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Abstract

:

The heterogeneity of the rock fabric is a significant factor influencing the initiation and propagation of a hydraulic fracture (HF). This paper presents a laboratory study of HF created in six shale-like core samples provided by RITEK LLC collected from the same well, but at different depths. For each tested sample, we determined the breakdown pressure, the HF growth rate, and the expansion of the sample at the moment when the HF reaches the sample surface. Correlations were established between the HF parameters and the geomechanical characteristics of the studied samples, and deviations from the general relationships were explained by the influence of the rock matrix. The analysis of the moment tensor inversion of radiated acoustic emission (AE) signals allows us to separate AE signals with a dominant shear component from the signals with a significant tensile component. The direction of microcrack opening was determined, which is in good agreement with the results of the post-test X-ray CT analysis of the created HF. Thus, it has been shown that a combination of several independent laboratory techniques allows one to reliably determine the parameters that can be used for verification of hydraulic fracturing models.
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1. Introduction


In the last decade, unconventional oil and gas resources have become increasingly promising sources of hydrocarbons due to the approaching depletion of available conventional oil and gas deposits. The United States, Canada, and China are currently widely exploring and producing shale oil and gas [1]. Russia also has a sufficient energy potential in the Bazhenov and other tight oil reserves, a significant part of them being accounted for as unconventional hydrocarbon reservoirs [2]. Currently, hydraulic fracturing is one of the most effective ways to stimulate shale oil and gas production. The created fracture network increases the contact area between the hydraulic fracture and the matrix of unconventional reservoir rock if the fractures are filled with a proppant of appropriate size.



Unfortunately, hydraulic fracturing in the field does not always turn out to be as effective as predicted by the model. This is because some factors cannot be quantified, such as horizontal bedding, natural fractures, and the presence of inclusions, which may play an essential role in fracture propagation, and are often overlooked when considering fracture geometry [3,4,5]. Heterogeneity and anisotropy of the reservoir rock properties significantly impact the origin of a complex HF network and impede successful proppant transport through them. That is why various improvements are required in the field to achieve the predicted high efficiency. In addition, it is necessary to take into account that the oil production process from unconventional reservoirs is very difficult and expensive, and increasing the efficiency of applied technologies such as hydraulic fracturing will help to reduce expenses for oil companies [6]. The majority of works on hydraulic fracturing techniques have been focused on various ways to make the process more effective, as mentioned below.



Various factors affect the efficiency of hydraulic fracturing and should be taken into account. Numerous studies have been carried out to examine the behavior of hydraulic fractures in heterogeneous rocks. The influences of the least principal stress were discussed [7]. Options of the possible dependence of the breakdown pressure on borehole pressurization rate [8] and the injection rate on fracture propagation were reviewed [7]. The work has highlighted the aspects of the pre-breakdown cyclic injection during hydraulic fracturing under triaxial stress conditions, such as decrease of the breakdown pressure of rock and increase of the damage around the hydraulic fracture [9]. Understanding the changes in shale mechanical properties as they are exposed to fracturing fluids and how these changes can affect the proppant embedment process were discussed [10]. The conductivity of unpropped natural fractures, propped natural fractures, unpropped induced fractures, and propped induced fractures was demonstrated [11]. Another study focused on the fracture-growth-limiting mechanisms [12]. Details of the fracture initiation and propagation behavior near the borehole were investigated [13]. The identification of fracture initiation and behavior in laboratory experiments with high- and low-viscosity fluids was analyzed [14,15]. The influence of pre-existing cracks on the orientation of generated fractures was studied [8,16,17]. Although a significant number of hydraulic fracturing experiments were performed in unconventional reservoirs, the optimization process is still under discussion because of its complexity, especially considering heterogeneities in rocks [18].



Laboratory studies of hydraulic fracturing have some similarities and advantages over the fieldwork, and they can potentially increase the efficiency of fieldwork. Micro-seismic surveys in the field are expensive and, in some cases, inaccessible. At the same time, they are necessary to monitor the spatial propagation of fractures and the success of the hydraulic fracturing process as a whole. Monitoring acoustic emission during hydraulic fracturing in laboratory conditions is similar to field micro-seismicity. The acoustic emission method is highly useful for laboratory studies of fracture initiation, early propagation, and breakdown within the rock samples to identify the precursors of failures [19,20,21,22]. The location of acoustic events agrees well with the position of macroscopic hydraulic fractures. AE monitoring is also a valuable tool to control the crack growth in the post-peak stage [23]. In addition, the locations and characteristics of the failure were analyzed by localizing and inverting the source mechanism of the AE events [24,25]. The moment tensor inversion (MTI) technique allows one to predict the behavior of fractures and in-situ stress state development in the reservoir.



Furthermore, a fracture aperture of the successful hydraulic fracturing in the field is nearly impossible to be measured directly, while in the laboratory, the specimen expansion can be measured directly with high accuracy. It is highly necessary to pay attention to the aperture of the fracture as the critical indicator for the proppant selection, which means that it directly affects the efficiency of the hydraulic fracturing. Eventually, it is expected that hydraulic fracturing in the field, based on the results of independent laboratory experiments, should be more efficient.



In our study, the technique of hydraulic fracturing in laboratory conditions was developed; first, it was tested on a homogeneous sandstone sample, and then six anisotropic (layered) shale-like samples taken from different depths of the same well were investigated in detail. The experimental conditions were the same for all of the specimens, so the obtained experimental results show how heterogeneities influence hydraulic fracturing parameters. The presence of cracks, inclusions, and lamination leads to the appearance of stress concentrators affecting the propagation of hydraulic fractures in several ways. For example, it can contribute to the fracture development or arrest or cause a fluid leak-off. That is why it is essential to investigate the dynamics of the fracturing in laboratory conditions, establishing a correlation between hydraulic fracturing parameters and the rock fabric of the specimen that can potentially increase the efficiency of field operations.



The purpose of the research is to study the behavior of a hydraulic fracture in laboratory conditions in the shale-like specimens taken from different depths of the unconventional hydrocarbon reservoir. Moreover, this work aims at finding the relationship between hydraulic fracturing parameters, which cannot be measured directly in the field (for example, fracture aperture), with the geomechanical characteristics of the rock.




2. Materials and Methods


2.1. Experimental Setup


The laboratory is equipped with a hydraulic press manufactured by the Material Testing Systems Corporation (MTS-815), shown in Figure 1. The loading frame allows creating an axial compressive force of up to 4600 kN, which can be applied to cylindrical core specimens with a diameter varying from 30 to 100 mm. At the same time, specimens can be subjected to a confining and/or pore pressure of up to 140 MPa and to temperatures of up to 110 °C. The loading frame is also equipped with the internal load cell to measure the load applied to the specimens and axial and radial extensometers installed inside the loading chamber to measure the deformations of the samples directly; that is, the technical solution for determining the elastic-strength properties. In addition to the hydraulic press, the set of equipment includes an ultrasonic transmission system measuring the velocities of longitudinal and shear waves. The system allows monitoring the variation of the anisotropic and heterogeneous velocity field in the specimen as the moment of destruction approaches.



Moreover, to monitor the dynamics of the process of specimen fracturing, the system is equipped with a data acquisition system recording acoustic emission (AE) signals emitted by microcracks during the specimen fracturing. The closest analog to the AE technique in the field is the analysis of micro-seismicity. The acoustic system is based on the continuous recording of entirely digitized AE signals, eliminating the loss of any signals, even during the rapid propagation of macroscopic fracture. Itasca Consulting Group, Inc., (Minneapolis, MN, USA) manufactured the recording system and software.




2.2. Experimental Method and Specimen Preparation


Initially, the technique of hydraulic fracturing in laboratory conditions was tested by hydraulic fracturing of a sandstone specimen of 50 mm in diameter and 108 mm in length under a uniaxial loading condition. Preliminary experiments allowed us to describe the behavior of the informative measured parameters during hydraulic fracture propagation. Later, the developed technique was applied to studying hydraulic fracturing under a pseudo-triaxial loading condition of six cylindrical shale-like specimens with a layered structure having a diameter of 50 mm, provided by RITEK, LLC, from the Artinskian layer in a vertical well at depths of 5700–5900 m.



2.2.1. Characterization of a Sandstone Sample and Preparation for Testing


Light-gray homogeneous sandstone of the Eganovsky quarry, Moscow region (Figure 2), was selected, with a porosity of 3.7% and a permeability of 1.59 mD (Table 1). The structure of the material is fine-grained with no significant inclusions. The pores are small (0.02–0.5 mm), and partial filling with carbonate cement is observed. The mineral composition of the rock is: quartz—62%, feldspar—28%, clay substances—6%, hematite—1%, and other minerals—3%.



Specimen preparation started with drilling of a cylindrical specimen from a rock block. Then, the end surfaces of the specimen were ground using a diamond grinding disc to a maximum flatness deviation of no more than 0.03 mm. To simulate a horizontal wellbore (cased well and open-hole sections), a side hole with a diameter of 5 mm was drilled in the specimen. A metal tube of 3.2 mm diameter was glued into this hole (cased well section), with a section of 10 mm long in the central part of the cylinder left open (open-hole section).



The next step was to install piezoelectric sensors onto the cylindrical surface of the specimen. Acoustic emission (AE) sensors were glued directly onto the sandstone specimen using epoxy resin (Figure 3 (2)), allowing to monitor the dynamics of hydraulic fracturing. The sensors recorded elastic waves emitted by the cracks created during the experiments. AE sensors can register elastic waves at pressures up to 140 MPa and temperatures up to 180 °C. Next, a circumferential extensometer was installed on the specimen to measure the transverse (radial) deformation in the middle part of the specimen (Figure 3 (1)). It consists of a roller chain that surrounds the specimen and a clip gauge attached to the ends of the chain. This test system allows conducting experiments following the ISRM (International Society for Rock Mechanics and Rock Engineering) regulations, with the measurement of both the radial deformation of the specimen and the pressure applied to the specimen. After installing the extensometer and AE sensors, the specimen was placed between the upper and lower plungers of the press for the laboratory study.



Figure 3a shows a photograph of a sandstone specimen prior to testing. The sandstone specimen was loaded in the axial direction to 16.4 MPa in a MTS-815 rock mechanics test system. Thereafter, the PMS silicone oil (polymethylsiloxane) with a viscosity of 100,000 cP was injected into the wellbore drilled into the specimen. The injection was carried out at a constant rate of 0.5 mL/min.



Acoustic emission was monitored using 18 single-component piezoelectric sensors attached directly to the cylindrical surface of the specimen. Locations of wellbore (black circles) and AE sensors (red circles) for sandstone and shale-like samples are shown in Figure 4 and Figure 5, correspondingly. The waveforms were continuously recorded with a sampling frequency of 10 MHz and a resolution of 16 bits using a Richter system manufactured by Itasca Consulting Group, Inc. (Minneapolis, MN, USA). A bandpass filter with a cutoff frequency of 50 kHz low and 750 kHz high was applied to the data to remove noise before further processing. The resonant frequency of the transducers is about 1 MHz. Once the triggering condition was reached, the AE waveforms were extracted from the continuous recording, and a 2048-point time series was saved for further waveform analysis for each acquisition channel. The use of 18 sensors provided sufficient coverage of the specimen for both localization of the radiation sources and inverting the moment tensor. The ultrasonic transmission of longitudinal (P) waves was performed in different directions with the same piezoelectric transducers as for the AE recording, but by applying an electric pulse with an amplitude of 450 V to each of the installed transducers in turn. During ultrasonic transmission, the remaining 17 transducers acted as receivers of elastic waves, which allowed measuring P-wave velocities in different directions. To characterize anisotropic velocities in tested samples, we applied the vertical transverse isotropy (VTI) model of P-wave velocity, and searched for the vertical (PV) and the horizontal (PH) components of P-wave velocities, providing the best fit between modeled velocities and those measured along all ultrasonic transmission traces with different inclinations to the vertical axis of the sample [27]. The velocities were periodically measured during the test and then calculated anisotropic velocities were used to calculate the hypocenter coordinates of the recorded AE events.



The technique of automatic localization of AE signals for the anisotropic velocity model has been described in some detail earlier, for example, in [19,28,29]. The Akaike Information Criterion method, widely used in seismology [30], was applied to automatically determine the moments of the first arrivals of AE signals. The Simplex algorithm [31] was used to localize the AE signals. We estimate the AE location accuracy to be about 2.5 mm for the MSS-401 sandstone sample and about 5 mm for shale-like samples.




2.2.2. Characterization of Shale-Like Rock Samples and Preparation for Testing


Six samples of siliceous-bituminous-carbonate rocks were provided for research by RITEK LLC. The company operates in 10 constituent entities of the Russian Federation, specializing in producing, testing, and implementing new technologies of unconventional hydrocarbon production and enhancing oil recovery.



Samples were taken from a place nearby Volgograd region (Figure 6) from sediments of the Artinskian stage of the subsalt complex. The Lower Permian terrigenous-carbonate deposits were previously found to be productive in the area of the Caspian depression (gas condensate and oil fields) [32]. The well with a depth of 6300 m is located on the left bank of the Volga on the Eruslan gas-condensate structure, which corresponds to the northern part of the Akhtubinsko-Eruslan megaswell. In the study of the core of the lower Artinskian sediments of the superdeep well, direct signs of oil and gas bearing were recorded, expressed in anomalous concentrations of free hydrocarbons (HC), which are at the level of 10−1–10−2%, being an order of magnitude higher than the background (10−3) [33].



The provided samples correspond to five different members with a similar layered structure and composition. They were taken from different depths and demonstrated different strength characteristics. The rocks of the Lower Permian are represented by carbonate cyclical formations of the Asselian, Sakmarian and Artinskian, and anhydrite-dolomite Artinskian sequence [34].



The lithological description provided above is comparable to that of Domanic shale rocks with similar composition. In turn, the predominant mineral composition of the Domanic formation is close to one of the largest shale deposits in the United States, Eagle Ford [35]. Therefore, further in the text, when describing the studied samples, the term shale-like rocks will be used.



A brief lithological and stratigraphic description of rocks, total organic carbon (TOC) concentration, and geomechanical characteristics of the members from the deposits of the Artinskian stage are presented in Figure 7. Members 2, 3, 4, and 8 can be attributed to the poorly permeable reservoir class (0.42–0.83 mD). The permeability of sediments of member 1, which is 4.85 mD, is significantly higher and corresponds to the low-permeability class of reservoirs.



This deposit is predominantly composed of carbonate and clayey rocks with an admixture of siliceous radiolarians. While the carbonate component is present in all the members, the siliceous rocks are contained in members No. 2, 3, and 8. Moreover, member number 8 corresponds to a uniform interbedding of carbonate, clayey, and siliceous rocks. The TOC concentrations vary considerably up to 3 wt.% for different lithological units within a cross-section.



The samples taken from the lithotypes mentioned above were comprehensively characterized using the following geomechanical studies: Brazilian test (to determine tensile strength), uniaxial compression (to determine UCS), and multi-stage testing (to determine moduli, internal friction angle, and cohesion). The generalized results of geomechanical studies are shown in Table 2. The highest tensile and compressive strengths are observed for specimens from members 8 and 3. It should be noted that the samples from member 3 have the highest rock strength. The highest Young’s moduli was demonstrated in samples 3, 8, and 4 (UCS). Correlation of elastic-strength characteristics with the depth was not observed. Detailed mechanical and physical properties are shown in Table 2.



Shale-like rock samples were hydraulically fractured in a pressure chamber of an MTS press under confining pressure, representing reservoir conditions. Each sample was placed in a sealed oil-resistant jacket to isolate the rock from the silicone oil that was used to apply the confining pressure to the sample. There were 18 holes made in the jacket to install piezoelectric sensors. Sensors were glued directly to the cylindrical surface of the rock using a two-component elastic epoxy resin, which provided sealing of the jacket after the AE sensors were installed (Figure 8).



The experiments were carried out under pseudo-triaxial stress conditions using an MTS 815/S-ATM servo-hydraulic system. The fracturing of the sample installed inside the triaxial apparatus was initiated by applying an axial (vertical) load (σ1), confining (radial) stress (σ3), and injecting MultiTherm PG-1 mineral oil with a viscosity of around 46 cP into a wellbore drilled into the sample. The injection was carried out at a constant rate of 5 mL/min. All experiments were conducted under stress conditions with σ1 = 54.8 MPa and σ3 = 27.4 MPa, where σ1 was applied along the cylinder axis, and σ2 = σ3 was applied as the confining pressure (Figure 9).



Vertical (lithostatic) stress was determined by integrating density with depth using a density log curve:


   σ V  =   ∫  0 z  ρ  z  g d z =  ρ ¯  g z  



(1)




where    σ V   —vertical stress, MPa; ρ—bulk density, g/cm3; g—acceleration of gravity, m/s2; z—depth at absolute elevation, m;   ρ ¯  —mean bulk density for the depth z, g/cm3.



Confining pressure was calculated using the hydrostatic pressure formula with further calibration for calculations based on actual formation pressure measurements.



Fracture propagation was monitored using acoustic emission (AE), ultrasonic transmission (UT), and volumetric deformation methods. A photograph of a pseudo-triaxial stress cell with integrated acoustic sensors is shown in Figure 9.



The transducers are sensitive to the particle motion normal to the sample surface, allowing detection of normal incident compression P-waves. For the correct calculation of the moment tensors of the AE signals, the polarity of the recorded electrical signal should be known when a compression wave approaches the AE sensor. Therefore, before the experiments, a preliminary calibration of the transducers was carried out using a free fall of a steel ball with a diameter of 1 mm, which showed the recording of the positive polarity of the first motion of a longitudinal wave when a compression wave arrived at the transducer.



X-ray computer tomographic (CT) images of the specimens were taken before and after hydraulic fracturing. Post-test images allow obtaining more detailed information about the geometry and shape of the created hydraulic fracture.






3. Results


3.1. Propagation of Hydraulic Fracture in Sandstone


At the initial stage of injection, pressure in the wellbore was increasing linearly, but starting from a particular moment, the rate of pressure rise decreased, then the pressure reached its maximum value, and soon, there was a sharp pressure drop, indicating hydraulic fracturing of the specimen. Video filming of the sandstone specimen confirmed that the moment of a sharp drop in the wellbore pressure corresponded to the appearance of the liquid on the specimen surface, then the injection was stopped, and the specimen was unloaded. A post-test photo of the specimen is shown in Figure 3b. A blue dye was added to the silicone oil, and the blue fluid in Figure 3b confirms oil leakage through the hydraulic fracture. According to [14], the entire volume of fluid injected into the specimen can be divided into two components: (1) the volume of fluid linearly increasing with pressure, associated with the elastic expansion of the elements of the hydraulic system, the compressibility of the fluid, and of the rock, and (2) a part of the fluid volume that nonlinearly increases with pressure, associated with other processes, including the filling of cracks and pores during the propagation of a hydraulic fracture.



Analysis of the linearly increasing part of the relationship of fluid pressure versus injected volume showed that the slope was equal to 4.14 MPa/mL. This value was used to calculate the volume of fluid injected into the fracture. According to [14], the beginning of an increase in this volume of fluid can indicate the start of fluid penetration into the opened hydraulic fracture. If we know the dimensions of hydraulic fracture, and if we can neglect the fluid leak-off into the matrix, then the value of this volume allows us to estimate the aperture of the hydraulic fracture. Other additional criteria for the initiation of hydraulic fracture opening were the beginning of an increase in the sample diameter, recorded by the radial extensometer shown in Figure 3 (1), and an increase in the number of AE signals recorded by sensors shown in Figure 3 (2).



For the sandstone specimen, the vertical component of P-wave velocity (PV) was determined to be 5241 m/s, and the horizontal component PH = 4567 m/s. These values were used in an anisotropic velocity model to localize the coordinates of AE sources. We define P-wave anisotropy as   A p =    P V  −  P H     P V      [28], and for the sandstone sample, the anisotropy is AP = 12.9%. Note that for sandstone, the P-wave velocity in the vertical direction was found to be higher than in the horizontal direction, which we explain by the appearance of stress-induced anisotropy of the sandstone sample caused by the closure of horizontally oriented pre-existing cracks during the uniaxial loading of the sample, in good agreement with [28].



Figure 10 shows the history of changes in hydraulic, mechanical, and acoustic parameters recorded during the injection of silicone oil with a viscosity of 100,000 cP at a rate of 0.5 mL/min into a wellbore drilled perpendicularly to the maximum principal stress direction at the height of 70 mm from the base of the sample, which was taken as the origin of the Z coordinate. It can be observed that during the initial stage of fluid injection, until approximately 1490 s (Figure 10, light blue vertical dashed line), the wellbore pressure increases linearly (Figure 10a, red curve). After reaching a pressure of approximately 38.5 MPa, increased activity of acoustic emission signals is observed (Figure 10a, purple curve). This moment coincides with the beginning of recording of the increase in the sample diameter, independently measured by the sensor of the radial deformation of the sample (Figure 10c, green curve). The amplitude of the AE signals was calculated, taking into account the geometric factor of elastic waves’ propagation, taking into account the amplitudes of all channels used to localize the source [28,36], which allows us to consider the amplitude as a characteristic of the radiation source. Figure 10d shows that after the initiation of a hydraulic fracture, the amplitudes of most AE signals exceed 100 mV, while the vertical Z coordinate of these signals is in the range of 60–80 mm (Figure 10e). Coordinates of these events are at a distance of several millimeters from the wellbore (Z = 70 mm). At the same time, the volume of fluid injected into the hydraulic fracture remains close to zero for about 50 s after the initiation of hydraulic fracturing (Figure 10c, magenta curve). We think it occurred due to the unfeasibility of a viscous fluid to penetrate microcracks with a small opening. However, after 1540 s, this independently recorded parameter also shows an increase (Figure 10c).



At approximately 1560 s, a significant increase in AE activity is observed (Figure 10a, purple curve), coinciding with the moment of acceleration of the increase in the sample diameter (Figure 10c, green curve), with an increase in the volume of fluid injected into the hydraulic fracture (Figure 10c, magenta curve), and with a significant increase in the amplitude of the AE signals (Figure 10d). This point in time is marked in Figure 10 with a vertical purple dashed line. Spatial analysis of the Z coordinate shows the propagation of AE signals at a speed of approximately 0.45 mm/s (Figure 10e). At the moment of 1610 s, the wellbore pressure reached a maximum value of 42.5 MPa. This moment is called breakdown and is marked with a red dashed line in Figure 10. Thereafter, a rather rapid pressure drop was observed (Figure 10a, red curve). Analysis of the spatial distribution of the AE signals shows that at the moment of breakdown, AE signals were recorded at coordinate Z ≈ 108 mm, which corresponds to the upper end of the sandstone sample (Figure 10e). Video recording of the sample testing revealed the appearance of a blue fluid on the cylindrical surface of the sample shortly after this point. These observations led to the conclusion that the fluid was leaking out of the specimen through the created hydraulic fracture, leading to a pressure drop in the wellbore. Z-coordinates of the AE signals recorded after the breakdown moment are marked by the green dots in Figure 10e. The results confirmed that after reaching the maximum pressure in the wellbore, accelerated propagation of the hydraulic fracture in the vertical direction continued at a speed of approximately 3 mm/s (Figure 10e). During this interval, the amplitudes of the AE signals proceeded to increase (Figure 10d), approximately until the moment when the hydraulic fracture reached the lower edge of the sample. Figure 10b shows the derivative of the fluid pressure in the wellbore (Figure 10a, red curve). The moment when the rate of pressure drop in the wellbore reached the minimum negative value is marked with an orange vertical dashed line in Figure 10. This moment turned out to be very close to the moments when the maximum amplitudes of the AE signals were observed (Figure 10d), as well as when the hydraulic fracture reached the lower edge of the sample (Figure 10e). This correspondence is explained by the assumption that after the fracture reaches the bottom edge, the sample gets split into two parts by the hydraulic fracture, and the viscous fluid flows out of the fracture, demonstrating the highest rate of pressure drop in the wellbore.



Thus, the analysis of the dynamics of changes of several independently recorded parameters leads to a conclusion that when injecting a fluid with a viscosity of 100,000 cP into the sandstone specimen at a rate of 0.5 mL/min, the initiation of a hydraulic fracture is observed approximately 2 min before the maximum pressure in the wellbore is reached (Figure 10). After the initiation of hydraulic fracturing for about 70 s, the fracture process remained concentrated within several millimeters around the wellbore. About 50 s before the maximum pressure is reached, the hydraulic fracture began to propagate at an approximate rate of 0.45 mm/s until it reached the top edge of the sample. After that, there was a wellbore pressure drop associated with the fluid leak out of the specimen through the formed hydraulic fracture.



The analysis of the three-dimensional spatial distribution of the AE signals shown in Figure 11 is of particular interest. The upper part of Figure 11a–c demonstrates three orthogonal projections of the AE signals, which were recorded before detecting the maximum pressure in the wellbore. The color of the dots corresponds to the recording time of AE signals, according to the rainbow color scale: violet color indicates the earliest recorded signals, then blue, green, etc., and the red colored dots display the last recorded signals. The lower part of Figure 11f–h shows three orthogonal projections of the spatial densities of the AE signals, built on the basis of the calculation of the AE signal densities inside a cube with a size of 0.5 × 0.5 × 0.5 cm sliding over the entire volume of the sample and normalized to the maximum value of the density of AE signals recorded in each projection. Figure 11e displays the parameters shown above in Figure 10, where the color of the dots correspond to the same color range as in Figure 11a–c. The X-ray scan shown in Figure 11d was taken in the center of the borehole and shows a hydraulic fracture passing through the sample from the boundary of the wellbore section, left open in the center of the sample. The X-ray image, shown in Figure 11i, was taken 5 mm below the center of the wellbore. It demonstrates the fracture extending across the entire cross-section of the sample.



The projections demonstrated in Figure 11a,f confirm that the hydraulic fracture propagated in the vertical direction. The top view projections, shown in Figure 10h and Figure 11c, confirm that the hydraulic fracture was aligned with the wellbore, and their comparison with X-ray images confirms that the AE signals reflect the spatial position of the hydraulic fracture reasonably well. The projections presented in Figure 11b,g show that the shape of the hydraulic fracture is approximately pancake-like. At the moment of recording the maximum pressure in the well, the radius of this disk was close to the radius of the sample. Thus, we can conclude that the maximum pressure in the wellbore corresponds to the moment when the tip of the hydraulic fracture approaches the lateral cylindrical surface of the sample. It means that the radius of the hydraulic fracture at this moment is equal to the radius of the sample. Sandstone testing led us to the conclusion that a combination of three independently measured parameters (AE, measurements of the lateral deformation of the sample, and the volume of fluid injected into the hydraulic fracture) allows us to determine (a) the pressure at which the hydraulic fracture initiated in the vicinity of the wellbore uncased (open hole) section, (b) the pressure at which the hydraulic fracture began to propagate, and (c) the velocity of hydraulic fracture propagation. It can be assumed that the structure of the material, the presence of natural cracks, and boundaries of heterogeneity can significantly affect the dynamics of the development of a hydraulic fracture. The results of the study of this influence by means of the example of shale-like rock samples are presented below.




3.2. Comparison of Geomechanical and Acoustic Parameters of Testing Samples of Shale-Like Rocks


Before the fluid injection, ultrasonic transmissions of elastic waves through each sample were carried out in different directions. The anisotropic values of the P-wave velocities are provided in Table 3; and these values were used to localize the sources of the AE signals. Note that samples ARE-1R1 and ARE-2R6 have the highest values of absolute anisotropy (−9.5% and −12.5%, correspondingly) among all shale-like samples. The values of P-wave velocity in the vertical direction for these samples are lower than in the horizontal direction, and we explain this by the presence of bedding planes in the shale-like samples oriented orthogonally to the vertical axis.



Figure 12 shows curves of the wellbore pressure, total number of AE events, derivative of the pressure, changes in the chain length and volume of fluid injected into the hydraulic fracture, amplitude of the AE signals, and vertical coordinates of localized signals versus the injection time for shale-like rock samples ARE-2R6 (left column of figures) and ARE-4R4 (right column of figures). For the convenience of the graphs’ comparison, the analysis interval for shale-like samples was chosen to be the same, equal to 4 s. Figure 12 shows that, like in the case of hydraulic fracturing of the sandstone sample, acoustic emission activities in the samples ARE-2R6 and ARE-4R4 begin before the maximum pressure in the well is recorded. Similar to sandstone testing, the moment of an increase in AE activity can be considered as the moment of initiation of a hydraulic fracture. However, the time interval between the initiation of a hydraulic fracture and the moment of maximum wellbore pressure in the shale-like rocks is much shorter than was recorded in sandstone (Figure 8): in shale-like rock samples, it is only a fraction of a second (Figure 12a,e).



Analysis of the derivative of the wellbore pressure (Figure 12b,g) shows that at the moment, marked with a vertical orange dashed line in Figure 12, the rate of the wellbore pressure change reaches a minimum negative value. This moment turned out to be very close to the moment of recording the maximum AE amplitude (Figure 12d,i) and the moment when the crack reaches the upper edge of the specimen (Figure 12e,j). The correspondence of these three independently recorded parameters suggests that the moment when the derivative of the pressure reaches its minimum value corresponds to the moment when the fracture approaches the cylindrical surface of the sample, causing the highest rate of pressure drop in the wellbore and leading to fluid leakage out of the sample.



It should be noted that the main difference in the dynamics of the parameters of the two samples presented is the significantly faster process of cracking in the ARE-2R6 sample (Figure 12, left column) compared to the ARE-4R4 sample (Figure 12, right column). It resulted in a significantly higher rate of hydraulic fracture propagation in sample ARE-2R6 (125 mm/s, Figure 12e) than in sample ARE-4R4 (25 mm/s, Figure 12j). It is also important to mention that the applied stresses, fluid viscosity, and injection rate were the same in these experiments. We suggest that the difference in the composition and structure of two samples taken from different depths was one of the main reasons for the difference in the dynamics of hydraulic fracturing development in these samples.



Figure 13 shows the variation of parameters using the same template as the previous Figure 12, but for a different pair of shale-like samples: ARE-3R1 (left column of figures) and ARE-8R1 (right column of figures). For sample ARE-3R1, the initiation of a hydraulic fracture (blue dashed line in the left column of graphs) was observed in fractions of a second before the maximum wellbore pressure was recorded (red dashed line in the left column). In the case of sample ARE-8R1, both moments occurred practically simultaneously (right column of graphs). The moment at which hydraulic fracture approached the upper edge of the sample (Figure 13e,j) is marked with the orange dashed line.



It should be noted that, as for the previous pair of shale-like samples, this moment: (1) corresponds to the beginning of an exponential pressure drop in the wellbore (Figure 13a,e), (2) corresponds to the recording of the maximum amplitude of the AE signals (Figure 13d,i), and (3) turned out to be very close to the moment of recording the minimum value of the pressure rate change in the wellbore (Figure 13b,g). In the case of sample ARE-3R1, the growth of the hydraulic fracture was observed symmetrically in two directions (Figure 13e). In contrast, in sample ARE-8R1, the growth of the hydraulic fracture was observed mainly from the wellbore to the upper boundary of the sample (Figure 13j). It is also important to take into account that the length of the sample ARE-8R1 was 75.76 mm, and the hole was drilled at the height of 38.50 mm, that is, approximately in the middle of the height of the sample.



Figure 14 shows the change in parameters similar to the two previous Figure 12 and Figure 13, but for the third pair of shale-like samples: ARE-1R1 (left column of figures) and ARE-1R2 (right column of figures). In the sample ARE-1R1, the moment of initiation of a hydraulic fracture, determined by an increase in the activity of AE events (blue dashed line), occurred almost simultaneously with the recording of the maximum wellbore pressure (blue dashed line), similarly to sample ARE-8R1. In the same way, the growth of a hydraulic fracture in samples ARE-1R1 and ARE-8R1 proceeded from the wellbore in only one direction—to the upper edge of the sample. In contrast, in sample ARE-1R2 (right column of graphs in Figure 14), the growth of a hydraulic fracture proceeded symmetrically in two directions, similar to the other three tested shale-like rock samples. We assume that such a difference in the hydraulic fracture behavior is also related to the difference in the composition and structure of the studied samples. Similar to all tested samples, the moments when hydraulic fracture approached the upper boundaries of samples ARE-1R1 and ARE-1R2 also corresponded to the moment of the highest amplitudes of the AE signals’ recording (Figure 12i and Figure 14d) and to the moment of the minimum negative value of wellbore pressure derivative (Figure 12g and Figure 14b). Thus, we can consider the moment marked with the orange dashed line as the moment of the beginning of fluid leaking out of the sample through the formed hydraulic fracture that has reached the sample surface.



In addition, before the laboratory experiment of hydraulic fracturing, the tensile strengths for the studied materials were measured using Brazilian disk testing. One can see an almost perfect correlation of the tensile strength values with the breakdown pressure values (Table 4, Figure 15).



The relationship of the changes in the chain length versus fluid volumes injected into the hydraulic fracture, calculated at the moments when fluid started leaking out of the rock, is presented in Figure 16a. Experimental results show that ARE-4R4 and ARE-8R1 samples differ significantly from the remaining four samples, demonstrating considerably higher values recorded by the extensometer (Figure 16a, blue triangles). In the case of four other samples (Figure 16a, red squares, and green cross), there is an expected linear relationship, demonstrating an increase in the volume of hydraulic fracturing fluid, leading to a larger hydraulic fracture opening (Figure 16a, dashed red line).



Figure 16b shows breakdown pressure plotted versus fluid volume injected into the fracture, and one can see a linearly decreasing relationship for all tested shale-like samples. The most significant deviation from this relationship was observed for sample ARE-1R2 (Figure 16b, green cross). Fracture propagation speed plotted versus fluid volume injected into the fracture also shows a linear trend of decrease (Figure 16c, red dashed line), with the exception of one sample only, ARE-1R1 (Figure 16c, violet square). We assume that some deviations from observed linear relationships are related to the difference in the properties of tested samples.



Figure 17a shows changes in the chain length versus breakdown pressure, demonstrating a general trend of decrease of the sample expansion with the increase of breakdown pressure. However, two samples, ARE-4R4 and ARE-8R1, do not obey this general trend (Figure 17a, blue triangles), which could be explained by the difference in structure and composition of these two particular samples. Figure 17b shows fracture propagation speed versus breakdown pressure, which exhibits an almost linear trend. Two samples demonstrate the most significant deviation from this linear relationship (ARE-1R1 and ARE-1R2, Figure 17b violet square and green cross, correspondingly).



Figure 18 shows sections (vertical projection) of X-ray computed tomography scans of the tested samples after the experiments. Fractures propagated along the vertical axis of the sample, and the presence of minor deviations is associated with the presence of additional stress concentrators (initial cracks, inclusions). X-ray image of the ARE-1R1 sample clearly shows that the hydraulic fracture propagated through the upper part of the sample only and arrested in the middle of the sample at the boundary of the horizontal fracture, with a complete correspondence with the results of AE localization presented in Figure 14e.




3.3. Three-Dimensional Localization of AE Events of Shale-Like Rocks


To localize AE events, the P-wave first arrivals were analyzed automatically using the Akaike Information Criterion method [30]. The method for searching the coordinates of AE sources is based on the Simplex multiparameter search method [31] based on the isotropic velocity model.



More than 600 AE events were detected by AE transducers on the ARE-4R4 sample, 311 of which were localized with the maximum residual of 0.7 µs. The qualitative ranking of the AE data was based mainly on the signal-to-noise ratio. Generated waveforms did not always show a clear first arrival, which made the picking process quite challenging.



Figure 19a shows the time history of the experimental data, with blue circles demonstrating the amplitude of localized AE events. Note that all events occurred near the pressure peak within 2 min. Before the inelastic deformation stage, the sample was in a quiescent state without recording any AE events. The progress of fracturing in the sample in three orthogonal projections is shown in Figure 19c—top view, Figure 19e—EW projection, and Figure 19g—NS projection. The color of each circle corresponds to the time of AE event occurrence, according to the color timescale presented below Figure 19c. The AE cluster formed after the fracture initiation is fairly dispersed. Nevertheless, the linear components of the fracture orientation can still be traced in Figure 19c,d. For comparison purposes, near each projection of localized AE signals, corresponding X-ray CT images are presented in Figure 19b,e,g.



Figure 20 shows four snapshots of the 3D view of AE events’ distribution within the sample. The fracture initiation process started at the center of the sample near the wellbore, as shown in Figure 20a, and lasted a little over a minute. The AE cluster then abruptly expanded from top to bottom in approximately 60 ms, forming a plane intersecting the sample, which shows a close match with the CT results (Figure 18). After 25 ms, the main fracture reached the lower boundary, that being shown by high-amplitude AE events in the lower part of the sample (Figure 20c). During the last interval, which lasted for 40 ms, fracture opening occurred, accompanied by average-amplitude AE events (Figure 20d). Additionally, it must be pointed out that the fracture formation was also influenced by the existence of coarse grains of low density, visible in X-ray images presented earlier in Figure 18 as the dark spots. We assume that in these spots, the stress concentrations were created, causing more intensive cracking picked up by the accumulation of acoustic events (Figure 20). We assume that the presence of these coarse grains influenced the growth of the fracture since the AE sources were localized not only in the near-wellbore zone but also at the location of the grains.



Localization of the recorded AE signals for the ARE-8R1 sample in three orthogonal projections is shown in the upper part of Figure 21. The color of the circles corresponds to the time of the AE events’ occurrence, according to the color scale presented in the lower part of the graph, and the size of the circles corresponds to the amplitude of the signals. Analysis of the three-dimensional distribution of AE signals demonstrates that the circles representing the coordinates of localized AE events are unevenly distributed within the specimen. However, there is an accumulation of circles corresponding to the actual location of the fracture, which coincides with the CT image (Figure 21, top view). The circles of a larger diameter, corresponding to the higher amplitudes of AE signals, are concentrated in the upper part of the specimen, which is explained by the presence of initial fracture before the start of the test, which can be seen in the pre-test CT image. Thus, we assume that in the plane of the pre-existing fracture, there was an accumulation of the energy due to stress concentrators, which was released as the main hydraulic fracture grew and caused the appearance of high-amplitude signals.




3.4. Analysis of Moment Tensor Inversion of Shale-Like Rocks


The most common method for calculating source mechanisms is moment tensor inversion (MTI) developed by [37], which can provide the magnitude of AE events, fracture type, and fracture orientation. In contrast to sandstone, signals generated from shale-like rocks have a high noise content, so that they do not always show a clear first break. Other researchers have also encountered this problem, for instance, when performing laboratory HF on the Montney shale in [38]. Thereby, the waveforms with the optimum signal-to-noise ratios and with precisely defined polarities were selected for inversion, and the amplitudes were selected semi-automatically. At least eight channels with good-quality amplitude data are required to get inversion.



To localize AE events and determine polarities more accurately, the first arrivals of P-waves were selected manually. The grid search method was used to localize the AE hypocenters [39]. After localization of the AE events, the amplitudes of the first arrivals of the P-waves were inverted in the InSite-Lab software to obtain information about the source mechanism. Green’s functions for a point source are calculated using the isotropic velocity model with velocities measured by ultrasonic velocity surveys [39]. Knowing the mechanisms of the source of micro-seismic events, one can understand the behavior of fractures and the developing stress field within the reservoir.



One method of representing a mechanism graphically described by a moment tensor is to use the diagram introduced by Hudson [40]. In doing so, two parameters, T and k (calculated on the basis of the eigenvalues of the moment tensor), are used to characterize the type of deviator component (constant volume component) in the source and the fraction of the volume change component respectively, with a range of values from –1 to 1 for both parameters. The Hudson diagram (Figure 22) allows representing any source mechanism depending on the double-couple ratio (DC or shear component)—in the center, compensated linear vector dipole (CLVD or component responsible for fracture opening)—values presented on the horizontal axis and isotropic energy (ISO)—values presented on the vertical axis. The smaller the T value, the closer the CLVD value is to −1, and the larger the T value, the closer to 1 CLVD. In addition, the smaller the k value, the more uniform the compression, and the larger the k value, the greater the tension.



For the ARE-4R4 sample, a total of 176 good-quality isolated events were used for the inversion. The mechanisms for the different time intervals are shown in Figure 22 in different parts of the diagram depending on the ratio of DC, CLVD, and isotropic energy.



Overall, the MTI inversion for sample ARE-4R4 showed a high isotropic component and CLVD components that are responsible for the volume change, opening, and closing of fractures under dilatation and tension. Therefore, non-shear components are the main fracture formation mechanisms.



Figure 22 shows the inversion results for three stages: (a) starting from the moment of fracture initiation, (b) after the maximum pressure of the injected fluid, and (c) after the fracture reaches the surface. The first stage is characterized by mechanisms of a mixed type since they represent the distribution of stresses randomly throughout the sample. The second stage included the accumulation of stresses in the grains (dark spots on CT images, Figure 19) and subsequent passage of the main hydraulic fracturing plane through these grains, which is reflected in the negative values of the compression component (lower right triangle) and a large amount of the positive tensile component (upper left triangle), respectively. In the last stage, the dominant mechanism of AE sources is the tensile component. The high component of the tensile mechanism suggests that AE events occur during the opening of vertical cracks. It indicates the opening of the main hydraulic fracture and the fluid leakage out of the sample. The small amounts of compression and shear components are attributed to the partial closure of the fracture after the fluid injection was stopped.



Figure 21c and Figure 23b display the decomposition of the tensor moment for the ARE-8R1 sample into ISO (green), DC (blue), and CLVD (yellow) parts for events recorded after the moment of pressure maximum, but before the fracture reaches the sample surface (Figure 23b), and immediately after reaching the surface (Figure 23c). During the first time-interval, the percentage distribution indicates a high proportion of shear (DC) and compressive component values, which describes fracture initiation and minor opening. However, during the second time interval, the component with positive values of the tensile component (CLVD), which is responsible for the opening of the crack, prevails. Therefore, the use of the Hudson diagram for different time intervals allowed us to confirm the opening of the fracture by the injected fluid.



Fracture geometry has also been interpreted by expanding the solutions of the moment tensor [41]. The moment tensors can be associated with two different fracture planes due to the ambiguity between the displacement vector and the vector normal to the fracture plane [42].



Figure 24a demonstrates the distribution of angles (strike) corresponding to the direction of the line formed by the intersection of the fault plane and the direction to the north. The prevailing direction of the fault plane deviation is 40° for one family of solutions and 225° for another one, which fully corresponds to the results of localization of AE events and CT scan. The plane of the fracture is parallel to the vertical stress and shows that the AE events were formed by small dislocations aligned with the plane of the main hydraulic fracture (Figure 24b,c).





4. Discussion


Experimental results of the sandstone sample (with 100,000 cP injection fluid) showed that the fracture was initiated around two minutes prior to the wellbore pressure reaching its peak (breakdown). The analysis of AE localization demonstrated that the breakdown moment, in turn, corresponds to the moment the fracture reaches the side surface of the cylindrical sample. Initially, the hydraulic fracture was close to a pancake-like shape, and it was growing symmetrically from the injection point at a speed of about 0.45 mm/s. After it reached the cylindrical surface, the fracture kept growing vertically at an increased speed of around 3 mm/s. Analysis of radial strain and injected volume allows for estimating the aperture of a hydraulic fracture at this moment.



Analysis of the tested shale-like rock samples (with 46 cP injection fluid) showed that in four samples out of six, the initiation of a hydraulic fracture was registered by the AE technique earlier than the moment of recording the maximum pressure in the wellbore (the breakdown moment). However, the initiation was observed fractions of a second before the breakdown moment in shale-like rocks instead of two minutes in the case of the sandstone sample. In two samples (ARE-8R1 and ARE-1R1), a hydraulic fracture initiation was observed almost simultaneously with the recording of the maximum pressure. Moreover, the localization of the AE signals showed that in these two samples, hydraulic fracture growth was initially observed only in one direction: from the wellbore to the upper surface of the sample. At the same time, the propagation speed of hydraulic fracturing when testing shale-like samples was in the range of 25–225 mm/s, that is, significantly higher than 0.45 mm/s observed during the testing of the sandstone. We attributed such a significant difference in the behavior of a hydraulic fracture in sandstone and shale-like formations to the influence of the viscosity of the injected fluid. A low-viscosity fluid can penetrate a hydraulic fracture almost immediately after crack initiation. In contrast, a viscous fluid requires sufficient crack opening, and only after that can a viscous fluid penetrate the crack. These results are in good agreement with the results of [14,43], which showed that the growth rate of hydraulic fracturing could change a thousand times with a significant change in the viscosity of the fluid with the same injection rate. In addition, in [14,43], when injecting a low-viscosity fluid, there was also a hydraulic fracture propagation observed in one direction, similar to the results of the ARE-8R1 and ARE-1R1 studies obtained in this work.



The comparison of independent measurements of injection parameters and AE allowed us to conclude that the moment when a hydraulic fracture approaches the sample surface is in good agreement with the moment of recording the minimum value of the derivative of the fluid pressure in the wellbore. Thus, these studies have shown that the registration of AE signals allows for determining the moment of initiation of a hydraulic fracture. The moment of recording the minimum derivative of the pressure in the wellbore allows for determining the moment when the fracture reaches the cylindrical surface of the specimen. Therefore, the combination of AE and injection parameters allows us to study the dynamics of the propagation of hydraulic fracturing.



Comparing the fracture propagation speeds with the pressure drop rates, one can see that samples ARE-3R1 and ARE-8R1 have the highest speeds of hydraulic fracture propagation, 225 and 200 mm/s respectively, and these two samples had the fastest wellbore pressure drops (165–192 MPa/s, Table 4). Both samples had a dense texture, a high degree of consolidation, and a siliceous component, which led to their rapid and brittle disruption with a characteristic uneven and rough hydraulic fracture surface. The lowest speed of hydraulic fracture propagation (30 mm/s) was observed in the sample ARE-4R4, and at the same time, this sample demonstrated the slowest wellbore pressure drop (30 MPa/s, Table 4). This can be explained by the fact that this sample contained multiple comparatively small organic grains (considerably smaller in size than the specimen) and HF penetrated most of the small particles, which is also reflected in the high portion of CLVD component, resulting in a relatively straight HF path. It should be emphasized that in all six tests, the fluid injection rate was the same, equal to 5 mL/min. Therefore, we explained the differences in the dynamics of the hydraulic fracture propagation by the difference in the structure of the studied samples, by the presence of inclusions, and pre-existing cracks in them, indicated by X-ray CT images (Figure 18 and Figure 19e,g).



The experimental results of the ARE-4R4 and ARE-8R1 samples were most often outside of the general trend valid for the remaining samples. First of all, it is due to their heterogeneity. Figure 25 shows vertical slices of X-ray computed tomography of the ARE-4R4 sample. It is easy to notice the existence of many small white inclusions, which are very dense. Additionally, there are two large dark inclusions (small density) on the slice with uneven, sharp edges. The lithological description suggests that this sample is detrital-clastic. Note the presence of a sub-horizontal crack located almost in the center of the sample (orange dashed line). Apparently, large and angular inclusions are potential stress concentrators, causing a slowing down of the hydraulic fracture propagation in the vicinity of inclusions, significantly changing the dynamics of hydraulic fracture propagation.



Sections of X-ray computed tomography of the ARE-8R1 sample, whose behavior is also different from most of the samples, are shown in Figure 26. The upper part of the sample has a significant interlayer, presumably containing some organic material. The thickness of the interlayer is estimated to be 1/6 of the sample length (approximately 12.6 mm). As can be seen on the right slices, it influences the geometry of the hydraulic fracture. There is a sub-horizontal fracture (left slice) below the interlayer that existed in the sample before the experiment.




5. Conclusions


A new methodology for rock sample hydraulic fracturing (HF) under pseudo-triaxial loading conditions representing stressed reservoir conditions was developed. This methodology was tested by creating HF in a sandstone sample by injecting a high-viscosity (100,000 cP) silicone oil. The dynamics of HF propagation were monitored using a combination of three independent experimental techniques. The AE technique indicated the moments of HF initiation, the beginning of HF growth, and its exit to the cylindrical surface of the sample, as well as allowed us to estimate the speed of HF growth. The second technique allowed us to measure the circumferential deformation of the specimen using a chain installed in the central part of the sample. The third technique allowed us to calculate the fraction of fluid volume that penetrated the HF. Testing the sandstone sample showed that a combination of the results of these three independent techniques allowed us to monitor the dynamics of hydraulic fracture propagation, providing HF parameters that could hardly be measured directly in the field conditions.



After preliminary sandstone testing, the developed methodology was applied to study the dynamics of HF propagation during the injection of 46 cP silicone oil in six shale-like core samples provided by RITEK LLC. The main objectives of these tests were: (a) to study the relationship between HF parameters and the geomechanical characteristics of the rock and (b) to study the influence of rock fabric on the dynamics of HF propagation. It was found that initiation of HF during injection of the low-viscosity fluid was observed in all shale-like samples either a fraction of a second prior to the breakdown moment (the moment of maximum wellbore pressure recording) or simultaneously with the breakdown moment. When a low-viscosity fluid was injected into shale-like samples, the HF growth speed was significantly higher than when viscous fluid was injected into the sandstone sample. We explained this finding by a strong influence of fluid viscosity on HF dynamics, and the results of our study are entirely consistent with those published earlier in [19,22].



We have found that the tensile strength of the sample and the speed of HF growth correlated linearly with the breakdown pressure. However, samples ARE-3R1, ARE-4R4, and ARE-8R1 demonstrated some deviation from the general trend, which is explained by the influence of the sample fabric, the presence of natural cracks, and structural inclusions in the samples. The moment tensor inversion (MTI) analysis of the AE signals showed a high portion of shear and compressive components during the interval of HF propagation before the HF appeared on the sample surface. This was explained by the creation of small-sized microcracks with a small aperture. During the time interval after HF reached the cylindrical surface of the sample, the tensile component of the MTI (called CLVD), characterizing the opening of hydraulic fracture, became dominant. The direction of HF opening based on MTI analysis was found to be in good agreement with the orientation of macroscopic crack, directly determined after the testing by X-ray CT. Taking into account the impossibility of proppant injection into shear cracks, the results of MTI can be applied to analyze the success of proppant delivery into the created hydraulic fracture. Thus, the results obtained from the series of laboratory tests on shale-like samples can be used for verification of the models of HF growth and for the interpretation of data obtained in the field.
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Figure 1. General view of the MTS 815 servo-hydraulic unit in the laboratory. 1: Loading frame, 2: confining pressure chamber, 3: core specimens. 
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Figure 2. Schematic map of the quarries for the extraction of raw materials for the building industry in the Moscow region [26] and sandstone specimen before the experiment. 
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Figure 3. A sandstone specimen with a transverse extensometer (1) installed, AE sensors (2) glued onto the cylindrical surface, and a tube (3) glued into the wellbore. (a) Specimen before fracturing, and (b) specimen after fracturing. 
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Figure 4. Projected sample surface of the sandstone MSS-401 with positions of 18 AE sensors and borehole as a function of azimuth and vertical coordinate Z. 
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Figure 5. Projected sample surface of the shale-like rocks with positions of 18 AE sensors and borehole as a function of azimuth and vertical coordinate Z. 






Figure 5. Projected sample surface of the shale-like rocks with positions of 18 AE sensors and borehole as a function of azimuth and vertical coordinate Z.



[image: Geosciences 11 00292 g005]







[image: Geosciences 11 00292 g006 550] 





Figure 6. Schematic location map of the superdeep well, where layers of the Artiskian Stage have been studied. 
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Figure 7. A generalized litho-stratigraphic column (refer to the legend), total organic carbon concentration, lithological description, and geomechanical characteristics of the members. 
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Figure 8. Installation diagram of the transverse extensometer (1) and brass housings (2) with acoustic sensors on the sample. 
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Figure 9. Photos of specimen ARE-2R6 before the test with mounted AE sensors and casing glued into the wellbore. 
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Figure 10. (a) pressure of the injected fluid (red) and the total number of localized AE signals (purple), (b) rate of pressure change in the wellbore, (c) change in the length of the chain transverse extensometer of the sample (green) and the volume of fluid injected into the hydraulic fracture (magenta), (d) amplitudes of AE signals, (e) vertical coordinates of the localized AE signals along the hydraulic fracture plane. All parameters are plotted versus the time of testing the sandstone sample. 
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Figure 11. (a–c) Three orthogonal projections of the coordinates of the AE signals, (e) parameters recorded up to the moment of the maximum wellbore pressure. The color of the dots corresponds to the recording time of the AE signals, according to the color scale presented in the lower part of Figure (e). (f–h) Three orthogonal projections of the normalized density of AE events. (d,i) X-ray images, taken in cross-section of the sample at heights of 70 and 65 mm, respectively. 






Figure 11. (a–c) Three orthogonal projections of the coordinates of the AE signals, (e) parameters recorded up to the moment of the maximum wellbore pressure. The color of the dots corresponds to the recording time of the AE signals, according to the color scale presented in the lower part of Figure (e). (f–h) Three orthogonal projections of the normalized density of AE events. (d,i) X-ray images, taken in cross-section of the sample at heights of 70 and 65 mm, respectively.



[image: Geosciences 11 00292 g011]







[image: Geosciences 11 00292 g012 550] 





Figure 12. (a,f) Pressure of the injected fluid (red) and total number of localized AE signals (purple), (b,g) rate of wellbore pressure change, (c,h) change in the length of the chain of the transverse extensometer (green) and volume of fluid injected into the hydraulic fracture (magenta), (d,i) amplitude of AE signals, (e,j) vertical coordinates of the localized AE signals. The left column shows ARE-2R6 results, and the right column shows ARE-4R4 results. All parameters are plotted versus sample testing time. 
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Figure 13. (a,f) Pressure of the injected fluid (red) and total number of localized AE signals (purple), (b,g) rate of wellbore pressure change, (c,h) change in the length of the chain of the transverse extensometer (green) and volume of fluid into the hydraulic fracture (magenta), (d,i) amplitude of AE signals, (e,j) vertical coordinates of the localized AE signals. The left column shows ARE-3R1 results, and the right column shows ARE-8R1 results. All parameters are plotted versus sample testing time. 
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Figure 14. (a,f) Pressure of the injected fluid (red) and total number of localized AE signals (purple), (b,g) rate of wellbore pressure change, (c,h) change in the length of the chain of the transverse extensometer (green) and volume of fluid injected into the hydraulic fracture (magenta), (d,i) amplitude of AE signals, (e,j) vertical coordinates of the localized AE signals. The left column shows ARE-1R1 results, and the right column shows ARE-1R2 results. All parameters are plotted versus sample testing time. 
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Figure 15. Tensile strength (TXTR) versus fracturing fluid pressure. 
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Figure 16. Changes in chain length (a), breakdown pressure (b), and fracture propagation speed (c) versus the volumes of fluid entered into the fracture, measured at the moments of the beginning of fluid leaking out of the rock specimen. 
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Figure 17. Changes in the chain length (a) and fracture propagation speed (b) versus breakdown pressure. 
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Figure 18. Results of X-ray computed tomography (vertical projection) of samples after hydraulic fracturing tests at a lateral pressure of 27.4 MPa. 
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Figure 19. Location of AE hypocenters and corresponding CT-scans for the sample ARE-4R4 ((a)—pressure of the injected fluid (blue), change in the chain length of the transverse extensometer (green) and location magnitude of AEs (light blue) against time; (b,c)—top view; (d,e)—EW projection; (f,g)—NS projection). The colors of the circles correspond to the timescale presented below graph (c). 
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Figure 20. Distribution of AE hypocenters during four time-intervals for the sample ARE-4R4. (a) fracture initiation, (b) breakdown moment, (c) moment of fluid leakage, (d) the end of the experiment. Black triangles show the positions of sensors and colored circles show the coordinates of localized AE signals. 
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Figure 21. Localization of AE signals in three orthogonal projections with corresponding sections of computed tomography and time history of measured geomechanical parameters for the ARE-8R1 sample. (a) X-ray image of the sample (vertical projection); (b–d) three orthogonal projections of the coordinates of the AE signals; (e) X-ray image, taken in cross-section of the sample at height of 42 mm; (f) parameters recorded after the moment of the maximum wellbore pressure; the color of the dots corresponds to the recording time of the AE signals, according to the color scale presented in the lower part of Figure (f). 
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Figure 22. Hudson diagram showing the distribution of crack formation mechanisms for the ARE-4R4 sample (a) at the moment of fracture formation, (b) maximum fluid pressure, and (c) after the crack reaches the sample surface. 
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Figure 23. (a) Hudson diagram for the sample ARE-8R1 (left) and distribution of components of crack formation mechanisms (ISO—isotropic component, CLVD—tensile or compressive component, DC—shear component) from the moment of pressure maximum (b) before the fracture reaches the sample surface, and (c) after the fracture emerges on the sample surface. 
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Figure 24. Fracture geometry from the decomposition of the moment tensor solutions for the ARE-8R1 sample. (a) Distribution of strikes, (b) location of AE hypocenters (top view), and (c) CT-scan (top view). 






Figure 24. Fracture geometry from the decomposition of the moment tensor solutions for the ARE-8R1 sample. (a) Distribution of strikes, (b) location of AE hypocenters (top view), and (c) CT-scan (top view).



[image: Geosciences 11 00292 g024]







[image: Geosciences 11 00292 g025 550] 





Figure 25. Vertical projection of X-ray CT of the sample ARE-4R4 after the experiment, showing lithological heterogeneity (presence of inclusions). 
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Figure 26. Vertical projection of X-ray CT of the sample ARE-8R1 after the experiment, showing lithological heterogeneity (presence of inclusions). 
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Table 1. MSS-401 specimen properties.






Table 1. MSS-401 specimen properties.





	Sample
	Length, mm
	Diameter, mm
	Density, g/cm3
	Porosity, %
	Gas Permeability, mD
	Young’s Modulus E, GPa
	Poisson’s Ratio





	MSS-401
	107.99
	49.22
	2.54
	3.65
	1.59
	72.93
	0.15
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Table 2. Generalized results of geomechanical studies.
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	Sample Number
	
	ARE-1R1
	ARE-1R2
	ARE-2R6
	ARE-3R1
	ARE-4R4
	ARE-8R1





	Sampling depth
	m
	5781.28
	5780.18
	5787.06
	5847.87
	5861.1
	5873.64



	Length
	mm
	108.78
	87.35
	110.10
	96.51
	104.02
	75.76



	Diameter
	mm
	49.08
	49.22
	48.98
	49.30
	49.11
	49.20



	Length/Diameter
	
	2.22
	1.77
	2.25
	1.96
	2.12
	1.54



	Weight
	g
	560.23
	447.60
	538.60
	508.10
	532.70
	387.24



	Volume
	cm3
	205.80
	166.20
	207.45
	184.23
	197.04
	144.03



	Density
	g/cm3
	2.72
	2.69
	2.60
	2.76
	2.70
	2.69



	Average effective gas

permeability
	mD
	4.85
	4.85
	0.43
	0.61
	0.83
	0.42



	Average porosity
	%
	1.95
	1.95
	3.45
	1.98
	2.05
	2.13



	Uniaxial compressive strength (UCS)
	MPa
	86.8
	86.8
	78.1
	397.4
	121.2
	247.1



	Young’s modulus E
	GPa
	51.14
	51.14
	46.48
	79.00
	52.76
	55.15



	Poisson’s ratio ν
	
	0.25
	0.25
	0.22
	0.17
	0.13
	0.10
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Table 3. Vertical and horizontal components of the longitudinal wave propagation velocities, PV and PH, correspondingly. AP—anisotropy of longitudinal wave, calculated as    A P  =    P V  −  P H     P V     .
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	Sample
	ARE-1R1
	ARE-1R2
	ARE-2R6
	ARE-3R1
	ARE-4R4
	ARE-8R1





	PV, m/s
	4574
	5227
	4374
	5922
	5928
	5167



	PH, m/s
	5008
	5241
	4920
	5572
	5630
	4973



	AP, %
	−9.4
	−0.27
	−12.5
	5.9
	5
	3.7
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Table 4. Brief description of experimental results.
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	Sample
	ARE-1R1
	ARE-1R2
	ARE-2R6
	ARE-3R1
	ARE-4R4
	ARE-8R1
	MSS-401





	Tensile strength (TXTR), MPa
	7.65
	7.65
	10.20
	18.55
	8.60
	10.40
	−



	Breakdown pressure, MPa
	51.08
	52.12
	57.35
	67.63
	49.76
	63.66
	42.50



	Change of the chain length at the time of fluid exit, μm
	114
	61
	85
	18
	273
	354
	25



	Fluid volume entered into the fracture, mL
	0.64
	0.39
	0.37
	0.22
	0.65
	0.29
	0.11



	Fracture propagation speed, mm/s
	120
	115
	125
	225
	25
	200
	0.45–3



	Fluid injection rate, mL/min
	5
	5
	5
	5
	5
	5
	0.5



	Rate of wellbore pressure drop,

MPa/s
	−31
	−43
	−91
	−165
	−30
	−192
	−0.61



	Fluid viscosity, cP
	46
	46
	46
	46
	46
	46
	100,000



	Z coordinate of the wellbore, mm
	73.5
	55
	71
	60
	70
	38.5
	70



	Sigma 1, MPa
	54.80
	54.80
	54.80
	54.80
	54.80
	54.80
	16.60



	Sigma 3, MPa
	27.38
	27.38
	27.38
	27.38
	27.38
	27.38
	0.27
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