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Laminar argillaceous limestone continental shale is an important oil reservoir in Jiyang Depression, Bohai Bay Basin of China. Affected by the laminar structure, the spatial propagation morphology of hydraulic fracturing is not clear. To reveal the propagation law of hydraulic fracturing pathway in laminar marl continental shale, the mineral content and basic rock mechanics test are firstly carried out on the cores from the wells in Jiyang Depression. Secondly the similar material cores with standard-size and large-size are manufactured and processed. Finally, combined with physical model experiments, acoustic emission and moment tensor inversion techniques, the hydraulic fracturing experiments on the large-size cores under different stress differences are conducted. The experimental results show that the in situ stress (confining stresses), laminar structure, and lithological distribution jointly affect the propagation mode of fractures. As the horizontal stress difference increases, the stimulated reservoir volume gradually decreases, and the number of shear fractures decreases accordingly. Macroscopically, the pump pressure curve shows obvious fluctuation in the case with lower horizontal stress difference, which is the external performance of hydraulic fracture initiation–obstruction–turning–penetrating–obstruction–turning. The content of brittle and plastic minerals has a significant impact on the fracture complexity, particularly the layers with high argillaceous content have a significant inhibitory effect on fracture propagation. The weakly cemented lamination or bedding plane is easy to capture the fracture and make it propagate along the bedding plane, thereby increasing the complexity of fracture network. The research results are expected to provide a theoretical reference for design and optimization of hydraulic fracturing parameter in continental shale oil exploration and development.
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1 INTRODUCTION
The favorable lithofacies of the continental shale in Jiyang depression mostly consists of laminated argillaceous limestone. The reservoir is mainly located in Es2, Es3, and Es4 sections with carbonate content as the primary brittle mineral. The brittle mineral generally incorporates brittle mineral more than 60% in content. The test development of continental shale reservoir in the early stage in Shengli Oilfield showed that the pump pressure in field fluctuated significantly, and there is also a significant difference in the amount of sand added to each fracturing section. The reason for these phenomena has not yet been fully clarified.
As a complex lithofacies, shale shows significant anisotropy, with a complex failure pattern greatly impacted by stress difference (Vasin et al., 2013; Wu et al., 2016; Weijermars et al., 2020). Stanchits et al. (2015); Li et al. (2018); Jiang et al. (2020) adopted acoustic emission (AE) and tracer to conduct the hydraulic fracturing test on the thick interlayer, and analyzed the pump pressure curve and AE signal from the perspective of energy. Based on the analysis of the mineral content in shale, (Zhang et al., 2016; Hattori et al., 2017) found that the high brittleness were more likely to lead to more multi-branch and turning fractures under the external load. Zhao et al. (2014); Dan et al. (2015) investigated the sensitivity of each influencing factor due to the pattern of hydraulic fracture propagation when the process pipeline and shale lamination formed different angles. Taghichian et al. (2014); Garcia-Teijeiro et al. (2016); Ju et al. (2020) studied the cracking behaviors such as the approaching, shearing, penetrating, and steering of the hydraulic fractures caused by the induced stress in the crack tip. It has been pointed out that the mechanical parameters and brittleness difference resulting from the physical anisotropy of shale reservoir had a significant impact on the selection of fracturing block and optimization of hydraulic fracturing parameter (Rogers et al., 2010; Thomsen, 2013; Almutairi, 2014; Ghahfarokhi, 2017). Weijers et al. (2000); McClure and Horne (2013); Lu et al. (2015); Ju et al. (2019) optimized the fracturing parameter using numerical simulation and found that the stimulated reservoir volume (SRV) and oil–gas production after fracturing are closely positively correlated. With the improvement of experimental technology, some scholars have carried out many new experiments on hydraulic fracturing in recent years, including experiments with new similar materials (Abe et al., 2021; Wang et al., 2021; Zhai et al., 2021; Yang et al., 2022; Zheng et al., 2022).
To further reveal the influence of the laminar structure on spatial morphology of fracture propagation, in this study, the mineral content and basic rock mechanics test are firstly carried out on the cores from the wells in Jiyang Depression. Secondly the similar material cores with standard-size and large-size are manufactured and processed. Finally, combined with physical model experiments, acoustic emission and moment tensor inversion techniques, the hydraulic fracturing experiments on the large-size cores under different stress differences are conducted.
2 MECHANICAL PARAMETERS ANALYSIS OF ROCK CORE
The continental shale cores in this study were taken from well X1 4221 m in depth, well X2 3653.1 m in depth, well X3 3678 m in depth and well X4 3054.2 m in depth in Shengli Oilfield. The marl content of each core was calculated by XRD technique. Uniaxial compression strength and tensile strength of cores were tested by Rockman rock mechanics experimental machine.
2.1 Mineral content of cores
X-ray diffraction (XRD) technology was used to test the mineral content of typical cores as shown in Figure 1. According to the 2θ-d conversion table, as shown in Figure 2, the corresponding minerals of d value at each peak point were found in order to determine the mineral composition content, and the whole-rock mineral analysis results were obtained. The content of each argillo–calcareous core are shown in Table 1. Although the mineral composition of rock core is not a mechanical parameter, the experiment in this section provides a basic reference for the subsequent preparation of artificial rock cores, as the content of brittle and plastic minerals in the argillaceous limestone continental shale has a significant impact on the complexity of fracturing fractures. When preparing artificial rock cores in subsequent Section 3, it is necessary to refer to the proportion of clay and limestone mineral content.
[image: Figure 1]FIGURE 1 | Laminar argillaceous limestone cores.
[image: Figure 2]FIGURE 2 | XRD mineral content characteristic value d of cores (A) Core form well X1, (B) Core form well X2, (C) Core form well X3, and (D) Core form well X4.
TABLE 1 | Mineral content analysis of the cores.
[image: Table 1]Calcareous minerals were mainly dolomite and calcite, with few other carbonate materials, while argillaceous minerals were mainly clay, with a small amount of quartz, potassium feldspar, and plagioclase. A higher content of calcareous minerals leads to stronger brittleness, making it more likely to be fracture initiation and thus form complex fracture network; a higher content of argillaceous minerals leads to stronger plasticity, making it less likely to be fracture initiation and thus form simple flat fracture. As observed, the calcareous content could be as large as 50%–80% and each core had great difference in its mineral content. Thus, relying on merely the mineral content would be helpful to fully classify and assess the brittleness and compressibility core or reservoir.
2.2 Uniaxial compression strength and tensile strength
The above shale cores were processed into cylindrical cores with 50 mm in diameter and 25 mm in height in the laboratory. Four cores were selected to conduct uniaxial compression test. Figure 3 is the cores and the corresponding stress-strain curves. The experimental results show there is a good consistency between the strength characteristics of rock cores and mineral content. The strength of limestone is significantly higher than that of clay rock, and its brittleness is also significantly better than that of argillaceous rock, which indicates that the complexity of hydraulic fractures in limestone may be higher. The purpose of the mechanical parameters analysis of rock core is to provide a basic reference for subsequent artificial core parameters, to ensure that the mechanical parameters of artificial cores do not deviate significantly.
[image: Figure 3]FIGURE 3 | Limestone cores (low clay content) and argillaceous cores (high clay content) (A) The cores for uniaxial compression experimental test, and (B) Stress-strain curves.
The core was also processed into a standard cylinder with 25 mm in diameter and 12.5 mm in height. Corresponding to the uniaxial compression test above, three cores from Well X2 in 3653.1 m depth were selected to conduct Brazilian splitting test. The test results are shown in Figure 4 and Table 2. As shown in Figure 4, the core tensile failure occurred along the bedding plane. Shale cores all showed multiple fracture surfaces, implying that most lamina or bedding plane has low cementation strength. During hydraulic fracturing, weakly cemented stratification tended to “capture” fractures and cause them to spread along the stratification interface, thus increasing fracture bandwidth and constraining fracture propagation in the direction of fracture height. If the hydraulic fracture was needed to effectively connect the reservoir area longitudinally, it was suggested to adopt construction measures with large pump rate and high viscosity to promote the propagation of the fracture height.
[image: Figure 4]FIGURE 4 | Shale cores before and after Brazil splitting.
TABLE 2 | Brazilian splitting test results of shale core.
[image: Table 2]3 EXPERIMENTAL TEST OF HYDRAULIC FRACTURE IN SIMILAR MATERIAL CORES
Due to the difficulty in collecting large-size deep cores in situ (Sharifigaliuk et al., 2021), this study utilized similar materials to setup rock cores and perform hydraulic fracturing test.
3.1 Artificial cores production
Before pouring large-sized rock cores, standard cylindrical rock cores were also poured to determine the mechanical parameters of similar materials. In general, 32.5 Portland cement, 20–40 mesh quartz sand, 325 mesh Kaolin (China Clay), and water were used for artificial core production. Figure 5 shows the standard cylindrical rock cores of similar materials poured. Correspondingly, their rock mechanics parameters are tested on the Rockman rock mechanics machine. Cores of similar materials after testing are shown in Figure 6. The summarized mechanical parameters of similar material cores and in situ continental shale cores are listed in Table 3. The modulus and strength parameters of the two types of rock cores basically meet the similarity criteria. After several times of matching, the ratio of cement, sand, and Kaolin in the similar materials for limestone is 2:2:1, and the ratio of cement, sand, and Kaolin in the similar materials for argillaceous rock is 1:1:3. In addition, the antifoaming agent accounted for about 1%.
[image: Figure 5]FIGURE 5 | Standard size artificial cores (A) before demoulding (B) after demoulding.
[image: Figure 6]FIGURE 6 | Artificial rock cores after experiment (A) Uniaxial compression (B) Brazilian splitting.
TABLE 3 | Comparison of mechanical parameters between natural core and artificial core.
[image: Table 3]After determining the ratio of similar materials, large-sized rock cores are poured. The cubic laminated core with the size of 300 × 300 × 300 mm3 was poured. The bottom of the material required a shaking table while the upper part of the vibrator to remove foam. The casting process and parameters of the core are presented in Figure 7. The experimental process includes the following steps, i.e., oiling the mold surfaces, filling the mold, vibrating inside, vibrating outside, smoothing the surfaces, and presetting the wellbore. In the actual pouring process, the limestone layer and argillaceous layer are alternately laid, which means a certain thickness of ash layer is laid first, followed by a 1 cm thickness of argillaceous layer, and then a limestone layer is laid, repeating the above process. In the whole process, controlling the overall volume content of mudstone (about 30%) is needed. Moreover, the laying time interval between layers should not exceed 10 min, which not only prevents complete hardening and layering between the layers, but also allows for slight intrusion of adjacent layers, making them to be a complete entity. A total of 6 cores were poured.
[image: Figure 7]FIGURE 7 | Pouring process of similar material cores for hydraulic fracturing test.
3.2 Experimental equipment and procedures
The hydraulic fracturing simulation test was conducted on a self-developed true triaxial hydraulic fracturing test system, as illustrated in Figure 8. The system consists of three main parts, i.e., 1) a true triaxial servo loading system, 2) a fluid injection servo control system, and 3) a automatic data acquisition and processing system, as shown in Figure 8A. A cubic specimen with maximum allowable dimensions of 300 mm is placed in the test frame surrounded by pressurizing pistons. The confining stresses were loaded independently using the true triaxial assembly. The confining stresses could be loaded up to 10 MPa. The fiuid injection servo control system was used to accurately determine the injection rate and injection pressure. The maximum injection rate and injection pressure are 10 mL/min and 40 MPa, respectively. Figures 8B,C shows how to attach AE probes and placing the specimen into triaxial servo loading system. The acoustic emission (AE) monitoring system, manufactured by an American acoustic company, was applied to analyze the focal mechanism of hydraulic fracture, as presented in Figure 9.
[image: Figure 8]FIGURE 8 | True triaxial hydraulic fracturing test system (A) the general machine configuration, (B) attaching AE probes, and (C) placing the specimen into triaxial servo loading system.
[image: Figure 9]FIGURE 9 | The acoustic emission monitoring system (A) AE workstation and (B) amplifier.
Triaxial confining pressures were set as vertical stress σv, maximum horizontal principal stress σH, and minimum horizontal principal stress σh, respectively. In this study, the confining pressures were 10-8-2 MPa in group A, 10-6-2 MPa in group B, and 10-4-2 MPa in group C, respectively. Each group contains two cores. There are a total of six cores in this experiment. To simulate fluid injection, a single cluster perforating fracture pipe was embedded with an inner diameter of 20 mm. The fracturing fluid was water and the pump inject rate is 10 mL/min until the pump was stopped without a significant change in pressure. In the whole process, 8 AE probes were used in the AE monitoring system to obtain the AE signals associated with the initiation and extension of the HFs. In this study, AE monitoring was conducted for each core in the fracturing test. AE probes were laid out, as shown in Figure 10. The lower left corner was the coordinate origin (0, 0, 0), and the coordinate points were (200, 200, 300), (100, 100, 300), (200, 0, 200), (100, 0, 100), (200, 100, 0), (100, 200, 0), (200, 100, 300), (100, 200, 300). The coordinate unit is mm.
[image: Figure 10]FIGURE 10 | Core configuration and acoustic emission detection point layout.
3.3 Experimental results
With the application of the AE test system to collect the information and comparing probe information triggered at the same time, it helps to better understand damage, fracture initiation, and propagation in the core. Through the effective AE event loci and waveform analysis, the initial amplitude is calculated. Then moment tensor Inversion is used to analyze specific tensile and shear failure patterns. Considering the similarity with seismology, the moment tensor theory is introduced into acoustic emission test to judge the fracture failure mode in the rock core. The force at the rupture source is decomposed into an isotropic source, a dual couple source, and a compensated linear dipole. Based on moment tensor inversion, the various components of the source mechanism are obtained. Consequently shear and tensile failure are judged based on the corresponding components and their proportions (Shi et al., 2018). AE monitoring results after hydraulic fracturing were inverted by moment tensor, as shown in Figure 11. In these figures, blue dots represent shear failure, red dots represent tensile failure, and green dots represent mixed failure. As the horizontal stress difference decreased, AE events increased, and the fracture modes became more complex. Besides, the fracture types (shear, tensile and mixed failure) also reflect a trend, i.e., with the increase in the horizontal stress difference, the shear fracture ratio significantly decreased. The volume enveloped by AE event points in the fracturing process was regarded as the reconstructed volume SRV, and the relationship between stress difference-SRV-shear fracture ratio is shown in Figure 12. SRV is a statistical value, specifically, SRV is the three-dimensional envelope space of each discrete acoustic emission event. Due to the fact that the SRV is significantly small in physical model experiments, normalization was performed on the SRV. The curves show that, although the experimental data has slight discreteness, the trend of changes in SRV is consistent. As the horizontal stress difference increases, the SRV gradually decreases, and the number of shear fractures decreases accordingly.
[image: Figure 11]FIGURE 11 | Inversion of acoustic emission moment tensor of the cases under different stress differences (A) Group A with confining pressure 10,8,2 MPa, (B) Group B with confining pressure 10, 6, 2 MPa, and (C) Group C with confining pressure 10, 4, 2 MPa.
[image: Figure 12]FIGURE 12 | The relationship among stress difference, SRV and shear fracture ratio.
The corresponding hydraulic fracturing pump pressure curves are given in Figure 13. As observed, with the decrease in the horizontal stress difference, the pressure shows multiple peaks, the fracture becomes more complex, and the pressure curve shows obvious fluctuation. The intrinsic reason could be that the fracture keeps repeating the propagation process of “initiation–obstruction–turning–penetrating–obstruction–turning”. Once the initiating fracture encounters argillaceous rock layer, the fracture is obstructed and has to propagate along the interface. After propagating a certain distance along the argillo–calcareous laminate interface, the hydraulic fracture could turn again and continue to propagate along the direction of maximum horizontal principal stress. Small fluctuations in pump pressure curve were caused by fracturing fluid passing through the lamina. In the calcareous or limestone layer, the permeability was relatively high. As the fracturing fluid was injected, the pressure gradually increased and reached the pressure required for crossing the layer again, which would propagate again. If there is more fracture turning, there will be more shear fractures, which is consistent with the acoustic emission response in Figure 11.
[image: Figure 13]FIGURE 13 | Hydraulic fracturing pump pressure curves under different stress differences (A) Group A with confining pressure 10,8,2 MPa (B) Group B with confining pressure 10, 6, 2 MPa and (C) Group C with confining pressure 10, 4, 2 MPa.
To confirm the above conjecture, one core from Group B was manually cut into slices. Figure 14 shows that the tracer magenta has obvious diffusion in the fracture development zone. After fracture reconstruction, the fracture morphology exhibits multiple groups of parallel fractures, and deflection occurs at the heterogeneous point at the interface of argillo–calcareous material, particularly the rock layers with high argillaceous content have a significant inhibitory effect on fracture propagation. Therefore, the height of fracture is relatively small. These observed fracture propagation modes in laboratory tests were the internal cause of obvious pressure fluctuation in different marl sections.
[image: Figure 14]FIGURE 14 | Hydraulic fracture reconstruction (A) manually cut slices, and (B) fracture reconstruction.
3.4 Discussions
In situ stress (confining stresses in the experimental test) definitely has an important impact on fracture propagation, but it is not the only factor affecting fracture formation. In addition to the injection rate and viscosity of the fracturing fluid, from the data of this experiment alone, it can be reflected that the following factors also have a significant impact on fracturing mode.
(1) Based on the fluctuation characteristics of fracture types and pressure curves, it can be recognized that the content of argillaceous rock and limestone may have a significant impact on the fracture path, especially in the case of high limestone content, which may be more conducive to the complexity of fractures. Argillaceous layer are generally believed to have strong plasticity and are not conducive to fracture propagation.
(2) The lamination or bedding plane has a significant impact on fracture propagation. Although it is not possible to achieve high-density bedding when making the similar materials rock cores, the influence of bedding on fractures has been fully demonstrated, especially with a significant inhibitory effect on fracture height, as shown in Figure 14. In subsequent research, it can be attempted to use full-size natural cores to conduct experiment on the influence of high-density interlayers on fracture propagation paths.
(3) Multiple perforation clusters may slightly alter the overall pattern of fracture network. Although the stress shadow effect has become less important in the current popular design of close cut fracturing, the injection energy and its distribution of fracturing fluid in the case of multiple cluster perforations can change the ability of fractures to propagate along the bedding plane and pass through the argillaceous layer.
4 CONCLUSION
Based on hydraulic fracturing experiments with artificial rock cores, the following conclusions can be drawn.
In situ stress (confining stresses in the experimental test) definitely has an important impact on fracture propagation. As the horizontal stress difference increases, the SRV gradually decreases, and the number of shear fractures decreases accordingly. In the case with higher horizontal stress difference, the fractures are not easy to slide and turn. If there is more fracture turning, there will be more shear fractures, which is consistent with the acoustic emission response.
Although the mineral composition of rock core is not a mechanical parameter, the content of brittle and plastic minerals in the argillaceous limestone continental shale has a significant impact on the fracture complexity, particularly the rock layers with high argillaceous content have a significant inhibitory effect on fracture propagation. In addition, with the characteristics of high permeability and low cementation strength, the lamination or bedding plane also combines with lithology to jointly affect the propagation mode of fractures, especially the evolution of fracture height.
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UCS (MPa) Tensile strength (MPa) Elastic modulus (GPa)

Natural cores argillaceous rock 334 159 17.4
Limestone 502 192 235
Artificial cores argillaceous rock 232 141 135

Limestone 355 185 182
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‘ 1 ox 3653.1 078 159 176

‘ 2 ‘ X2 3653.1 094 1.92

‘ 3 ‘ X2 3653.1 ‘ 0.86 1.76






