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Abstract

:

A better understanding of the process of stimulation by hydraulic fracturing in shale gas and oil reservoirs is necessary for improving resource productivity. However, direct observation of hydraulically stimulated regions including induced fractures has been difficult. In the present study, we develop a new approach for directly visualizing regions of shale specimens impregnated by fluid during hydraulic fracturing. The proposed laboratory method uses a thermosetting resin mixed with a fluorescent substance as a fracturing fluid. After fracturing, the resin is fixed within the specimens by heating, and the cut sections are then observed under ultraviolet light. Based on brightness, we can then distinguish induced fractures and their surrounding regions impregnated by the fluid from other regions not reached by the fluid. Polarization microscope observation clearly reveals the detailed structures of tortuous or branched fractures on the micron scale and interactions between fractures and constituent minerals. The proposed experimental and observation method is useful for understanding the process of stimulation by hydraulic fracturing and its relationship with microscopic rock characteristics, which is important for fracturing design optimization in shale gas and oil resource development.
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1. Introduction


Shale gas is becoming an important alternative energy source as the demand for energy increases. Shale gas has the potential to affect not only the natural gas market, but also the entire global energy mix. Since 2000, improvements in gas recovery technologies from shale formations have encouraged the industry to accelerate the development of these resources. A combination of two technologies, horizontal well drilling and multi-stage hydraulic fracturing, has made shale gas production economically feasible [1]. Fractures created around a horizontal well by multi-stage fracturing have worked well for gas production because they increase the permeability of the rock and surface area in contact with resources in tight rock reservoirs. However, many unknowns remain with respect to the effects of hydraulic fracturing in production. A better understanding of the fracturing process, especially fracture development patterns, is necessary in order to enhance productivity.



Laboratory experiments on hydraulic fracturing and observation of the induced fractures are an effective approach for investigating fracturing processes. Many fracturing experiments have been performed in the laboratory to date (e.g., [2,3,4]). However, it is not easy to observe the induced fracture patterns and their influence regions precisely, even in the laboratory. For example, acoustic emission (AE) monitoring is an effective way to analyze fracture propagation mechanisms [3,5,6]. Although much information can be drawn from AE data, identifying micron-scale fracture patterns is impossible because of measurement and analytical errors. In recent years, experiments using transparent materials such as glass and acrylic resin have furnished many interesting results [7,8,9]. This approach is also beneficial, but experiments using rock samples from resource exploitation targets are necessary in order to understand the relationship between fracture propagation and rock texture/mineral composition. CT scanning is also useful for obtaining 3D fracture images [10,11,12] but its analytical resolution is limited. It is quite difficult to visualize micron-scale fracture morphologies in rocks and their relation to peculiar microstructures in shale [13,14].



Nishiyama and Kusuda [15] suggested an effective observation method for fractures in rock specimens. They soaked rock specimens in resin mixed with a fluorescent substance to fill pores and fractures. Observations were then performed on cut surfaces under ultraviolet (UV) light, allowing observation of the resin-impregnated region with micron-scale accuracy [15,16]. Chen et al. [17], Ishida et al. [18], and Bennour et al. [19,20] applied this method to observe fracture structures induced by hydraulic fracturing experiments in the laboratory. Although this method worked well, it was impossible to distinguish newly induced fractures and regions impregnated with fluid during the fracturing process from preexisting cracks and/or pores.



To overcome this problem, in this study we conduct hydraulic fracturing experiments using the resin as a fracturing fluid. The resin impregnated within the specimen is hardened by heating just after fracturing, allowing us to distinguish fluid-impregnated regions, including hydraulically induced fractures, from other regions. The advantages of this method are as follows: (1) We can observe not only fractures but also the affected regions impregnated by fluid; (2) Because the hardened resin is fixed tightly, we can obtain polished thin sections while preserving the impregnated resin, allowing us to make microscopic observations; (3) Because the resin used has a viscosity similar to that of water at room temperature, results similar to fracturing by water can be expected. In this study, we introduce a new method of observing hydraulically induced fractures and surrounding regions impregnated by fluid. We show examples of experimental results using shale samples extracted from three different sites, representing complex propagation patterns resulting from interactions with constituent minerals and preexisting discontinuities in the rocks.




2. Methodology


2.1. Hydraulic Fracturing Experiment in the Laboratory


In the present study, we conducted six series of hydraulic fracturing experiments for shale specimens of cylindrical and rectangular shapes as shown in Table 1. The specimens had different sizes mainly because of different sampling procedures. An injection hole (either 6 or 10 mm in diameter) perpendicular to the longitudinal direction was drilled at the center of each specimen for hydraulic fracturing. The specimens were shaped so that the directions of their sedimentary planes were orthogonal to their longitudinal directions, resulting in injection holes parallel to the sedimentary planes. This configuration was intended to simulate a horizontal well in shale gas/oil development in the field.



Figure 1 shows our experimental system. The specimens were kept under a uniaxial stress condition along the longitudinal direction during the experiment. It was expected that induced fractures would propagate along the loading direction from the injection hole under the given stress condition [21]. Unsaturated specimens were used for all experiments, which were performed at room temperature.



The fracturing fluid (resin) was injected into a packer with a 25-mm or 30-mm pressurizing section that was centered along the injection hole. The resin was supplied from the resin-pumping unit, which was pressurized by water injected from a syringe pump at a constant flow rate. The fluid pressure in the pressurizing section of the injection hole was measured by a pressure gauge near the packer during the experiment.




2.2. Fracture Observation Method


The resin used in the present study was a thermosetting acrylic resin, methyl methacrylate (MMA), which was mixed with a fluorescent substance as described in Section 1. The viscosity of the dispensed MMA was approximately 0.8 mPa·s at 25 °C, close to that of water (1.0 mPa·s) in the experimental condition at room temperature. The resin hardens at approximately 70–80 °C and we heated the specimen just after fracturing to fix the resin left in the specimen. During the heating process, we maintained the furnace at a temperature of 90 °C for 1 h to promote the heating of the tested specimen and then maintained it at 80 °C for at least 12 h. Afterwards, we slowly cooled the specimen to room temperature. The heating process was unlikely to affect our observation of regions impregnated by resin during hydraulic fracturing because the temperature used was too low to induce severe thermal cracking.



Subsequently, the specimen was cut along the longitudinal direction to observe regions of resin impregnation, including fractures. As described in Section 1, only regions affected by the fracturing could be highlighted under UV light. Because the fixed resin is hard enough to be preserved during the polishing process, we can obtain thin sections of the tested specimens. This enables us to conduct polarization microscope observations and to identify more detailed characteristics of the fractures and their relationship to rock texture in the specimen.





3. Specimens


We used three different shale samples in the experiments: Eagle Ford, Inai, and Kushiro shales. Eagle Ford and Inai shales were sampled from outcrops, while Kushiro shale was sampled from the mining gallery of the Kushiro Coal Mine in Hokkaido, Japan. The specimen sizes and experimental conditions used are summarized in Table 1. The selected major properties of each sample are described below.



3.1. Eagle Ford Shale


The Eagle Ford area is the fourth-largest shale gas/oil production area in the U.S. It produced approximately 10.7% of the total shale gas production in the U.S. in 2013 [22]. Eagle Ford shale is Cretaceous shale, and hydrocarbons are produced at depths between 1200 m and 4000 m. The sample used in this experiment was collected at an outcrop of Eagle Ford shale. Preexisting discontinuities along sedimentary planes were identified within the Series 1 specimens.



The constituent minerals analyzed by XRD were calcite, quartz, and clay minerals. The observed grain size was roughly 100 μm as measured by an optical microscope. The porosity was approximately 0.7%. The p-wave velocity along the longitudinal direction of the specimens was 3.3 km/s.



We summarize sample information in Table 1 (Series 1 and 2). The loading history of the Series 1 experiment was relatively complex. We started the experiment with 5- or 12-MPa loading, but fracturing did not occur until the hydraulic pressure reached 20 MPa, which is the maximum pressure capacity of the injection system. We then gradually increased the loading stress, keeping the hydraulic pressure at 20 MPa to induce fracturing.




3.2. Inai Shale


The Inai shale (Series 3 and 4) was Triassic shale retrieved from an outcrop in the Inai Distinct, Ishinomaki City, Miyagi Prefecture, Japan. Although the samples were free from opened preexisting fractures, clear sedimentary planes with alternation of sand and mud were observed in the specimens.



The constituent minerals analyzed by XRD were quartz, albite, and clay minerals. The grain size in sandy zones was 10–50 μm as measured by an optical microscope. The porosity and p-wave velocity along the longitudinal direction of the specimens were approximately 0.6% and 6.0 km/s, respectively.




3.3. Kushiro Shale


Two different ages of Kushiro shale were used in this study. One sample (Series 5) was retrieved from the Paleogene shale stratum in the mining gallery of Kushiro Coal Mine at a depth of approximately 260 m. The other sample was obtained from rock cores of the Cretaceous shale stratum drilled at Kushiro Coal Mine at depths between 400 m and 1000 m (Series 6). No clear sedimentary planes were observed in these two Kushiro shales, but several specimens of the Cretaceous shale contained preexisting discontinuities and laminae.



The constituent minerals analyzed by XRD were quartz, albite, and clay minerals. The porosities of the Paleogene and Cretaceous shales were 10.5% and 9.9%, respectively. The grain sizes were approximately 30–150 μm and 30–100 μm, respectively, whereas the Paleogene shale contained relatively coarser grains. The p-wave velocities of them were 2.9 km/s and 3.9 km/s, respectively.





4. Observation Results


Figure 2 presents examples of fluid-impregnation regions observed on the cut sections under UV light. As expected, the hydraulically-induced fractures on a cut section could be distinguished from the other parts because fractures filled with the resin emit bluish-white light. Two narrow induced fractures (bi-wing fractures) elongated from the injection hole on both sides along the uniaxial loading direction (i.e., their pathways cut across the sedimentary planes); these were clearly identified. These bi-wing fractures were commonly observed for all the specimens in the present study. Experimental results and corresponding figures are summarized in Table 2.



Although the induced fractures typically appeared to have a simple bi-wing pattern at coarse resolution, as shown in Figure 2, observation at finer resolution revealed complicated patterns. For more detailed observations at finer resolution, we prepared polished thin sections from the cut sections. As stated in Section 2.2, the microstructures of induced fractures filled with the well-hardened resin were preserved after the polishing process. We employed two methods simultaneously for thin sections: (i) observation using only UV light and (ii) polarization microscope observation using natural light, with a single nicol or crossed nicols, under UV light. Using the two methods, we could identify fracture patterns clearly and their correlations with rock textures. Figure 3 shows an example of microscopic observation of a thin section slice around induced fractures for Inai shale by means of the two methods. We identified tortuous fractures accompanied by many thinner ramified fractures.



Increasing the surface area by inducing fractures improves the productivity of shale gas/oil resources [23,24,25,26], and measurement of complexity is fundamentally important in characterizing the induced fractures. In the subsequent sections, we introduce examples indicating the complicated fracture propagation that can be revealed by our method by focusing on the following three viewpoints: (1) geometric characteristics (such as tortuosity and branching); (2) the influence of preexisting discontinuities (such as preexisting fractures, sedimentary planes, and laminae); and (3) the development of the resin-impregnated area around the induced fractures.



4.1. Geometric Characteristics of the Induced Fractures


Figure 4 presents microscope photographs of induced fractures for three shale specimens retrieved from different sites (Eagle Ford, Inai, and Kushiro). All induced fractures were tortuous (Figure 4a–c), although the degree of their winding differed, likely depending on their grain sizes (Figure 4d–f). Relatively coarser grains observed in the Eagle Ford shale specimens were fossil foraminifera (Figure 4d) and those in the Inai and Kushiro shale specimens were quartz and albite (Figure 4e,f). The induced fractures basically propagated through the shale matrix and rarely cut through mineral grains.



Because gas is considered to be stored in micropores (mainly in the organic fraction) by adsorption, in the pores of the rock matrix (mesopores and macropores), and in preexisting discontinuities [27], fractures passing through the matrix likely contribute significantly to the production of gas in the pores. Although we could not observe clear outlines of such interactions between the micropores and the induced fractures because of the small scale of such pores (ranging from 2 to 50 nm [28,29]), observation of fluid-impregnated regions around induced/preexisting fractures helps us to explore the fracturing fluid behavior in a shale matrix, as described in Section 4.3.



Figure 5 shows typical branching patterns observed in the Inai shale specimen. Branching at an acute angle (red arrows in Figure 5a) occurred where the propagating fracture encountered a mineral grain (Figure 5b). The branches ran almost parallel to the fracture propagation direction within the matrix. Similar branching patterns were frequently found for many of the specimens, strongly indicating that the interaction between grains and propagating fractures causes fracture complexity in shale samples.




4.2. Influence of Discontinuities on Fracture Propagation


Discontinuities, such as preexisting fractures, sedimentary planes, and laminae were observed in the Eagle Ford, Inai, and Kushiro shale specimens, and they can also cause complexity in induced fractures. We show examples representing such interactions in Figure 6, Figure 7 and Figure 8. The typical patterns of such interactions can be classified into three groups: fractures (i) passing straight through the discontinuities (Figure 6; Eagle Ford shale); (ii) passing through after shifting their pathways along the discontinuities (Figure 7; Cretaceous Kushiro shale); and (iii) stopping at discontinuities (Figure 8; Cretaceous Kushiro shale). Previous works [23,30,31] have shown similar interaction patterns, but the method in the present study additionally reveals the fluid-impregnated region surrounding the induced fractures.



Specifically, Figure 6 shows the interaction pattern when the fractures passed straight through the preexisting discontinuities in the Eagle Ford specimen. In this case, the preexisting discontinuity was impregnated by the fracturing fluid in short segments along the sedimentary plane; that is, in the horizontal direction in the figure. This result clearly indicates that the preexisting discontinuities around the induced fractures were stimulated by the fracturing. Figure 7 shows a fracture passing through two neighboring preexisting discontinuities (indicated by red arrows in Figure 7) in the Cretaceous Kushiro specimen. The main fracture passed through the preexisting discontinuities after shifting its pathway along short segments (B to C and D to E in Figure 7), resulting in the stepwise fracture pattern (A–B–C–D–E–F in Figure 7). The fluid-impregnated portions were not only the short segments ((B–C and D–E in Figure 7) but also in the extended portions along preexisting discontinuities surrounding the short segments. This suggests that the discontinuities around the induced fractures resulted in complex geometry in the fluid-impregnated region.



Figure 8 shows an example of fractures that stopped at a discontinuity in the Cretaceous Kushiro specimen. In this case, the discontinuity was also impregnated by the fracturing fluid. The observed area is very close to the injection hole and the scattered blueish-white spots in Figure 8 may be pores impregnated with resin before fracturing due to high fluid pressure in the hole.



Significantly complex fractures were observed when the induced fractures passed through highly laminated regions. Figure 9 shows a photograph of the Eagle Ford specimen around a region with many laminar layers identified by standard polarization microscope observations. The hydraulically induced fractures passed through the laminae after propagating along them for short segments, and the regions around the intersections between the main fracture and the laminae were widely impregnated by fracturing fluid.




4.3. Development of Resin-Impregnated Regions around Induced Fractures


Our method could reveal resin-impregnated regions surrounding induced fractures which are also likely to affect gas/oil production. Figure 10 shows an example for Paleogene Kushiro shale. Although we can identify the bright part (resin-impregnated region) expanded with a ~1 mm width (Figure 10a), a bold, continuous main pathway likely corresponding to an induced fracture was missing, whereas it was observed in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. The identified bright parts in Figure 10 likely consist mainly of fluid-filled pores. However, we observed thin and tortuous continuous lines near the center of the region (red arrows in Figure 10b,c). Additionally, we can identify many thin, bright, ramified lines connecting bright spots likely representing fluid-filled micropores in Figure 10c. This observation indicates that the fluid-impregnated region consists of networks of microfractures and micropores within the specimen matrix.



In other examples shown in Figure 11 (Cretaceous Kushiro shale), the main fracture, the thick, continuous resin-impregnated region, and surrounding impregnated regions can be clearly identified. Such resin impregnation in the surrounding region may be caused not only by preexisting pores but also by damage induced by propagation of the main fracture. Figure 11 also shows the dependency of the resin-impregnated regions on the rock texture. A wider impregnation zone is identified for sandy zones than for muddy zones. This was likely caused by larger pore size and good connectivity of pores in the sandy zones, where more fluid can leak off.





5. Discussion and Concluding Remarks


In this research, we conducted hydraulic fracturing experiments using a thermosetting resin mixed with a fluorescent substance as a fracturing fluid in the laboratory. This allowed the induced fractures and their surrounding resin-impregnated regions to be distinguished from other regions according to their brightness under UV light. The resin was fixed within the specimens by heating just after fracturing, and thin sections prepared by cutting the specimens were then observed under UV light. Using the proposed method, we succeeded in fixing the resin injected during hydraulic fracturing and conducted detailed microscopic observations on the characteristics of resin-impregnated regions, including induced fractures.



The fractures observed under the microscope were generally tortuous and accompanied by many thinner ramified fractures. The fractures propagated through the matrix along the boundaries of constituent minerals, resulting in tortuous pathways whose extents were likely affected by grain size. The observed results imply that gas stored in the pores of the matrix can be exploited by inducing fractures, suggesting the importance of understanding matrix pore properties and gas storage conditions.



Preexisting discontinuities such as preexisting fractures, sedimentary planes, and laminae, often change induced fracture propagation pathways and cause complexity. Our method also revealed that hydraulic fracturing stimulates preexisting discontinuities by impregnation of fracturing fluid into them. In areas with dense discontinuities, highly complex fracture networks are sometimes created. The resin penetrated not only induced/preexisting fractures but also the surrounding matrix. This impregnation likely occurred through preexisting micropores or possibly through damage surrounding the main fracture induced by hydraulic fracturing.



A better understanding of the characteristics of hydraulically induced fractures and regions of fracturing fluid impregnation in shale gas/oil reservoirs can help to improve their productivity. The results of our experiments achieve this; thus, we believe that the results contribute to developing new technologies for improving reservoir productivity.
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Figure 1. Schematic of the experimental system for visualizing hydraulically induced fractures. 
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Figure 2. Observation of hydraulically induced fractures under UV light in (a) Eagle Ford shale; (b) Inai shale; and (c) Cretaceous Kushiro shale. The pair of black arrows next to (c) represents the loading direction. Two main fractures (bi-wing fracture) along the loading direction were observed. 
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Figure 3. Microscopic observation of hydraulically induced fractures within the Inai shale specimen (a) under UV light and (b) under a single nicol with UV light. Bluish-white parts correspond to induced fractures. The fracture propagation direction is from right to left (yellow arrow). The pair of black arrows under (b) represents the loading direction. 






Figure 3. Microscopic observation of hydraulically induced fractures within the Inai shale specimen (a) under UV light and (b) under a single nicol with UV light. Bluish-white parts correspond to induced fractures. The fracture propagation direction is from right to left (yellow arrow). The pair of black arrows under (b) represents the loading direction.
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Figure 4. Patterns of hydraulically induced fractures observed in the thin sections prepared from the tested shale specimens in (a,d) Eagle Ford shale; (b,e) Inai shale; and (c,f) Kushiro shale. The images were obtained under (a–c) UV light and (d–f) a single nicol with UV light. The pair of black arrows next to (f) represents the loading direction. The induced fractures were tortuous and propagated in the shale matrix. 
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Figure 5. Branching of hydraulically induced fractures within an Inai shale specimen (Ki-2 in Table 2) (a) under UV light and (b) under a single nicol with UV light. The pair of black arrows next to (b) represents the loading direction. Branching occurs at an acute angle (red arrows) and the branches run almost parallel to the fracture propagation direction. 
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Figure 6. Observation of an induced fracture cutting straight through a preexisting discontinuity in the Eagle Ford specimen. The pair of black arrows next to the figure represents the loading direction. The preexisting discontinuity was impregnated by the resin in short segments. 
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Figure 7. The influence of preexisting discontinuities on the propagation of an induced fracture (Cretaceous Kushiro shale). The pair of black arrows next to the figure represents the loading direction. The induced fracture shifted its pathway along the preexisting discontinuities for short segments (B–C and D–E) and passed through the preexisting discontinuities. The fluid-impregnated portions were not only the short segments (B–C and D–E) but also the extended portions along preexisting discontinuities surrounding the short segments. 
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Figure 8. Stimulation of a preexisting discontinuity by a hydraulically induced fracture (Cretaceous Kushiro shale). The pair of black arrows next to the figure represents the loading direction. The induced fracture approached almost normal to the preexisting discontinuities, parallel to the sedimentary plane, and did not pass through the preexisting discontinuities. The discontinuities were impregnated by the fracturing fluid. 
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Figure 9. Observation of complex networks induced between hydraulic fractures and laminae in the Eagle Ford shale specimen under UV light. The pair of black arrows next to the figure represents the loading direction. The hydraulically induced fracture propagated along the loading direction and passed through the laminae after extending along and between them for short segments. 
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Figure 10. Resin-impregnated regions around the induced fractures observed in the Paleogene Kushiro shale specimen under UV light. (a) Overview of resin-impregnated region; (b,c) enlarged views of the parts indicated in figure (a). The pair of black arrows next to (c) represents the loading direction. The region is estimated to consist of networks of micropores within the shale matrix. 
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Figure 11. Resin-impregnated regions around the induced fractures observed (a) under UV light; (b) under a single nicol with UV light. The pair of black arrows next to (b) represents the loading direction. The regions are wider in sandy zones than in muddy zones. 
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Table 1. Specimen sizes and experimental conditions.






Table 1. Specimen sizes and experimental conditions.





	Series
	Sample
	Shape 1
	Size 2
	Injection Hole Diameter
	Number of Specimens
	Pressurizing Section of Packer
	Uniaxial Stress





	1
	Eagle Ford
	C
	L165 mm, D75 mm
	10 mm
	3
	30 mm
	See the text 3



	2
	Eagle Ford
	R
	L130 mm, S65 mm
	6 mm
	3
	30 mm
	5 MPa



	3
	Inai
	C
	L200 mm, D82 mm
	10 mm
	6
	30 mm
	3 MPa



	4
	Inai
	R
	L170 mm, S85 mm
	10 mm
	8
	30 mm
	5 MPa



	5
	Paleogene Kushiro
	C
	L170 mm, D85 mm
	10 mm
	2
	30 mm
	3 MPa



	6
	Cretaceous Kushiro
	C
	L150 mm, D60 mm
	6 mm
	12
	25 mm
	5 MPa







1 Shape: C: cylindrical; R: rectangular. 2 Size: L: length; D: diameter; S: square section. 3 See the text in Section 3.1.
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Table 2. Summary of experimental fracturing results and corresponding figures.
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	Specimen ID
	Series
	Breakdown Pressure
	Corresponding Figure





	EFS1706
	2
	10.71 MPa
	Figure 2a



	INS07
	4
	12.62 MPa
	Figure 2b



	Kk0-1
	6
	11.26 MPa
	Figure 2c



	INS03
	4
	18.74 MPa
	Figure 3



	Ke-3
	1
	See the text (20 MPa) 1
	Figure 4a,d, Figure 6 and Figure 9



	Ki-2
	3
	12.18 MPa
	Figure 4b,e and Figure 5



	Kk0-6
	6
	10.46 MPa
	Figure 4c,f and Figure 7



	Kk0-5
	6
	7.66 MPa
	Figure 8



	Kr-1
	5
	9.59 MPa
	Figure 10



	Kk1-5
	6
	14.72 MPa
	Figure 11







1 See the text in Section 3.1. Fractured at a loading of 16.20 MPa.
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