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Abstract

:

Using the conventional fracture parameters is difficult to characterize and predict the complex natural fractures in the tight conglomerate reservoirs. In order to quantify the fracture behaviors, a fractal method was presented in this work. Firstly, the characteristics of fractures were depicted, then the fracture fractal dimensions were calculated using the box-counting method, and finally the geological significance of the fractal method was discussed. Three types of fractures were identified, including intra-gravel fractures, gravel edge fractures and trans-gravel fractures. The calculations show that the fracture fractal dimensions distribute between 1.20 and 1.50 with correlation coefficients being above 0.98. The fracture fractal dimension has exponential correlation with the fracture areal density, porosity and permeability and can therefore be used to quantify the fracture intensity. The apertures of micro-fractures are distributed between 10 μm and 100 μm, while the apertures of macro-fractures are distributed between 50 μm and 200 μm. The areal densities of fractures are distributed between 20.0 m·m−2 and 50.0 m·m−2, with an average of 31.42 m·m−2. The cumulative frequency distribution of both fracture apertures and areal densities follow power law distribution. The fracture parameters at different scales can be predicted by extrapolating these power law distributions.
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1. Introduction


Natural fractures are one of the key factors affecting the exploration and development of tight oil and gas [1,2,3,4,5]. Many oil and gas fields in the world have been identified as fractured reservoirs [1,4] and the presence of natural fractures significantly increases the porosity and permeability of tight reservoirs [6,7,8,9,10]. Meanwhile, the existence of natural fractures may also facilitate the development and utilization of resources such as fracture water and geothermal resources [11,12,13], cause caprock failures [14,15,16,17] or reservoir leaks in projects (CO2 sequestration, gas storage, nuclear waste disposal, etc.) [18,19], or induce geological disasters [18]. Therefore, quantitative characterization and comprehensive evaluation of natural fractures are very important and urgently needed.



Many studies were devoted to the characteristics, formation mechanisms, characterization methods and evaluations of natural fractures in tight sandstones, carbonatites, volcanics and shales [3,4,5,20,21,22,23,24,25]. Most of the fractures in these rocks are tectonic fractures. These tectonic fractures have long extension wing and stable occurrence, following a uniform orientation, and are often donated as systematic fractures [26,27,28,29,30,31]. However, since great variances exist in gravel diameter, gravel compositions, and interstitial material compositions, the tight conglomerate reservoir often shows a stronger rock mechanical heterogeneity than the other tight rocks [32]. The fractures developed in the tight conglomerates are drastically different in occurrence and geometry, with poor regularity, short extension and extremely complex spatial distributions, which are called non-systematic fractures [33].



At present, the fracture spacing (the vertical distance between two fractures), the linear density (the total number of fractures per unit length), or the areal density (the total length of fractures per unit area) are normally used to evaluate the intensity of systematic fractures [25,34,35,36,37,38]. However, for the complex non-systematic fractures, the spacing and the linear density are difficult to fully describe their development degree and spatial distribution characteristics. The areal density reveals only the trend of the fracture distribution which cannot be used to evaluate the contribution of the fractures to the reservoir. Therefore, it is essential to find a new parameter that can fully characterize the distribution of these complex non-systematic fractures, including the fracture abundance, spatial distribution characteristics.



Fractal geometry provides an effective mathematical tool to describe the irregular, nonlinear, complex, and naturally occurring objects, which covers almost all fields of the earth science [39,40,41,42,43,44,45]. In recent years, some studies showed that the complex morphology and distribution of faults and fractures have clear fractal characteristics, allowing to study and evaluate the fractures using fractal method [8,46,47,48,49,50,51,52]. In this study, fractal characterization and prediction methods were applied to study the complex fracture system of the tight conglomerate reservoirs of the Lower Jurassic Zhenzhuchong Formation in the Jiulongshan gas field, China, and the geological significance of the fractal method in characterizing and predicting fractures was discussed.




2. Geological Setting


The Jiulongshan gas field is located in the northern part of the Western Sichuan Foreland Basin, China, where the Longmen Mountain thrust belt intersects with the Micang Mountain uplift (Figure 1). The Jiulongshan gas field is a northwest-orientated dome-shaped anticline. Several small reverse faults develop in the study area with throw between 10 m and 100 m [53,54]. The lower Jurassic Zhenzhuchong Formation in this area is a tight conglomerate gas reservoir with formation thickness between 130 m and 210 m and burial depth more than 3000 m. The sedimentary environments are alluvial fan and fan delta front deposits. Reservoir lithology is mainly conglomerate, followed by lithic sandstone. The composition of conglomerate gravels is mainly quartz sandstone (70% to 80%), followed by chert (20% to 30%). The main components of the interstitial material are clastic particles and clay matrix. The sizes of gravels are non-uniform. Even though the gravel sorting is very poor, the degree of roundness is good. The gravel diameters are mainly distributed between 2 mm and 50 mm with a maximum of 80 mm. The pore types of the conglomerate reservoirs are mainly dissolved pores, intergranular pores and fractures.




3. Methodology


Mandelbrot [39] firstly proposed the fractal theory, and defined fractals as shapes whose components are similar to the whole at different scales. The parameter that quantify the self-similarity is the fractal dimension, denoted as D. If the object distribution has fractal features, the number of objects and the measurement scale should follow a power law correlation, as Equation (1):


N(r) = C·r−D,



(1)




where N(r) is the number of objects with the specified characteristics; r is the measure scale (cm); C is a constant; D is the fractal dimension.



Take the logarithm at the two sides of Equation (1), as Equation (2):


Log(N(r)) = Log(C) − D·Log(r),



(2)




from Equation (2), Log(N(r)) is linear with Log(r), and the slope D of the line is the fractal dimension.



There are many methods existing to calculate fractal dimension, such as the box-counting method, two-point correlation method and mass method, among which the box-counting method is most suitable for the fractal dimension measurement of the spatial distributions of natural fracture systems [42,55,56,57,58]. The generalized steps of the method include:




	
Using a core scanner to obtain high-resolution 360° core images (Figure 2);



	
Covering the image of the entire core with a mesh composed of square grids with side length of r; counting the number N(r) of boxes containing fractures;



	
Gradually changing the side length r of the square grids, and repeatedly counting the corresponding N(r);



	
Taking r as the abscissa and N(r) as the ordinate, using the least-square method to perform regression analysis on the statistical data in the double logarithmic coordinate system (Figure 3).








If the fracture distribution on the core shows fractal features, the Log(N(r)) and Log(r) should follow the linear relationship in Equation (2), and the slope of the regression line is the fracture fractal dimension.



To facilitate intensive analysis, some other parameters were also measured or calculated, such as the fracture aperture, the areal density, the porosity and the permeability. The feeler gauge is used to measure the fracture apertures directly since most of the fractures are opening-mode fractures that do not cut through the cores completely. The feeler gauge used in this study is composed of a set of thin steel sheets with different thicknesses. The thinnest steel sheet is 0.02 mm and the thickest steel sheet is 3 mm. The apertures of micro-fractures were measured with microscope. Fracture areal density is the total length of fractures per unit area, the fracture areal densities of both the cores and the thin sections were characterized. The porosities and permeabilities of 10 full-diameter cores (4 inches in diameter, containing fractures) and 10 core plugs (1 inch in diameter, containing no fracture) were derived using the automated test system for petrophysical parameters at Northeast Petroleum University. Based on the spacing, aperture, length and spatial distribution characteristics of fractures, the fracture porosity and permeability were calculated using the following empirical Equations [60]:


   ∅ f  =  1 S  ·   ∑   i = 1  n   A i  ·  L i  ,  



(3)






   K f  = 5.66 ×   10   − 4   ·    A ¯   2  ·  ∅ f  ,  



(4)




where ∅f is the fracture porosity (%); S is the core area (m2); Ai is the aperture of the ith fracture (m); Li is the length of the ith fracture (m); Kf is the fracture permeability (mD); and   A ¯   is the average fracture aperture (m).




4. Fracture Characterization


4.1. Fracture Type and Characteristics


According to the spatial distribution characteristics and their relationship with gravels, the fractures in the conglomerate reservoirs can be divided into three types: Intra-gravel fractures (IGF), trans-gravel fractures (TGF) and gravel edge fractures (GEF) (Figure 4).



The intra-gravel fractures are mainly distributed inside the gravels, and they usually have a small extension length and do not cut through the edge of gravels (Figure 4). Such fractures are small in scale but high in density, and their apertures are generally less than 40 μm. The gravel edge fractures are mainly distributed along the edge of the gravels. Hence the surfaces of the gravel edge fractures are either spherical or ellipsoidal, and the fracture traces on cores or thin sections are curves (Figure 5a). This kind of fractures are also small in scale and short in extension, and their apertures are generally less than 20 μm.



The trans-gravel fractures are the major fracture type in the study area (Figure 5b, Figure 6). Most of the trans-gravel fractures are tectonic shear fractures. Compared with the intra-gravel and gravel edge fractures, these trans-gravel fractures are relatively large in scale and long in length. They are not restricted by gravels and usually cut through two or more gravels. According to their dip angles, trans-gravel fractures can be subdivided into fractures with high dip angles and fractures with low dip angles (Figure 6). The high dip angle fractures have long extension on the core, and their height can be as large as 80 cm (Figure 6a). The low dip angle fractures are generally paralleled to each other, and their spacing is between 0.5 cm and 5.0 cm (Figure 6b). Due to the extremely high drilling-encounter ratio, it seems that they are the most important fractures in the cores (Figure 6b). Fractures with both high and low dip angles are very clear on outcrops, they usually appear as conjugate shear fractures (Figure 6c).




4.2. Fracture Parameters


Based on the high-resolution core scanning images, the fractures for 57 intervals from 4 wells were measured using grids with side length of 1 cm, 2 cm, 3 cm, 5 cm, 8 cm, 10 cm and 15 cm, respectively (Figure 2). The numbers of boxes containing fractures were counted and regressions were performed using the least squares method in a log-log coordinate system. Then the fracture fractal dimensions and their corresponding correlation coefficients were calculated. The correlation coefficients of all the cores are above 0.98, indicating that the spatial distribution of fractures in the tight conglomerate has good fractal characteristics (Table 1). The fractal dimensions of core fractures mainly distribute between 1.20 and 1.50, which is reasonable for the fractal range of the two-dimensional object (between 1 to 2) (Figure 7a).



The fracture parameters from cores and thin sections show that the apertures of micro-fractures are mainly distributed between 10 μm and 100 μm, while the apertures of macro-fractures are mainly distributed between 50 μm and 200 μm. The cumulative frequency distribution of both micro- and macro-fractures seems to follow a log-normal distribution (Figure 8). The areal densities of fractures are mainly distributed between 20.0 m·m−2 and 50.0 m·m−2, with an average of 31.42 m·m−2 (Figure 7b). The fracture porosities are mainly distributed between 0.60% and 1.60%, with an average of 1.26% (Figure 7c), and the fracture permeabilities are mainly distributed between 50 mD and 150 mD (Figure 7d).



The core physical property tests show that (Table 2), the porosities of the core plugs are 0.29%–1.60% with an average of 0.97%, and the permeabilities are distributed between 0.0021 mD and 0.0191 mD with an average of 0.0089 mD. The porosity and permeability of the full-diameter cores are significantly larger than those of the core plugs. The porosities of full-diameter cores are distributed between 2.61% and 4.05% with an average of 3.52%. The vertical permeabilities of the full-diameter core are between 0.007 mD and 0.6730 mD with an average of 0.2586 mD, while the horizontal permeabilities are between 3.17 mD and 214.50 mD with an average of 77.7 mD.





5. Discussion


5.1. Geological Significance of Fracture Fractal Dimension


The number of boxes containing fractures has a linear relationship (power law distribution) with the grid side length in double logarithmic coordinate system with correlation coefficients larger than 0.98, demonstrating that the development degree of the fractures in the reservoir follows good fractal features. Therefore, it is reasonable to quantify the development degree and distribution of reservoir fractures using the fractal D value. For example, the fracture fractal dimension D (D = 1.65) of core B is greater than the fracture fractal dimension (D = 1.37) of core A in Figure 2, which means that the fracture in core B is more complex than the fractures in core A. This conclusion is in accordance with the observation, indicating that the fractal dimension D is suitable in characterizing the development degree of these complex fractures. Figure 9 shows that the fracture areal density has an exponential relationship with fracture fractal dimension with a correlation coefficient of 0.8694, indicating that the fracture fractal dimension is a good indicator for the fracture areal density. In addition, the two cores with same fracture areal density have different fracture fractal dimension D. The fracture fractal dimension obtained by the box-counting method also reflects the centralization degree of the fracture distribution of the core specimens [40,42]. The denser the fracture distribution is, the greater the fracture fractal dimension is; vice versa. This indicates that the spatial geometry and complexity of fractures are affecting the fracture fractal dimension.



The fracture fractal dimension is also related to the porosity and permeability of fractures (Figure 10 and Figure 11). Both the porosity and the permeability of fractures show exponential relationships with the fracture dimension with the correlation coefficients of 0.8457 and 0.7718, respectively in this case study. This result shows that the fracture fractal dimension is not limited to characterizing the fracture development degree and the spatial distribution complexity of fractures, but also a good indicator of the porosity and permeability of fractures, improving the understandings of the contributions of fractures to the tight reservoirs [59].




5.2. Power-Law Distribution of Fracture Parameters and Fracture Prediction


The cumulative frequency distribution of fracture parameters (e.g., aperture, areal density, etc.) shows fractal features, providing a theoretical foundation for fracture prediction at different scales [48,50,61,62,63]. Although the cumulative frequency distribution of fracture apertures seems to follow log-normal distribution at a single-observation scale (core scale or thin section scale), after integrating all the aperture data, they are subjected to a uniform power-law distribution, and each scale has almost the same slope (Figure 12). This phenomenon is caused by the truncation and censoring effects [61]. The truncation effect is defined as the phenomenon that the number of the small fractures is underestimated due to the limitation of the observation resolution. The truncation effect causes the upper part of the fracture cumulative frequency distribution curve deviate from the power law distribution. The fractures with large apertures usually cut through the cores making their apertures difficult to be accurately measured. Usually, the measured aperture of these large fractures is lower than the actual value. This is the censoring effect, and due to this effect, the lower part of the fracture cumulative frequency distribution curve will deviate from the power law distribution. Therefore, after eliminating these error data, the number or density of fractures at different scales can be predicted by fine extrapolation of the power law distribution. Using this method, the areal densities of micro-fractures were predicted by extrapolating the power law of cumulative areal density distribution of macro-fractures (Figure 13). Compared to the measured micro-fracture areal density, the errors are less than 5%, which indicates that the prediction results are reliable (Table 3).




5.3. Contribution of Fractures


Since the core plugs are drilled in a way to avoid fractures, while the full-diameter cores are usually drilled through natural fractures, the physical property test results of core plugs represent the physical property of the matrix, and the physical property test results of the full-diameter cores donate the total porosity and permeability of the matrix pores and the natural fractures. Their differences can be roughly regarded as the porosity and permeability of natural fractures. From Table 2, it can be estimated that the porosity of natural fractures is more than 2/3 of the total porosity, and the permeability of natural fractures is 2 to 5 orders of magnitude higher than that of the matrix pores. These observations indicate that natural fractures are the major contributor of the storage space and seepage channel of the tight conglomerate. In addition, the horizontal permeability of the full-diameter cores is much larger than the vertical permeability. This is attributed to the horizontal fractures being dominant in the full-diameter core samples. It also depicts that the natural fractures are the most important seepage channels in the tight conglomerate reservoirs.



The well productivity is also closely related to the development degree of fractures. From Figure 14, the daily gas production is exponentially related to the fracture fractal dimension. The well productivity increases as the fractures develop further. Therefore, the development degree of natural fractures is the most important factor controlling the natural gas enrichment and the capacity of the tight conglomerate reservoir in the Zhenzhuchong Formation.





6. Conclusions


Three types of fractures (IGF, GEF and TGF) exist in the tight conglomerate reservoirs of Zhenzhuchong Formation of Jiulongshan gas field, China, forming a complex fracture network. The fractal dimensions of core fractures mainly distribute between 1.20 and 1.50, which is reasonable for the fractal range of the two-dimensional object (from 1 to 2). The correlation coefficients of all the fracture fractal dimensions are above 0.98, indicating that the spatial distribution of fractures in the tight conglomerate has fractal properties.



The areal densities of fractures are mainly distributed between 20.0 m·m−2 and 50.0 m·m−2, with an average of 31.42 m·m−2. The fracture porosities are mainly distributed between 0.60% and 1.60%, with an average of 1.26%, and the fracture permeabilities are mainly distributed between 50 mD and 150 mD. The fracture fractal dimension has an exponential correlation with the fracture areal density and can therefore be used to quantify the fracture intensity. A good exponential correlation also exists between the fracture fractal dimension and the fracture porosity and permeability, which can reflect their contributions to the physical properties of the tight reservoirs. Therefore, the fracture fractal dimension D is a good comprehensive index as a quantitative parameter to characterize the intensity of the complex fracture system and reflect the contributions of fractures to the tight reservoir.



The apertures of micro-fractures are mainly distributed between 10 μm and 100 μm, and the apertures of macro-fractures are mainly distributed between 50 μm and 200 μm. Although the cumulative frequency distribution of fracture apertures seems to follow log-normal distribution at a single-observation scale (core scale or thin section scale), after integrating all the aperture data, they are subjected to a uniform power-law distribution. The density of micro-fractures was predicted by fine extrapolation of the power law distribution. The errors of predicted results are less than 5%, which indicates that the prediction results are reliable.
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Figure 1. Location of the Jiulongshan gas field in the Western Sichuan Foreland Basin, China. (a) Location of the Western Sichuan Foreland Basin; (b) structure outline map of the northern part of Western Sichuan Foreland Basin; (c) depth contour and fault distribution of top of the Zhenzhuchong Formation, Jiulongshan oil field. 
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Figure 2. Core images, fracture traces and meshes. (a) Image of the surface of core A; (b) fracture traces of core A and the grids for box-counting; (c) image of the surface of core B; (d) fracture traces of core B and the grids for box-counting. The side length of the blue boxes is 1 cm, 2 cm, 3 cm, 5 cm, 8 cm, 10 cm and 15 cm, respectively. 
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Figure 3. Schematic diagram for the calculation of fracture fractal dimension (modified from [59]). (a) Calculation of fracture fractal dimension for core A; (b) Calculation of fracture fractal dimension for core B. 
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Figure 4. Fracture types in the tight conglomerates. (a) Well L4, 3164.32 m; (b) Well L102, 3198.35 m. IGF = intra-gravel fracture, TGF = trans-gravel fracture, GEF = Gravel edge fracture. 
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Figure 5. Gravel edge fracture (GEF) and trans-gravel fractures (TGF) in thin sections. (a) Gravel edge fracture (GEF), Well L104, 3175.05 m; (b) trans-gravel fractures (TGF), Well L16, 3159.34 m. 
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Figure 6. Trans-gravel fractures in cores and out crop. (a) Trans-gravel fractures with high dip angle in core, Well L102, 3185.75 m; (b) trans-gravel fractures with low dip angle in core, Well L104, 3174.65 m; (c) conjugate fractures in outcrop, see Figure 1 for outcrop location. 
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Figure 7. Distributions of fracture parameters. (a) Distribution of fracture fractal dimension; (b) distribution of fracture areal density; (c) distribution of fracture porosity; (d) distribution of fracture permeability. 
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Figure 8. Cumulative frequency plots of micro-fracture apertures (blue squares) and macro-fracture apertures (red circles). 
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Figure 9. Relationship between fractal dimension and fracture areal density. 
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Figure 10. Relationship between fractal dimension and fracture porosity. 
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Figure 11. Relationship between fractal dimension and fracture permeability. 
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Figure 12. Cumulative plot of micro-fracture apertures (blue squares) and macro-fracture apertures (red circles). The power law distribution of micro-fractures (blue Equation) was obtained by fitting the solid square data, the power law distribution of macro-fractures (red Equation) was obtained by fitting the solid circle data, the power law distribution of all fractures (black Equation) was obtained by fitting the solid square and solid circle data and the best fitting line is slightly offset to the right for clarity of the plot. 
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Figure 13. Cumulative plot of macro-fracture areal density (red circles) and prediction of micro-fracture areal density (blue square). The Equation was obtained by fitting the solid circle data, the opening squares are predicted areal density of micro-fractures by extrapolating the power law of cumulative areal density distribution of macro-fractures. 
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Figure 14. Relationship between fracture fractal dimension and well productivity. 
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Table 1. Fracture parameters (fractal dimension, areal density, porosity and permeability) calculated from cores.
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Well Name

	
Interval

	
Fractal Dimension

	
Correlation Coefficient

	
Areal Density (m·m−2)

	
Porosity (%)

	
Permeability (mD)




	
Top (m)

	
Bottom (m)






	
L4

	
3069.39

	
3069.55

	
1.38

	
0.9910

	
40.29

	
1.26

	
133.98




	
L4

	
3069.64

	
3069.72

	
1.22

	
0.9891

	
26.59

	
0.99

	
38.62




	
L4

	
3069.77

	
3069.78

	
1.22

	
0.9884

	
25.85

	
0.83

	
74.93




	
L4

	
3069.98

	
3070.11

	
1.28

	
0.9901

	
27.87

	
1.51

	
81.98




	
L4

	
3070.22

	
3070.29

	
1.31

	
0.9920

	
26.58

	
0.82

	
90.48




	
L4

	
3070.49

	
3070.57

	
1.40

	
0.9908

	
40.54

	
0.96

	
106.12




	
L4

	
3070.80

	
3070.93

	
1.43

	
0.9898

	
36.80

	
1.22

	
88.98




	
L4

	
3071.01

	
3071.12

	
1.10

	
0.9914

	
24.98

	
0.59

	
32.00




	
L4

	
3071.36

	
3071.56

	
1.24

	
0.9905

	
32.81

	
0.95

	
74.75




	
L4

	
3071.71

	
3071.80

	
1.58

	
0.9897

	
39.29

	
1.27

	
138.58




	
L4

	
3071.91

	
3072.12

	
1.17

	
0.9914

	
21.30

	
0.76

	
80.85




	
L4

	
3072.24

	
3072.41

	
1.01

	
0.9893

	
17.95

	
0.50

	
39.93




	
L10

	
3080.74

	
3080.91

	
1.15

	
0.9877

	
24.22

	
0.71

	
52.18




	
L10

	
3101.61

	
3101.80

	
1.28

	
0.9927

	
26.99

	
0.74

	
67.63




	
L10

	
3101.88

	
3102.07

	
1.03

	
0.9922

	
24.19

	
0.62

	
34.91




	
L10

	
3102.13

	
3102.34

	
1.65

	
0.9933

	
56.49

	
1.81

	
245.25




	
L10

	
3102.55

	
3102.71

	
1.24

	
0.9894

	
24.77

	
0.83

	
82.18




	
L10

	
3102.81

	
3102.95

	
1.31

	
0.9896

	
40.64

	
1.15

	
79.94




	
L10

	
3103.30

	
3103.42

	
1.24

	
0.9923

	
31.86

	
1.09

	
94.35




	
L10

	
3103.49

	
3103.53

	
1.33

	
0.9879

	
32.42

	
1.77

	
90.54




	
L10

	
3103.61

	
3103.79

	
1.36

	
0.9900

	
40.62

	
1.42

	
143.99




	
L10

	
3103.88

	
3103.93

	
1.40

	
0.9876

	
35.68

	
1.54

	
58.35




	
L10

	
3104.07

	
3104.18

	
1.37

	
0.9875

	
36.02

	
1.27

	
120.48




	
L10

	
3104.26

	
3104.37

	
1.36

	
0.9895

	
28.56

	
1.17

	
166.58




	
L102

	
3087.20

	
3087.34

	
1.46

	
0.9884

	
34.29

	
2.18

	
114.94




	
L102

	
3087.51

	
3087.57

	
1.35

	
0.9887

	
30.49

	
1.05

	
103.49




	
L102

	
3087.75

	
3087.85

	
1.50

	
0.9886

	
45.50

	
1.38

	
139.29




	
L102

	
3087.94

	
3088.08

	
1.55

	
0.9875

	
50.57

	
1.78

	
191.51




	
L102

	
3088.23

	
3088.33

	
1.04

	
0.9903

	
24.69

	
0.73

	
55.77




	
L102

	
3088.60

	
3088.70

	
1.05

	
0.9886

	
18.00

	
0.69

	
55.13




	
L102

	
3089.01

	
3089.17

	
1.51

	
0.9909

	
43.76

	
1.93

	
218.89




	
L102

	
3089.17

	
3089.28

	
1.10

	
0.9880

	
26.70

	
1.06

	
93.28




	
L102

	
3089.39

	
3089.55

	
1.08

	
0.9918

	
20.01

	
0.58

	
52.04




	
L103

	
3117.23

	
3117.38

	
1.24

	
0.9889

	
30.60

	
1.11

	
128.42




	
L103

	
3117.45

	
3117.54

	
1.43

	
0.9924

	
47.72

	
1.75

	
191.26




	
L103

	
3117.70

	
3117.84

	
1.44

	
0.9906

	
41.50

	
1.24

	
90.64




	
L103

	
3117.99

	
3118.05

	
1.28

	
0.9901

	
39.06

	
1.26

	
75.31




	
L103

	
3118.15

	
3118.26

	
1.39

	
0.9895

	
47.30

	
1.08

	
88.36




	
L103

	
3118.36

	
3118.58

	
1.19

	
0.9928

	
28.91

	
1.21

	
79.01




	
L103

	
3118.67

	
3118.82

	
1.22

	
0.9882

	
33.35

	
0.76

	
35.99




	
L103

	
3118.98

	
3119.03

	
1.41

	
0.9924

	
43.21

	
1.35

	
111.74




	
L103

	
3119.09

	
3119.21

	
1.19

	
0.9894

	
28.88

	
0.95

	
60.14




	
L103

	
3119.30

	
3119.40

	
1.56

	
0.9929

	
67.27

	
2.14

	
169.61




	
L103

	
3119.58

	
3119.72

	
1.15

	
0.9909

	
24.14

	
0.80

	
78.47




	
L103

	
3119.92

	
3120.16

	
1.31

	
0.9915

	
34.79

	
0.79

	
59.60




	
L103

	
3120.32

	
3120.50

	
1.44

	
0.9930

	
48.27

	
1.53

	
90.03




	
L103

	
3128.18

	
3128.37

	
1.52

	
0.9923

	
39.17

	
1.44

	
208.87




	
L103

	
3128.57

	
3128.71

	
1.24

	
0.9905

	
25.29

	
1.1

	
148.97
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Table 2. Porosities and Permeabilities of full-diameter cores and core plugs.
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Number

	
Full Diameter Cores

	
Core Plugs

	
Φ1/Φ2

	
K1/K3




	
Φ1 (%)

	
K1 (mD)

	
K2 (mD)

	
Φ2 (%)

	
K3 (mD)






	
1

	
3.90

	
214.50

	
0.0145

	
0.29

	
0.0021

	
13.45

	
102,142.86




	
2

	
3.74

	
201.69

	
0.0007

	
0.64

	
0.0084

	
5.84

	
24,010.71




	
3

	
3.80

	
166.57

	
0.0689

	
0.51

	
0.0056

	
7.45

	
29,744.64




	
4

	
3.12

	
5.75

	
0.0237

	
1.51

	
0.0105

	
2.07

	
547.62




	
5

	
2.61

	
83.58

	
0.0123

	
0.93

	
0.0096

	
2.81

	
8706.25




	
6

	
4.05

	
3.17

	
0.5917

	
1.60

	
0.0191

	
2.53

	
165.97




	
7

	
3.04

	
7.25

	
0.4628

	
1.26

	
0.0084

	
2.41

	
863.10




	
8

	
3.19

	
21.40

	
0.2450

	
1.09

	
0.0047

	
2.93

	
4553.19




	
9

	
3.06

	
32.30

	
0.4930

	
0.89

	
0.0079

	
3.44

	
4088.61




	
10

	
3.01

	
40.40

	
0.6730

	
0.95

	
0.0127

	
3.17

	
3181.10




	
Average

	
3.52

	
77.7

	
0.2586

	
0.97

	
0.0089

	
4.61

	
17,800.40








Note: Φ1 and Φ2 are the porosities of the full-diameter cores and the core plugs respectively; K1 and K2 are horizontal permeability and vertical permeability of the full-diameter cores respectively; K3 is the permeability of the core plugs.
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Table 3. Comparation of the measured and predicted areal density of micro-fractures.
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Fracture Length (mm)

	
Fracture Areal Density

	
Absolute Error (m·m−2)

	
Relative Error (%)




	
Measured (m·m−2)

	
Predicted (m·m−2)






	
10

	
50.35

	
50.14

	
−0.21

	
0.42




	
9

	
51.89

	
52.71

	
0.82

	
1.58




	
8

	
56.05

	
55.74

	
−0.31

	
0.55




	
7

	
60.48

	
59.39

	
–1.09

	
1.80




	
6

	
62.36

	
63.91

	
1.55

	
2.48




	
5

	
67.07

	
69.69

	
2.62

	
3.90












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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