specimens yield exponents of about 1.1. This implies that, despite the empiricism, the exponents may have some physical meaning regarding the microstructure–stress sensitivity correlations of the samples. Given the weak statistical significance of the number of samples, this will, however, require further emphasis in future studies.




5.2. Implications for Fractured Shale Formations


In outcrops of the Wufeng Formation, the damage or fracture zone is mainly composed of fault breccia and fault gouge (Figure 9A). Obviously, the fracture density in this zone is higher than in the adjacent layers, and, in contrast to the main fractures, the orientation of secondary fractures is rather random (Figure 9B). As mentioned before (Section 1), the fracture zone was formed by shear stress where the shear displacement decreases from the limb to the core of the fold. Fractures are mainly oriented obliquely with respect to the upper and lower layers in the limb of the fold, whereas their orientation is mainly perpendicular in the core of the fold. A few fractures and pores can also be observed in the fault breccia (Figure 9C), indicating that flow paths exist at multiple scales within the fracture zone, where calcareous and siliceous cements are indicative of previous water flow.



To evaluate potential differences between the present experimental results and the in situ reservoir properties, we derived the permeability k of the main production (MP) layer in well HD-1 based on its productivity using the empirical correlation [40]:


  k =    q  sc   T μ Z ln   0.472  r e     r w      774.6 h    (   P e 2  −  P  wf  2   )    ,  



(3)




where qsc is the volume of gas produced daily at the wellhead under the standard atmospheric pressure (m3/d), T is the absolute temperature of the production layer (K), k is the permeability of the stratum (10−3 μm2), μ is the viscosity of the gas (µPa·s), Pwf is the fluid pressure at the bottom of the well (MPa), Pe is the fluid pressure at the edge of the stratum (MPa), h is the thickness of the stratum (m), re is the drainage radius of the well (m), rw is the radius of the borehole (m), and Z is the natural gas deviation coefficient, where Z is 0.94 in the northeastern Sichuan Basin [40]. The gas deviation coefficient (also termed the compressibility factor) describes the deviation of a real gas from ideal gas behavior. It is defined as the ratio of the molar volume of a particular gas to the molar volume of an ideal gas at the same temperature and pressure.



As mentioned before, well HD-1 was drilled into the core of the Huayingshan anticline (Figure 10A). The well is 1386 m deep, and a conservative estimate of the daily gas production is 3 × 103 m3 (qsc = 3 × 103 m3/d [18,19]). The borehole diameter is 9.5 × 10−2 m (rw = 4.75 × 10−2 m). The production layer is located at a depth of 1331.8 m to 1333.0 m (h = 1.2 m). The temperature of the production layer is 34.2 °C (T = 307.35 K). The pressure coefficient is approximately 1.06 [18,19] within the fracture zone, yielding a Pwf = 14.1 MPa. The produced gas is mainly composed of methane. The viscosity of the methane, µ, under these conditions is 17.01 µPa·s. A conservative estimate of the drainage radius of well HD-1 is 500 m (re = 500 m). The dip angle of the stratum is approximately 60° (Figure 10B). The burial of the edge of the stratum is located about 433 m deeper than the bottom of the fracture layer. The pressure at the edge of the stratum (Pe), therefore, is approximately 18.4 MPa.



The permeability of the fracture layer was then calculated from Equation (3), yielding 0.96 mD, which is about two times the average permeability (0.47 mD) of the tested shale samples at a confining pressure of 14.1 MPa (Table 2). Interestingly, the estimated permeability of the fractured reservoir section is close to the predicted permeability of Sample 2 at a confining pressure of 14.1 MPa (Table 2), which may yield insights into the permeability characteristics of this fractured shale gas reservoir when extrapolated to greater depths. For example, at a confining pressure of 35 MPa, this would result in a permeability of the fracture zone of 0.46 mD, which still is much higher than that of unfractured shale strata [41]. According to the images of the core samples in Figure 1B, the single micro-fracture in Sample 2 (Figure 8B) is oriented sub-horizontally and perpendicular to the well direction. In combination with the observed weak stress sensitivity of this fracture type, the latter may define the favorable direction of gas migration in this fractured shale stratum. It should be noted that this evaluation is based on the steady-state inflow performance relationship (IPR; Equation (3)) for single-phase gas flow. This comes with a number of uncertainties and limitations, where the actual reservoir properties may violate the assumptions of this IPR. Particularly, this relates to the steady-state requirement for gas flow, the thickness of the pay zone, and the style of flow in a fractured reservoir.



As was mentioned before, the hydrodynamic pressure within the fracture zone is slightly higher than the hydrostatic pressure, yielding a pressure coefficient of 1.06 [18,19]. Overall, this indicates that the fracture zone not only has a comparatively high permeability, allowing for the effective transfer of fluid pressure, but also that the so-induced pore pressure increase may favorably counterbalance the negative effect of confining pressure on permeability to some degree (Section 5.1). In summary, fractured shale strata possessing a large fluid potential gradient, such as that found in the shoulder of anticlines, are promising locations for economic production of shale gas, probably even without the requirement of hydraulic fracture treatments.





6. Conclusions


Gas permeability measurements performed as a function of confining pressure on micro-fractured samples from shale gas well HD-1 drilled into the Wufeng Formation, China, yielded the following conclusions:




	
The porosity of the damage zone is similar to that of shale strata without fractures and in the range from 1.3% to 4.2%. There is no obvious correlation between the porosity and the permeability of the fractured shale;



	
The gas permeability, as measured, ranges between 0.064 and 26.9 mD and scales linearly with the inverse mean pore pressure, yielding the corresponding Klinkenberg permeabilities. The Klinkenberg permeabilities differ between samples, both regarding their absolute values and their confining pressure characteristics;



	
The permeability of all micro-fractured shale samples is very sensitive to stress (confining pressure) changes in comparison with a porous sandstone sample tested in addition. The measured decrease in permeability was found to be up to 88% in the pressure range between 4 and 10 MPa. The extent of this stress-dependent permeability reduction is closely correlated with the fracture distribution and orientation as evidenced by µCT imaging. Fractures oriented in the direction of the reservoir’s fluid potential gradient display the weakest stress sensitivity, yielding the highest permeability at the in situ pressure;



	
The permeability of the regional fault due to the drilling of well HD-1 is approximately 0.96 mD, as estimated from well productivity data. This roughly agrees with the average permeability of the shale samples tested in this study under elevated pressures and indicates that a micro-fractured reservoir exists at depth. Moreover, the permeability of the naturally micro-fractured shale is significantly higher than that of intact shales; and



	
The shoulder of anticlines with large fluid potential gradients thus can define favorable drilling targets for the economic exploitation of shale gas, probably even without the need for hydraulic fracture treatments. Here, the production rate and the payback period can certainly be improved by an appropriate choice of drilling technology and a defined exploitation strategy.
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Table A1. All permeability results with parameters as defined in the main text.






Table A1. All permeability results with parameters as defined in the main text.





	
Pc

	
4 MPa

	
5 MPa

	
6 MPa

	
7 MPa

	
8 MPa

	
9 MPa

	
10 MPa






	
S1

	
kg

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)

	
k (mD)

	
Pav (MPa)

	
b (MPa)




	
26.917

	
0.21

	

	
20.993

	
0.21

	

	
13.782

	
0.27

	

	
14.047

	
0.22

	

	
13.065

	
0.21

	

	
4.423

	
0.23

	

	
1.866

	
0.33

	




	
18.729

	
0.35

	

	
13.508

	
0.36

	

	
10.435

	
0.40

	

	
9.561

	
0.35

	

	
8.345

	
0.33

	

	
3.228

	
0.35

	

	
1.592

	
0.45

	




	
15.738

	
0.46

	

	
11.435

	
0.48

	

	
8.531

	
0.52

	

	
7.446

	
0.49

	

	
6.371

	
0.47

	

	
2.480

	
0.49

	

	
1.393

	
0.62

	




	
12.909

	
0.61

	

	
9.427

	
0.60

	

	
7.414

	
0.63

	

	
6.249

	
0.61

	

	
5.303

	
0.62

	

	
2.203

	
0.62

	

	
1.249

	
0.73

	




	
11.324

	
0.78

	

	
8.095

	
0.76

	

	
6.285

	
0.80

	

	
5.899

	
0.71

	

	
4.702

	
0.74

	

	
2.016

	
0.72

	

	
1.189

	
0.84

	




	
10.779

	
0.88

	

	
7.300

	
0.91

	

	
5.846

	
0.91

	

	
5.076

	
0.85

	

	
4.167

	
0.88

	

	
1.798

	
0.85

	

	
1.132

	
0.94

	




	
10.375

	
0.97

	

	
6.999

	
1.00

	

	
5.405

	
1.03

	

	
4.680

	
0.99

	

	
3.836

	
1.02

	

	
1.669

	
1.00

	

	
1.047

	
1.08

	




	
10.177

	
1.11

	

	
6.562

	
1.16

	

	
5.200

	
1.11

	

	
4.220

	
1.12

	

	
3.554

	
1.10

	

	
1.464

	
1.16

	

	
1.038

	
1.19

	




	
k

	
5.860

	
b

	
0.76

	
3.366

	
b

	
1.10

	
2.436

	
b

	
1.28

	
1.896

	
b

	
1.43

	
1.363

	
b

	
1.77

	
0.793

	
b

	
1.07

	
0.723

	
b

	
0.53




	
S2

	
kg

	
16.325

	
0.22

	

	
15.075

	
0.23

	

	
11.234

	
0.27

	

	
8.888

	
0.32

	

	
8.329

	
0.32

	

	
7.617

	
0.33

	

	
7.189

	
0.30

	




	
11.852

	
0.34

	

	
10.985

	
0.32

	

	
8.839

	
0.37

	

	
7.322

	
0.42

	

	
6.566

	
0.45

	

	
5.869

	
0.47

	

	
5.697

	
0.42

	




	
9.880

	
0.47

	

	
8.637

	
0.47

	

	
7.590

	
0.46

	

	
5.771

	
0.59

	

	
5.687

	
0.56

	

	
5.340

	
0.56

	

	
5.025

	
0.52

	




	
8.701

	
0.59

	

	
7.497

	
0.59

	

	
6.567

	
0.57

	

	
4.957

	
0.73

	

	
5.125

	
0.64

	

	
4.817

	
0.66

	

	
4.254

	
0.63

	




	
7.724

	
0.71

	

	
6.628

	
0.72

	

	
5.472

	
0.75

	

	
4.490

	
0.84

	

	
4.816

	
0.72

	

	
4.326

	
0.79

	

	
3.876

	
0.76

	




	
7.321

	
0.81

	

	
6.145

	
0.85

	

	
5.010

	
0.86

	

	
4.156

	
0.94

	

	
4.375

	
0.81

	

	
3.931

	
0.91

	

	
3.564

	
0.88

	




	
6.677

	
0.93

	

	
5.610

	
0.98

	

	
4.562

	
0.98

	

	
3.915

	
1.03

	

	
4.044

	
0.94

	

	
3.670

	
1.05

	

	
3.304

	
0.99

	




	
6.255

	
1.07

	

	
5.324

	
1.09

	

	
4.297

	
1.08

	

	
3.711

	
1.11

	

	
3.754

	
1.05

	

	
3.534

	
1.14

	

	
3.205

	
1.10

	




	
k

	
3.894

	
b

	
0.70

	
2.800

	
b

	
0.98

	
2.170

	
b

	
1.12

	
1.723

	
b

	
1.34

	
1.837

	
b

	
1.14

	
1.848

	
b

	
1.04

	
1.534

	
b

	
1.17




	
S16

	
kg

	
0.376

	
0.17

	

	
0.209

	
0.34

	

	
0.167

	
0.31

	

	
0.140

	
0.33

	

	
0.112

	
0.23

	

	
0.115

	
0.19

	

	
0.089

	
0.31

	




	
0.326

	
0.26

	

	
0.191

	
0.48

	

	
0.163

	
0.41

	

	
0.134

	
0.42

	

	
0.110

	
0.34

	

	
0.101

	
0.37

	

	
0.078

	
0.46

	




	
0.272

	
0.37

	

	
0.192

	
0.59

	

	
0.156

	
0.53

	

	
0.130

	
0.52

	

	
0.106

	
0.50

	

	
0.098

	
0.47

	

	
0.077

	
0.59

	




	
0.254

	
0.45

	

	
0.189

	
0.59

	

	
0.148

	
0.68

	

	
0.126

	
0.63

	

	
0.100

	
0.62

	

	
0.095

	
0.60

	

	
0.075

	
0.73

	




	
0.239

	
0.59

	

	
0.181

	
0.72

	

	
0.143

	
0.77

	

	
0.120

	
0.76

	

	
0.098

	
0.74

	

	
0.091

	
0.73

	

	
0.073

	
0.86

	




	
0.238

	
0.71

	

	
0.173

	
0.85

	

	
0.137

	
0.92

	

	
0.117

	
0.85

	

	
0.094

	
0.88

	

	
0.086

	
0.86

	

	
0.069

	
0.96

	




	
0.229

	
1.06

	

	
0.170

	
1.00

	

	
0.133

	
1.06

	

	
0.113

	
0.97

	

	
0.090

	
1.03

	

	
0.084

	
0.99

	

	
0.065

	
1.09

	




	
0.228

	
1.18

	

	
0.159

	
1.12

	

	
0.128

	
1.21

	

	
0.110

	
1.08

	

	
0.088

	
1.13

	

	
0.079

	
1.13

	

	
0.064

	
1.19

	




	
k

	
0.193

	
b

	
0.16

	
0.147

	
b

	
0.15

	
0.119

	
b

	
0.14

	
0.101

	
b

	
0.14

	
0.087

	
b

	
0.08

	
0.079

	
b

	
0.09

	
0.058

	
b

	
0.17




	
S17

	
kg

	
8.806

	
0.20

	

	
7.660

	
0.23

	

	
6.637

	
0.23

	

	
6.777

	
0.21

	

	
7.067

	
0.18

	

	
7.256

	
0.19

	

	
4.308

	
0.29

	




	
5.709

	
0.34

	

	
5.403

	
0.33

	

	
4.697

	
0.35

	

	
4.238

	
0.35

	

	
3.925

	
0.35

	

	
3.713

	
0.37

	

	
3.321

	
0.39

	




	
4.414

	
0.47

	

	
4.187

	
0.47

	

	
3.687

	
0.48

	

	
3.491

	
0.45

	

	
3.245

	
0.45

	

	
3.107

	
0.47

	

	
2.743

	
0.50

	




	
3.849

	
0.60

	

	
3.452

	
0.59

	

	
3.156

	
0.59

	

	
2.834

	
0.61

	

	
2.597

	
0.60

	

	
2.586

	
0.60

	

	
2.347

	
0.61

	




	
3.533

	
0.70

	

	
3.172

	
0.71

	

	
2.788

	
0.71

	

	
2.500

	
0.72

	

	
2.255

	
0.76

	

	
2.227

	
0.74

	

	
2.141

	
0.72

	




	
3.361

	
0.82

	

	
2.865

	
0.83

	

	
2.470

	
0.85

	

	
2.277

	
0.84

	

	
2.093

	
0.87

	

	
1.997

	
0.88

	

	
1.868

	
0.87

	




	
2.995

	
0.98

	

	
2.648

	
0.96

	

	
2.295

	
0.96

	

	
2.071

	
0.97

	

	
1.882

	
0.99

	

	
1.834

	
1.03

	

	
1.746

	
0.98

	




	
2.970

	
1.11

	

	
2.459

	
1.14

	

	
2.122

	
1.08

	

	
1.900

	
1.11

	

	
1.797

	
1.10

	

	
1.742

	
1.11

	

	
1.609

	
1.15

	




	
k

	
1.563

	
b

	
0.90

	
1.088

	
b

	
1.35

	
0.924

	
b

	
1.42

	
0.789

	
b

	
1.56

	
0.734

	
b

	
1.55

	
0.568

	
b

	
2.16

	
0.659

	
b

	
1.60




	
S19

	
kg

	
6.280

	
0.18

	

	
3.623

	
0.30

	

	
2.823

	
0.35

	

	
3.648

	
0.20

	

	
2.633

	
0.23

	

	
2.290

	
0.24

	

	
1.849

	
0.33

	




	
4.276

	
0.34

	

	
3.015

	
0.44

	

	
2.408

	
0.46

	

	
2.550

	
0.35

	

	
2.184

	
0.35

	

	
2.039

	
0.33

	

	
1.590

	
0.45

	




	
3.435

	
0.50

	

	
2.630

	
0.57

	

	
2.139

	
0.59

	

	
2.156

	
0.49

	

	
1.880

	
0.48

	

	
1.730

	
0.49

	

	
1.381

	
0.62

	




	
3.121

	
0.60

	

	
2.346

	
0.70

	

	
1.948

	
0.72

	

	
1.859

	
0.66

	

	
1.670

	
0.64

	

	
1.562

	
0.60

	

	
1.238

	
0.73

	




	
2.844

	
0.74

	

	
2.251

	
0.83

	

	
1.854

	
0.83

	

	
1.695

	
0.83

	

	
1.509

	
0.81

	

	
1.421

	
0.76

	

	
1.169

	
0.84

	




	
2.664

	
0.86

	

	
2.062

	
0.96

	

	
1.707

	
0.95

	

	
1.561

	
0.97

	

	
1.395

	
0.99

	

	
1.328

	
0.87

	

	
1.119

	
0.94

	




	
2.579

	
0.98

	

	
1.943

	
1.09

	

	
1.630

	
1.08

	

	
1.436

	
1.15

	

	
1.226

	
1.18

	

	
1.225

	
1.01

	

	
1.038

	
1.08

	




	
2.383

	
1.11

	

	
1.888

	
1.23

	

	
1.569

	
1.19

	

	
1.388

	
1.27

	

	
1.218

	
1.28

	

	
1.147

	
1.15

	

	
1.016

	
1.19

	




	
k

	
1.686

	
b

	
0.51

	
1.339

	
b

	
0.53

	
1.066

	
b

	
0.58

	
1.018

	
b

	
0.52

	
0.993

	
b

	
0.39

	
0.939

	
b

	
0.37

	
0.707

	
b

	
0.55




	
S3

	
kg

	
2.462

	
0.25

	

	
1.683

	
0.20

	

	
1.237

	
0.21

	

	
0.885

	
0.20

	

	
0.624

	
0.22

	

	
0.479

	
0.25

	

	
0.335

	
0.26

	




	
2.295

	
0.32

	

	
1.518

	
0.30

	

	
1.105

	
0.37

	

	
0.805

	
0.33

	

	
0.581

	
0.32

	

	
0.442

	
0.34

	

	
0.309

	
0.34

	




	
2.144

	
0.41

	

	
1.443

	
0.39

	

	
1.039

	
0.47

	

	
0.727

	
0.50

	

	
0.530

	
0.45

	

	
0.416

	
0.49

	

	
0.283

	
0.47

	




	
2.090

	
0.47

	

	
1.424

	
0.47

	

	
0.999

	
0.54

	

	
0.697

	
0.58

	

	
0.506

	
0.58

	

	
0.397

	
0.57

	

	
0.270

	
0.57

	




	
2.020

	
0.54

	

	
1.362

	
0.54

	

	
0.951

	
0.63

	

	
0.664

	
0.68

	

	
0.469

	
0.69

	

	
0.362

	
0.71

	

	
0.257

	
0.73

	




	
1.864

	
0.60

	

	
1.308

	
0.60

	

	
0.894

	
0.76

	

	
0.620

	
0.81

	

	
0.435

	
0.83

	

	
0.350

	
0.84

	

	
0.239

	
0.88

	




	
1.860

	
0.65

	

	
1.249

	
0.69

	

	
0.894

	
0.76

	

	
0.594

	
0.92

	

	
0.415

	
0.98

	

	
0.330

	
0.96

	

	
0.229

	
1.01

	




	
1.771

	
0.75

	

	
1.192

	
0.81

	

	
0.808

	
1.00

	

	
0.573

	
1.01

	

	
0.393

	
1.08

	

	
0.313

	
1.09

	

	
0.219

	
1.10

	




	
k

	
1.488

	
b

	
0.17

	
1.107

	
b

	
0.11

	
0.766

	
b

	
0.14

	
0.540

	
b

	
0.14

	
0.366

	
b

	
0.17

	
0.287

	
b

	
0.18

	
0.195

	
b

	
0.20




	
S4

	
kg

	
3.023

	
0.22

	

	
1.487

	
0.22

	

	
1.247

	
0.23

	

	
0.985

	
0.25

	

	
0.896

	
0.21

	

	
0.794

	
0.23

	

	
0.628

	
0.29

	




	
2.047

	
0.34

	

	
1.281

	
0.34

	

	
1.079

	
0.36

	

	
0.922

	
0.33

	

	
0.800

	
0.34

	

	
0.726

	
0.34

	

	
0.572

	
0.38

	




	
1.619

	
0.48

	

	
1.151

	
0.48

	

	
0.942

	
0.52

	

	
0.820

	
0.47

	

	
0.698

	
0.47

	

	
0.617

	
0.48

	

	
0.556

	
0.47

	




	
1.491

	
0.59

	

	
1.068

	
0.61

	

	
0.866

	
0.62

	

	
0.749

	
0.59

	

	
0.628

	
0.61

	

	
0.580

	
0.60

	

	
0.495

	
0.56

	




	
1.366

	
0.73

	

	
1.004

	
0.70

	

	
0.815

	
0.73

	

	
0.691

	
0.71

	

	
0.603

	
0.69

	

	
0.540

	
0.71

	

	
0.463

	
0.68

	




	
1.246

	
0.84

	

	
0.961

	
0.78

	

	
0.758

	
0.85

	

	
0.634

	
0.86

	

	
0.544

	
0.84

	

	
0.501

	
0.84

	

	
0.433

	
0.84

	




	
1.221

	
0.95

	

	
0.910

	
0.90

	

	
0.719

	
0.95

	

	
0.601

	
0.95

	

	
0.515

	
0.96

	

	
0.462

	
0.98

	

	
0.402

	
1.00

	




	
1.158

	
1.06

	

	
0.818

	
1.02

	

	
0.690

	
1.04

	

	
0.579

	
1.04

	

	
0.485

	
1.05

	

	
0.433

	
1.10

	

	
0.379

	
1.08

	




	
k

	
0.635

	
b

	
0.81

	
0.741

	
b

	
0.23

	
0.578

	
b

	
0.28

	
0.485

	
b

	
0.28

	
0.434

	
b

	
0.24

	
0.380

	
b

	
0.27

	
0.314

	
b

	
0.31




	
S20

	
kg

	
13.283

	
0.23

	

	
10.456

	
0.25

	

	
10.004

	
0.22

	

	
9.381

	
0.20

	

	
8.450

	
0.21

	

	
6.327

	
0.27

	

	
6.002

	
0.25

	




	
10.256

	
0.35

	

	
8.698

	
0.33

	

	
7.619

	
0.34

	

	
7.155

	
0.31

	

	
6.391

	
0.33

	

	
5.575

	
0.36

	

	
5.034

	
0.34

	




	
8.737

	
0.47

	

	
7.315

	
0.46

	

	
6.045

	
0.49

	

	
5.895

	
0.43

	

	
5.012

	
0.46

	

	
4.748

	
0.46

	

	
4.293

	
0.44

	




	
7.797

	
0.59

	

	
6.446

	
0.57

	

	
5.461

	
0.59

	

	
5.091

	
0.55

	

	
4.659

	
0.56

	

	
4.250

	
0.54

	

	
3.550

	
0.57

	




	
7.075

	
0.71

	

	
5.864

	
0.71

	

	
4.893

	
0.71

	

	
4.342

	
0.71

	

	
3.832

	
0.72

	

	
3.964

	
0.64

	

	
3.193

	
0.70

	




	
6.500

	
0.83

	

	
5.462

	
0.82

	

	
4.560

	
0.80

	

	
3.902

	
0.84

	

	
3.702

	
0.84

	

	
3.691

	
0.72

	

	
3.129

	
0.80

	




	
6.209

	
0.91

	

	
5.070

	
0.96

	

	
4.259

	
0.90

	

	
3.644

	
0.94

	

	
3.500

	
0.94

	

	
3.366

	
0.83

	

	
2.895

	
0.88

	




	
6.112

	
1.02

	

	
4.845

	
1.09

	

	
4.005

	
0.99

	

	
3.393

	
1.06

	

	
3.364

	
1.05

	

	
3.141

	
0.95

	

	
2.760

	
0.97

	




	
k

	
4.067

	
b

	
0.52

	
3.295

	
b

	
0.54

	
2.521

	
b

	
0.66

	
2.147

	
b

	
0.70

	
2.040

	
b

	
0.68

	
1.943

	
b

	
0.64

	
1.637

	
b

	
0.69




	
S26

	
kg

	
0.646

	
0.27

	

	
0.351

	
0.21

	

	
0.336

	
0.19

	

	
0.304

	
0.25

	

	
0.288

	
0.23

	

	
0.227

	
0.21

	

	
0.204

	
0.20

	




	
0.559

	
0.33

	

	
0.340

	
0.33

	

	
0.306

	
0.33

	

	
0.288

	
0.36

	

	
0.278

	
0.34

	

	
0.229

	
0.34

	

	
0.202

	
0.33

	




	
0.530

	
0.48

	

	
0.325

	
0.45

	

	
0.300

	
0.44

	

	
0.270

	
0.46

	

	
0.257

	
0.47

	

	
0.224

	
0.46

	

	
0.189

	
0.49

	




	
0.507

	
0.60

	

	
0.309

	
0.58

	

	
0.281

	
0.59

	

	
0.255

	
0.60

	

	
0.250

	
0.59

	

	
0.209

	
0.59

	

	
0.182

	
0.60

	




	
0.480

	
0.71

	

	
0.293

	
0.73

	

	
0.260

	
0.70

	

	
0.246

	
0.72

	

	
0.235

	
0.73

	

	
0.193

	
0.76

	

	
0.171

	
0.74

	




	
0.460

	
0.83

	

	
0.292

	
0.85

	

	
0.258

	
0.83

	

	
0.234

	
0.89

	

	
0.229

	
0.85

	

	
0.190

	
0.89

	

	
0.164

	
0.86

	




	
0.464

	
0.96

	

	
0.281

	
0.96

	

	
0.250

	
0.96

	

	
0.225

	
1.04

	

	
0.216

	
0.97

	

	
0.187

	
1.02

	

	
0.158

	
0.98

	




	
0.443

	
1.09

	

	
0.274

	
1.12

	

	
0.245

	
1.09

	

	
0.219

	
1.15

	

	
0.212

	
1.10

	

	
0.181

	
1.15

	

	
0.151

	
1.18

	




	
k

	
0.391

	
b

	
0.17

	
0.268

	
b

	
0.07

	
0.235

	
b

	
0.09

	
0.203

	
b

	
0.14

	
0.201

	
b

	
0.11

	
0.180

	
b

	
0.07

	
0.153

	
b

	
0.08




	
S8

	
kg

	
12.372

	
0.18

	

	
11.328

	
0.21

	

	
10.071

	
0.24

	

	
10.132

	
0.24

	

	
9.836

	
0.22

	

	
10.132

	
0.22

	

	
9.292

	
0.24

	




	
9.644

	
0.31

	

	
9.487

	
0.35

	

	
9.102

	
0.33

	

	
8.710

	
0.36

	

	
8.734

	
0.33

	

	
8.542

	
0.32

	

	
8.342

	
0.35

	




	
8.869

	
0.43

	

	
8.713

	
0.47

	

	
8.534

	
0.41

	

	
7.938

	
0.47

	

	
7.841

	
0.47

	

	
7.972

	
0.42

	

	
7.669

	
0.45

	




	
8.452

	
0.51

	

	
8.207

	
0.57

	

	
7.848

	
0.52

	

	
7.368

	
0.58

	

	
7.399

	
0.55

	

	
7.176

	
0.58

	

	
7.166

	
0.58

	




	
7.928

	
0.63

	

	
7.732

	
0.69

	

	
7.346

	
0.62

	

	
6.841

	
0.69

	

	
7.106

	
0.65

	

	
6.876

	
0.70

	

	
6.709

	
0.71

	




	
7.603

	
0.81

	

	
7.395

	
0.78

	

	
6.863

	
0.73

	

	
6.285

	
0.84

	

	
6.943

	
0.76

	

	
6.552

	
0.82

	

	
6.341

	
0.83

	




	
7.154

	
1.11

	

	
7.320

	
0.88

	

	
6.451

	
0.83

	

	
5.921

	
0.96

	

	
6.688

	
0.87

	

	
6.219

	
0.92

	

	
6.247

	
0.95

	




	
8.326

	
0.54

	

	
7.063

	
1.00

	

	
6.040

	
0.97

	

	
5.497

	
1.10

	

	
6.393

	
0.96

	

	
6.238

	
1.06

	

	
6.025

	
1.05

	




	
k

	
6.209

	
b

	
0.18

	
6.098

	
b

	
0.18

	
5.151

	
b

	
0.24

	
4.658

	
b

	
0.30

	
5.637

	
b

	
0.17

	
5.255

	
b

	
0.20

	
5.207

	
b

	
0.20










Appendix B


Correlations used to generate the graphs displayed in Figure 6 and tabulated numerical values (Table A2) of the predicted Klinkenberg permeability k in steps of 1 MPa confining pressure Pc.




	S1: 

	
  k = 94.449  P c  − 2.033    




	S2: 

	
  k = 12.709  P c  − 0.934    




	S16: 

	
  k = 1.0531  P c  − 1.214    




	S17: 

	
  k = 5.7673  P c  − 1.002    




	S19: 

	
  k = 4.8658  P c  − 0.807    




	S3: 

	
  k = 37.426  P c  − 2.225    




	S4: 

	
  k = 2.4765  P c  − 0.851    




	S20: 

	
  k = 14.973  P c  − 0.961    




	S26: 

	
  k = 1.2591  P c  − 0.91    




	S8: 

	
  k = 7.8322  P c  − 0.192    











[image: Table] 





Table A2. Predicted Klinkenberg permeability k in steps of 1 MPa confining pressure Pc.






Table A2. Predicted Klinkenberg permeability k in steps of 1 MPa confining pressure Pc.





	
Confining Pressure (MPa)

	
Permeability k (mD)






	

	
S1

	
S2

	
S16

	
S17

	
S19

	
S3

	
S4

	
S20

	
S26

	
S8




	
4.0

	
5.639

	
3.482

	
0.196

	
1.438

	
1.622

	
1.712

	
0.761

	
3.951

	
0.357

	
6.002




	
5.0

	
3.583

	
2.827

	
0.149

	
1.150

	
1.355

	
1.042

	
0.630

	
3.189

	
0.291

	
5.750




	
6.0

	
2.473

	
2.384

	
0.120

	
0.958

	
1.170

	
0.695

	
0.539

	
2.676

	
0.247

	
5.552




	
7.0

	
1.808

	
2.064

	
0.099

	
0.821

	
1.033

	
0.493

	
0.473

	
2.308

	
0.214

	
5.390




	
8.0

	
1.378

	
1.822

	
0.084

	
0.718

	
0.927

	
0.366

	
0.422

	
2.030

	
0.190

	
5.254




	
9.0

	
1.084

	
1.632

	
0.073

	
0.638

	
0.843

	
0.282

	
0.382

	
1.813

	
0.170

	
5.137




	
10.0

	
0.875

	
1.479

	
0.064

	
0.574

	
0.774

	
0.223

	
0.349

	
1.638

	
0.155

	
5.034




	
11.0

	
0.721

	
1.353

	
0.057

	
0.522

	
0.717

	
0.180

	
0.322

	
1.495

	
0.142

	
4.942




	
12.0

	
0.604

	
1.248

	
0.052

	
0.478

	
0.668

	
0.149

	
0.299

	
1.375

	
0.131

	
4.861




	
13.3

	
0.490

	
1.134

	
0.046

	
0.431

	
0.615

	
0.118

	
0.274

	
1.273

	
0.122

	
4.786




	
14.1

	
0.435

	
1.073

	
0.042

	
0.407

	
0.587

	
0.104

	
0.261

	
1.177

	
0.113

	
4.712




	
15.0

	
0.384

	
1.013

	
0.039

	
0.382

	
0.558

	
0.090

	
0.247

	
1.109

	
0.107

	
4.657




	
16.0

	
0.337

	
0.954

	
0.036

	
0.358

	
0.530

	
0.078

	
0.234

	
1.043

	
0.101

	
4.599




	
17.0

	
0.298

	
0.901

	
0.034

	
0.337

	
0.505

	
0.068

	
0.222

	
0.984

	
0.096

	
4.546




	
18.0

	
0.265

	
0.854

	
0.032

	
0.319

	
0.482

	
0.060

	
0.212

	
0.931

	
0.091

	
4.496




	
19.0

	
0.237

	
0.812

	
0.030

	
0.302

	
0.461

	
0.053

	
0.202

	
0.884

	
0.086

	
4.450




	
20.0

	
0.214

	
0.774

	
0.028

	
0.287

	
0.443

	
0.048

	
0.193

	
0.841

	
0.082

	
4.406




	
21.0

	
0.194

	
0.740

	
0.026

	
0.273

	
0.426

	
0.043

	
0.186

	
0.803

	
0.079

	
4.365




	
22.0

	
0.176

	
0.708

	
0.025

	
0.261

	
0.410

	
0.039

	
0.178

	
0.768

	
0.076

	
4.327




	
23.0

	
0.161

	
0.680

	
0.023

	
0.249

	
0.395

	
0.035

	
0.172

	
0.736

	
0.073

	
4.290




	
24.0

	
0.148

	
0.653

	
0.022

	
0.239

	
0.382

	
0.032

	
0.166

	
0.706

	
0.070

	
4.255




	
25.0

	
0.136

	
0.629

	
0.021

	
0.229

	
0.370

	
0.029

	
0.160

	
0.679

	
0.067

	
4.222




	
26.0

	
0.125

	
0.606

	
0.020

	
0.220

	
0.358

	
0.027

	
0.155

	
0.654

	
0.065

	
4.190




	
27.0

	
0.116

	
0.585

	
0.019

	
0.212

	
0.347

	
0.024

	
0.150

	
0.631

	
0.063

	
4.160




	
28.0

	
0.108

	
0.566

	
0.018

	
0.205

	
0.337

	
0.023

	
0.145

	
0.609

	
0.061

	
4.131




	
29.0

	
0.100

	
0.547

	
0.018

	
0.198

	
0.328

	
0.021

	
0.141

	
0.589

	
0.059

	
4.103




	
30.0

	
0.094

	
0.530

	
0.017

	
0.191

	
0.319

	
0.019

	
0.137

	
0.570

	
0.057

	
4.076




	
31.0

	
0.088

	
0.514

	
0.016

	
0.185

	
0.311

	
0.018

	
0.133

	
0.552

	
0.055

	
4.051




	
32.0

	
0.082

	
0.499

	
0.016

	
0.179

	
0.303

	
0.017

	
0.130

	
0.536

	
0.054

	
4.026




	
33.0

	
0.077

	
0.485

	
0.015

	
0.174

	
0.295

	
0.016

	
0.126

	
0.520

	
0.052

	
4.002




	
34.0

	
0.073

	
0.472

	
0.015

	
0.168

	
0.288

	
0.015

	
0.123

	
0.505

	
0.051

	
3.980




	
35.0

	
0.069

	
0.459

	
0.014

	
0.164

	
0.282

	
0.014

	
0.120

	
0.491

	
0.050

	
3.958




	
36.0

	
0.065

	
0.447

	
0.014

	
0.159

	
0.275

	
0.013

	
0.117

	
0.478

	
0.048

	
3.936




	
37.0

	
0.061

	
0.436

	
0.013

	
0.155

	
0.269

	
0.012

	
0.115

	
0.466

	
0.047

	
3.916




	
38.0

	
0.058

	
0.425

	
0.013

	
0.151

	
0.264

	
0.011

	
0.112

	
0.454

	
0.046

	
3.896




	
39.0

	
0.055

	
0.415

	
0.012

	
0.147

	
0.258

	
0.011

	
0.110

	
0.443

	
0.045

	
3.876




	
40.0

	
0.052

	
0.405

	
0.012

	
0.143

	
0.253

	
0.010

	
0.107

	
0.432

	
0.044

	
3.857




	
41.0

	
0.050

	
0.396

	
0.012

	
0.140

	
0.248

	
0.010

	
0.105

	
0.422

	
0.043

	
3.839




	
42.0

	
0.047

	
0.387

	
0.011

	
0.136

	
0.243

	
0.009

	
0.103

	
0.412

	
0.042

	
3.821




	
43.0

	
0.045

	
0.379

	
0.011

	
0.133

	
0.239

	
0.009

	
0.101

	
0.403

	
0.041

	
3.804




	
44.0

	
0.043

	
0.371

	
0.011

	
0.130

	
0.234

	
0.008

	
0.099

	
0.394

	
0.040

	
3.787




	
45.0

	
0.041

	
0.363

	
0.010

	
0.127

	
0.230

	
0.008

	
0.097

	
0.386

	
0.039

	
3.771




	
46.0

	
0.039

	
0.356

	
0.010

	
0.124

	
0.226

	
0.007

	
0.095

	
0.378

	
0.039

	
3.755




	
47.0

	
0.038

	
0.349

	
0.010

	
0.122

	
0.222

	
0.007

	
0.094

	
0.370

	
0.038

	
3.740




	
48.0

	
0.036

	
0.342

	
0.010

	
0.119

	
0.218

	
0.007

	
0.092

	
0.363

	
0.037

	
3.725




	
49.0

	
0.035

	
0.335

	
0.009

	
0.117

	
0.215

	
0.006

	
0.090

	
0.356

	
0.036

	
3.710




	
50.0

	
0.033

	
0.329

	
0.009

	
0.114

	
0.211

	
0.006

	
0.089

	
0.349

	
0.036

	
3.696




	
51.0

	
0.032

	
0.323

	
0.009

	
0.112

	
0.208

	
0.006

	
0.087

	
0.342

	
0.035

	
3.682




	
52.0

	
0.031

	
0.317

	
0.009

	
0.110

	
0.205

	
0.006

	
0.086

	
0.336

	
0.035

	
3.668




	
53.0

	
0.029

	
0.312

	
0.008

	
0.108

	
0.202

	
0.005

	
0.084

	
0.330

	
0.034

	
3.654




	
54.0

	
0.028

	
0.306

	
0.008

	
0.106

	
0.199

	
0.005

	
0.083

	
0.324

	
0.033

	
3.641




	
55.0

	
0.027

	
0.301

	
0.008

	
0.104

	
0.196

	
0.005

	
0.082

	
0.318

	
0.033

	
3.629




	
56.0

	
0.026

	
0.296

	
0.008

	
0.102

	
0.193

	
0.005

	
0.081

	
0.313

	
0.032

	
3.616




	
57.0

	
0.025

	
0.291

	
0.008

	
0.100

	
0.190

	
0.005

	
0.079

	
0.308

	
0.032

	
3.604




	
58.0

	
0.025

	
0.286

	
0.008

	
0.099

	
0.187

	
0.004

	
0.078

	
0.302

	
0.031

	
3.592




	
59.0

	
0.024

	
0.282

	
0.007

	
0.097

	
0.185

	
0.004

	
0.077

	
0.298

	
0.031

	
3.580




	
60.0

	
0.023

	
0.278

	
0.007

	
0.095

	
0.182

	
0.004

	
0.076

	
0.293

	
0.030

	
3.568
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Figure A1. Power law correlations between permeability and confining pressure (as in Figure 6) on a log-log scale together with the measured permeability data for the different samples. 
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Figure 1. (A) Outcrop of a regional fault in shale strata in Chongqing municipality constituting a similar tectonic site to that of the core samples from well HD-1 used in this study; (B) images of well HD-1 cores and the 10 (i.e., 9 shale and 1 sandstone) samples used for permeability testing. 
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Figure 2. Schematic of the flow-through apparatus used in this study (not to scale). Both hydrostatic confining pressure and fluid flow were applied using argon gas. The flow rate corresponding to the applied upstream pore pressure was measured with flow meters downstream at atmospheric pressure. The pressure vessel was heated externally, and temperature was measured internally with a thermocouple. 
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Figure 3. Permeability as a function of time for Sample 19 at a constant confining pressure (10 MPa) to assess any possible time dependence of sample permeability during loading–unloading cycles. 
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Figure 4. Gas permeability as a function of the inverse mean pore pressure (1/Pav) at different confining pressures. The linear fits parameterize Equation (2), yielding the apparent liquid (Klinkenberg) permeability k and the Klinkenberg slip factor b. 
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Figure 5. Klinkenberg permeability as a function of confining pressure for all tested samples, yielding a higher sensitivity of the micro-fractured shale samples to pressure changes as compared with the porous and unfractured sandstone (Sample 8). 
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Figure 6. Predicted correlations (Appendix B) between permeability and confining pressure based on the measured data shown in Figure 4 and listed in Appendix A. 






Figure 6. Predicted correlations (Appendix B) between permeability and confining pressure based on the measured data shown in Figure 4 and listed in Appendix A.



[image: Geosciences 12 00150 g006]







[image: Geosciences 12 00150 g007 550] 





Figure 7. Klinkenberg permeability as a function of confining pressure during loading–unloading sequences for Samples 2, 16, and 8. Overall, the permeability shows hysteretic behavior and different degrees of permeability recovery depending on whether (Samples 2 and 16) or not (Sample 8) micro-fractures are present in the rock. 
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Figure 8. Extracted pores and fractures based on the reconstructed 3D µCT models of Samples 1 (A), 2 (B), and 16 (C). The colors indicate the distribution characteristics of the flow channels in the fractures (red), the connected flow paths (blue), and the void space of rounded pores (green). Different fracture distributions are evident in the images, including single fractures oriented diagonally (A) or subparallel (B) to the flow direction as well as multiple micro-fractures with a random orientation (C). 
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Figure 9. Fabric of the fracture zones in the Wufeng Formation. (A) Fracture zones are interlayered with laminar siliceous shale; (B) the orientation of the main fractures is obviously controlled by shear stress, whereas the secondary fractures are oriented randomly; (C) fault breccia containing some pores and fractures that are partially sealed by siliceous and calcareous cements. 
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Figure 10. Geological characteristics in the surroundings of well HD-1. (A) Projection of well HD-1 in the seismic section showing the location of well HD-1 in association with the core of the Huayingshan anticline; (B) geometrical and physical parameters defining the reservoir section of well HD-1 used for estimating the in situ permeability from Equation (3). 
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Table 1. Summary of the measured sample porosities.
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	Sample Number
	Diameter (mm)
	Length 1 (mm)
	Length 2 (mm)
	Apparent Volume (cm3)
	Jacket Weight (g)
	Jacket Density (g/cm3)
	Jacket Volume (cm3)
	He-Tested Volume (cm3)
	Porosity (%)





	
	d
	l1
	l2
	Va
	Wj
	ρj
	Vj
	Vt
	Φ



	Sample 1
	30.72
	40.95
	41.08
	30.40
	1.83
	2.15
	0.85
	29.31
	3.70



	Sample 2
	30.74
	39.57
	39.63
	29.39
	1.68
	2.15
	0.78
	29.01
	1.32



	Sample 16
	30.79
	40.73
	40.77
	30.34
	1.73
	2.15
	0.81
	29.93
	1.41



	Sample 17
	30.78
	40.78
	40.78
	30.34
	1.73
	2.15
	0.81
	29.11
	4.18



	Sample 19
	30.78
	40.72
	40.64
	30.27
	1.73
	2.15
	0.80
	29.27
	3.38



	Sample 3
	30.73
	40.57
	40.58
	30.09
	1.72
	2.15
	0.80
	29.32
	2.65



	Sample 4
	30.64
	41.38
	41.49
	30.55
	1.76
	2.15
	0.82
	29.64
	3.07



	Sample 20
	30.70
	40.63
	40.55
	30.05
	1.72
	2.15
	0.80
	28.91
	3.88



	Sample 26
	30.78
	41.51
	41.45
	30.86
	1.76
	2.15
	0.82
	30.17
	2.33



	Sample 8
	30.02
	40.06
	40.06
	28.35
	0.00
	-
	0.00
	24.53
	13.47







where, Va = π·(d/2)2·(l1 + l2)/2, Vj = Wj/ρj, Φ = 100·(Va − Vt)/(Va − Vj).
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Table 2. Measured and predicted Klinkenberg sample permeabilities at various confining pressures.






Table 2. Measured and predicted Klinkenberg sample permeabilities at various confining pressures.





	Sample
	S1
	S2
	S16
	S17
	S19
	S3
	S4
	S20
	S26
	S8





	k (4 MPa) (mD) (Tested)
	5.860
	3.895
	0.194
	1.563
	1.686
	1.488
	0.635
	4.067
	0.390
	6.209



	k (10 MPa) (mD) (Tested)
	0.723
	1.534
	0.059
	0.659
	0.707
	0.195
	0.314
	1.637
	0.153
	5.207



	k (14.1 MPa) (mD) (Predicted)
	0.435
	1.073
	0.042
	0.407
	0.587
	0.104
	0.261
	1.177
	0.113
	4.712



	k (35 MPa) (mD) (Predicted)
	0.069
	0.459
	0.014
	0.164
	0.282
	0.014
	0.120
	0.491
	0.050
	3.958



	k (60 MPa) (mD) (Predicted)
	0.023
	0.278
	0.007
	0.095
	0.182
	0.004
	0.076
	0.293
	0.030
	3.568



	Tested damping ratio (4–10 MPa)
	87.66%
	60.62%
	69.59%
	57.84%
	58.09%
	86.88%
	50.57%
	59.75%
	60.90%
	16.14%



	Predicted damping ratio (4–35 MPa)
	98.82%
	88.21%
	92.75%
	89.53%
	83.29%
	99.08%
	81.08%
	87.92%
	87.30%
	36.26%



	Predicted damping ratio (4–60 MPa)
	99.61%
	92.87%
	96.23%
	93.90%
	89.18%
	99.72%
	88.04%
	92.80%
	92.22%
	42.53%
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