

  processes-12-00660




processes-12-00660







Processes 2024, 12(4), 660; doi:10.3390/pr12040660




Article



Experimental Investigation into the Process of Hydraulic Fracture Propagation and the Response of Acoustic Emissions in Fracture–Cavity Carbonate Reservoirs



Hanzhi Yang 1,2, Lei Wang 3,*, Zhenhui Bi 3, Yintong Guo 3, Junchuan Gui 4, Guokai Zhao 1, Yuting He 3, Wuhao Guo 3 and Guozhou Qiu 3





1



State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University, Chongqing 400044, China;






2



Department of Civil and Environmental Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada






3



State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan 430071, China






4



Shale Gas Research Institute of PetroChina Southwest Oil & Gas Field Company, Chengdu 610051, China









*



Correspondence: lwang@whrsm.ac.cn; Tel.: +86-18571513966







Citation: Yang, H.; Wang, L.; Bi, Z.; Guo, Y.; Gui, J.; Zhao, G.; He, Y.; Guo, W.; Qiu, G. Experimental Investigation into the Process of Hydraulic Fracture Propagation and the Response of Acoustic Emissions in Fracture–Cavity Carbonate Reservoirs. Processes 2024, 12, 660. https://doi.org/10.3390/pr12040660



Academic Editors: Hadi Jabbari and Vamegh Rasouli



Received: 25 February 2024 / Revised: 21 March 2024 / Accepted: 23 March 2024 / Published: 26 March 2024



Abstract

:

Fracture–cavity carbonate reservoirs account for a considerable proportion of oil and gas resources. Because of the complicated relationships between cavities, fractures and pores in these reservoirs, which are defined as cavity clusters, fracturing technology is employed to enhance their hydrocarbon productivity. However, almost all previous studies have just considered the effect of a single natural cavity or fracture on the propagation of a hydraulic fracture; therefore, the mechanism by which a hydraulic fracture interacts with a cavity cluster needs to be clarified. In this study, cavity clusters with different distributions were accurately prefabricated in synthetically made samples, and large-scale simulation equipment was employed to systematically perform fracturing experiments considering different horizontal differential stress levels. Meanwhile, the hydraulic fracture propagation behaviors were comprehensively analyzed through fracture morphology, fracturing curves, the complexity of the fracture network and acoustic emission monitoring. It was found that a natural fracture with a smaller approach angle is favorable in guiding a hydraulic fracture to a cavity. The fracturing curves were divided into the following four types: frequent fluctuations with “step-like” shapes, great fluctuations with slightly lower closure pressure, fluctuations with obviously lower closure pressure, and little fluctuations with obviously lower closure pressure. And different cavity cluster distributions play a dominant role in the complexity of generated hydraulic fracture networks. In addition, AE energy was used to judge the ease of crossing the cavity. The above findings indicated that for the actual exploration and exploitation of carbonate reservoirs, the geological exploration of different fracture–cavity structures in reservoirs would be required, and targeted fracturing engineering designs need to be carried out for different fracture–cavity carbonate reservoirs.
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1. Introduction


Carbonate reservoirs account for a considerable proportion of all proven oil and gas resource reserves in the world (40% of the remaining gas and 60% of the remaining oil reserves) [1,2]. However, dissolution fractures, karst caves and dissolution pores dominate the storage space in carbonate reservoirs [3]. The distribution of a typical fracture–cavity carbonate reservoir is shown in Figure 1. Due to the random combination of and the complicated relationships between cavities, fractures and pores in this type of reservoir and because a carbonate reservoir has significant heterogeneity [4,5], fracturing techniques have to be employed to enhance its hydrocarbon productivity [6].



Completely different from conventional reservoirs, hydraulic fracture (HF) propagation is significantly impacted by natural fractures (NFs), natural caves (NCs) and faults in the exploitation of fracture–cavity carbonate reservoirs [7,8]. Revealing and understanding this impact is considerable for the fracturing scheme design and the improvement in hydrocarbon recovery. Limited by experimental conditions and theoretical methods, studying the interaction between hydraulic fractures and complicated fracture–cavity structures is highly challenging. The current research mainly focuses on HF-NF interaction HF-NC interaction.



1. HF-NF interaction. Among the most popular approaches is numerical simulation. Corresponding methods primarily involve the classical finite element method [9], the displacement discontinuity method [10,11], the extended finite element method [12,13] and the discrete element method [14,15]. Meanwhile, many studies have been carried out on HF-NF interaction based on physical simulation experiments and analytical methods. Blanton [16] and Warpinski et al. [17] successively carried out classic experimental studies and summarized the possible occurrences of hydraulic fractures encountering natural fractures into three types: crossing, arresting and opening. Renshaw et al. [18] and Gu et al. [19], respectively, established criteria for judging under what circumstances HFs could cross NFs on the basis of the stresses near a fracture tip in linear elastic fracture mechanics. In addition, test experiments for analyzing HF-NF interaction have also been extensively studied, including semi-circular bending (SCB) [20,21], central straight notched Brazilian discs (CSNBDs) [22] and Brazilian tests [23].



2. HF-NC interaction. Some numerical simulation methods on HF-NC interaction have been built, including the linear elastic finite element model [24], the extended finite element method [25,26], and the phase field method [27]. Meanwhile, some studies have been carried out in physical simulation experiments and analytical methods. Liu et al. [8] firstly concluded there were three types of interactions between HF and NC (crossing, arresting and bypassing) in their study using fracturing simulation experiments. Yu [28] pointed out that different stress differences could cause hydraulic fractures to bypass or cross through a cavity by calculating the stress analytical solution of a 2D cavity. And the stress intensity factors (SIFs) of an HF tip close to a natural cavity were, respectively, calculated and analyzed by using complex variable analytic function theory [29] and the superposition principle [30]. In addition, some test methods, including dynamic photo-elasticity [31,32] and electron microscopy [33], have been used to analyze crack–void interaction.



In summary, almost all previous studies have just considered the effect of a single NC or a single NF on hydraulic fracture propagation. However, in fracture–cavity carbonate reservoirs, the NCs are often connected to each other by NFs in many cases, forming what are known as cavity clusters [34]. Compared with a single NC, NFs connected to a cavity can greatly alleviate the stress concentration around the NC, thus facilitating the connection between HFs and NCs [34]. Compared with a single NF, when an HF enters a low-internal-pressure NC through cavity clusters, the injection pressure in the wellbore will suddenly decrease, the HF propagation process may be interrupted and the difficulty of passing through the cavity clusters will be greatly increased [35]. Cavity clusters would have more complicated interactions with hydraulic fractures: HF-NF interaction is the key to the formation of complicated fracture networks [36,37], while the stress concentration in the vicinity of the NC has a significant effect on HF non-planar propagation [34]. At present, there has been some numerical simulation research into HFs and cavity clusters. Qiao et al. [35] mainly studied the effect of NF strike angle on the connectivity between HF and NCs; Liu et al. [34] considered the surrounding fractured zone of a cavity and studied the influences of in situ stress, fracture inclination and injection rate on HF–cavity cluster interaction. However, these studies cannot provide information about further HF propagation after entering the cavities and need to be validated by corresponding experimental studies. Therefore, it is crucial to conduct an in-depth study of the interaction between HFs and cavity clusters due to its complexity.



Undertaking physical simulation experiments in the laboratory proves to be immensely beneficial for comprehending the influence of diverse parameters on HF propagation. This understanding is pivotal before embarking on costly fracturing operations in the field [38]. In previous study by Yang et al. [39], the precise prefabrication of cavity clusters with varying distributions by using synthetically made samples was achieved, and true-triaxial simulation experiments were systematically conducted, considering two main factors: horizontal differential stress and the approach angle of natural fractures. However, previous investigations mainly focused on propagation path analysis and stimulation effectiveness evaluation; this study will further conduct an in-depth interaction analysis between HFs and cavity clusters by observing the HF propagation process, which includes the fracturing curve characteristics, 3D fracture network complexity, and AE data features. The findings of this study offer dependable guidance for the optimization of hydraulic fracturing design in fracture–cavity carbonate reservoirs.




2. Experimental Materials and Methods


2.1. Material Selection for Sample


Because the outcrop cores of fracture–cavity carbonate rock cannot control the orientation, size and distribution of the cavity clusters, it is necessary to prepare synthetically made samples containing cavity clusters. Mortar has been used in many hydraulic fracturing experiments due to its following advantages: cheapness, availability and ease of shaping to different sizes [40,41]. The 40–80 mesh continuous-graded quartz sand was dry mixed with Portland cement (PC52.5R) at a low speed before mortar preparation [42,43], and the cement mortar was prepared according to JGJ/T70-2009 [44] after water and a certain amount of concrete admixture (polycarboxylate superplasticizer and defoamer) were added to the mixture. In this study, the authors carried out the mechanical strength tests by controlling the mass ratio of cement and quartz sand (as depicted in Table 1) and selected a mortar mix to simulate carbonate rock, which could obtain higher-strength and more homogeneous synthetically made samples. Prior to assessing mechanical strength, the end faces of the samples were accurately cut using automatic feed diamond saws to meet the specific standard outlined in ASTM D4543 [45].




2.2. Scheme Design


The horizontal differential stress and the approach angle of natural fractures are two key factors affecting the fracturing stimulation effect of fracture–cavity carbonate reservoirs [46].



Given the current limited understanding of the HF propagation law in fracture–cavity carbonate reservoirs, it has become essential to streamline the distribution of NFs and NCs in cavity clusters for effective analysis. Considering different approach angles of natural fractures in a cavity cluster, four distribution schemes were selected: single cavity, cavity and fracture (0°), cavity and fracture (30°) and cavity and fracture (45°) (Figure 2).



In addition, the simulation of in situ stress conditions is pivotal in hydraulic fracturing experiments. Considering the limitations of the experimental conditions, the triaxial stress of the simulation experiments was reduced in proportion to the actual in situ stress of the deep carbonate strata in the Shunbei Area of the Tarim Basin (Table 2), and four schemes of horizontal stress difference coefficient Kh were determined: 0.08, 0.22, 0.40 and 0.65.




2.3. Sample Preparation


To accurately prefabricate the NCs and NFs within cavity clusters according to the distribution schemes, the existing mold needed to be improved. The schematic diagram of the improved mold is shown as Figure 3, and sample preparation was carried out on this basis. The detailed preparation procedure is as follows:



	
The simulated NCs’ and NFs’ preparation. Because of the strong sealing properties and being occupied by oil/gas in carbonate reservoirs [47], minute perforations were made at the extremities of the egg, followed by the extraction of egg liquid with a syringe. Subsequently, oil was infused into the eggshell to serve as a reservoir for storage space. And thick plastic plates of fixed size were cut out to mimic the NFs, as depicted in Figure 3a.



	
The fixing of prefabricated cavities and fractures. To avoid interference with prefabricated cavities and fractures during the subsequent pouring and vibration process, it was necessary to fix the prefabricated cavities and fractures in the design position of the sample. As illustrated in Figure 3b, thin wires were threaded through both ends of the prefabricated cavities and fractures and were fixed with fixed sticks and cap screws at the upper and lower ends of the mold. Glass glue was used to seal the drilled holes of eggs.



	
The pouring and vibration of the mortar mix. Cement, quartz sand and water were mixed as the mortar mix according to the proportion. And the mixture was then poured into the mold, and a vibration table was employed to eliminate any air bubbles entrapped within the mixture, as shown in Figure 3c.



	
The prefabrication of the fracturing wellbore. As illustrated in Figure 3d, the wellbore was placed and fixed after placing the cross frame. The round goniometer function of the cross frame could control the direction of directional perforation at the wellbore opening.



	
The demolding and curing of samples. As shown in Figure 3e, the cross frame was removed after 4 h, and the upper surface of the hardened mixture was smoothed to mitigate the stress concentration caused by the subsequent loading. After a curing period of 24 h, the sample was delicately extricated from the mold and submerged in a water bath for 28 days to achieve its ultimate strength, which was more than 90% [48].







2.4. Experimental Procedure and Methods


True-triaxial testing equipment was employed to simulate the hydraulic fracturing process [49]. To forestall shear stress between the pressure platen and the sample, a thin layer of Vaseline and Teflon was attached to both sides of the samples. Throughout the experiments, the wellbore was aligned with the σv direction, and the directional perforation was initiated in accordance with the σH direction.



Operational parameters such as fluid viscosity and injection rate should be adjusted to allow enough time for recording the corresponding pressure–time data; this is to ensure that laboratory experiments are close to field conditions [38]. A lower injection rate (0.5 mL/s) and high fluid viscosity (48–51 mPa·s) were selected. Concurrently, the PAC PCI-2 acoustic emission monitoring system was employed to document AE signals throughout the experiment [50].



In the analysis stage of fracture morphology, high-definition photographs were firstly captured after dissection along the HF propagation path. Then, as depicted by Figure 4, a 3D optical scanner was employed to scan the surface of whole fracture networks (scanning accuracy was within 0.1 mm), and the visualization of the 3D hydraulic fracture network was realized through the scanning stage and preprocessing stage in sequence. Finally, the fracture network complexity was quantified using Fractal Dimension (FD), determined by the Octree Box-Counting Method (detailed by Yang et al. [51]).





3. Experimental Results


In Section 2.2, a series of hydraulic fracturing simulation experiments were successfully conducted on 16 sets of meticulously crafted synthetic blocks, which included an exhaustive exploration of four unique cavity cluster distributions under four different stress differential scenarios. The experimental outcomes were examined from several perspectives: the fracture propagation morphology, fracturing curves, the fracture network complexity and the characteristics of AE signals.



3.1. Analysis of Hydraulic Fracture Morphology


In comparison to the conventional HF’s elliptical symmetrical morphology, the stress concentration in the vicinity of prefabricated cavities can inhibit the hydraulic fracture and cause its non-planar propagation [34], while the prefabricated natural fracture may increase the bifurcation and complexity of the HFs [36,37]. Therefore, the HF’s morphology characteristics on both sides are completely different. For the convenience of analysis, this study designated the side with the more extended propagation path as the primary side, whereas the side with the less extended propagation path was termed the secondary side. As depicted in Figure 5, through inspecting the high-definition photographs and the 3D visualization of HFs, the HF-NF and HF-NC interactions and fracture morphology are displayed in Table 3. It is evident that the stress difference and cavity cluster distribution jointly affect the HF-NF and HF-NC interactions and fracture morphology.



3.1.1. The Effect of Stress Difference


In the case of samples featuring single-cavity distribution, under conditions of a higher horizontal stress difference (Kh greater than 0.22), the HF on both the primary and secondary sides could communicate with the cavity (arresting or crossing). Conversely, when Kh is lower than 0.22, the hydraulic fracture would tend to bypass the cavity or experience limited propagation due to the stress concentration around the cavity (Table 3). This is consistent with the previous research conclusion of Liu et al. [8]. The ability to connect the cavity is strengthened, the overall propagation morphology becomes more symmetrical, and the degree of non-planar deflection gradually decreases (Figure 5a).



For the samples with cavity and fracture (0°) distribution, when Kh is greater than 0.22, the relationship between the primary HF and the cavity varies from arresting to crossing, while a secondary hydraulic fracture also changes from almost no propagation to being captured by the NC, and the ability to connect the cavity is further strengthened (Table 3). The HF-NF relationship in front of the cavity changes from bypassing to opening, and the fracture morphology is closer to the planar propagation (Figure 5b).



For the samples with cavity and fracture (30°) distribution, when Kh is greater than 0.40, the HF on the secondary side goes from opening the NF and connecting the NC to crossing the NF and bypassing the NC, and the connectivity between the hydraulic fracture and the cavity is gradually weakened, such as sample C-4 in Figure 5c.



For the samples with cavity and fracture (45°) distribution, when Kh is greater than 0.22, the propagation behaviors of the primary HF transition from deflecting into the NC via the NF to across the NF, bypassing the NC for continued propagation. Consequently, the ability to connect the fracture–cavity structure becomes weaker than that of the cavity and natural fracture (30°) distribution. This is consistent with previous studies about HF-NF interaction [52,53], which suggests that under conditions of lower approach angles and stress differences, the HFs can open the NFs and transfer fracturing fluids. Conversely, under higher approach angles and stress differences, the HFs tend to cross the NFs. Although the secondary HFs could communicate with the cavity through opening the NFs, crossing the cavity becomes challenging due to the primary HF propagation, such as sample D-3 in Figure 5d.



Through the above analysis, it can be found that there are four types of HF-NC interaction modes, namely, bypassing (as observed in samples A-1 and D-4), arresting (as seen in samples A-2 and B-1), crossing along the original direction (as noted in samples A-4 and B-2), and crossing along a new direction (as evidenced in samples C-1 and D-2).




3.1.2. The Effect of Different Fracture–Cavity Distributions


Irrespective of the magnitude of stress difference, when there is no NF surrounding the cavity cluster (single cavity), the stress concentration around the cavity inhibits the HF propagation, resulting in an asymmetric distribution of the HFs on both the primary and secondary sides (Figure 5a). Meanwhile, the propagation path of a primary HF is also inhibited near the cavity and shows non-planar deflection.



Different from the single-cavity distribution, when there is an NF with a 0° or 30° approach angle at the front of the NC, the HF-NC communication ability would greatly increase, resulting in a more symmetrical HF morphology on both sides of the wellbore (Figure 5b,c). This indicates that the NF surrounding the NC could weaken the stress concentration caused by the cavity, thereby facilitating the guidance of HF propagation and enhancing the likelihood of establishing communication with the cavity.



With the further increase in the approach angle (from 30° to 45°) of the NF at the front of the NC, under conditions of lower stress difference, it becomes easier for the HF on both sides to open the NF and continue to communicate with the cavity. However, under conditions of higher stress difference, a primary HF (corresponding to a 45° approach angle) or secondary HF (corresponding to a 30° approach angle) would cross the NF and bypass the cavity (Figure 5d).



Therefore, different fracture–cavity distributions in carbonate reservoirs would have a great impact on the HF propagation. In the actual exploitation stage of carbonate reservoirs, the geological exploration of fracture–cavity structures in carbonate reservoirs is required, and different fracturing engineering designs might need to be carried out for different reservoirs.





3.2. Analysis of Fracturing Curves


The analysis of fracturing curves is very important to reflect the HF initiation and propagation characteristics. As the HF propagates to the sample boundary in the fracturing process, the fracturing curve eventually tends to be stable, and the fluid pressure required to maintain the fracture unclosed is called the closure pressure. Figure 6 summarizes the fracturing curves of all samples, which could be categorized into four distinct types:



	
The fracturing curve rises in a “step-like” shape, with frequent fluctuations. When the curve reaches the initial breakdown pressure, the pressure drops down and then rises rapidly, and it finally becomes stable as the closure pressure after many fluctuations. This indicates that the hydraulic fracture is deflected or bifurcated multiple times to form new fractures during the propagation progress, which increases the difficulty of realization and results in the progressive increase in the subsequent higher breakdown pressures. The typical samples are shown by A-2 (Figure 6a) and C-2 (Figure 6c).



	
The closure pressure is slightly lower than the breakdown pressure, characterized by significant fluctuations in the curve. Because of obvious non-planar propagation or larger deflection during the propagation progress, the closure pressure always keeps at a higher level. The typical samples are shown by C-1 (Figure 6c) and D-2 (Figure 6d).



	
The closure pressure is obviously lower than the breakdown pressure, characterized by significant fluctuations in the curve. The HF propagation path remains relatively unchanged, but there is a small range of non-planar propagation or deflection, resulting in fluctuations in the fracturing curve. The typical samples are shown by A-1 (Figure 6a) and D-3 (Figure 6d).



	
The closure pressure is obviously lower than the breakdown pressure, with minimal fluctuations observed in the curve. Since the hydraulic fracture of both sides is close to planar propagation, the fracturing curve has no obvious fluctuation. The typical samples are shown by B-3 and B-4 (Figure 6b).






On this basis, as depicted in Figure 7, the variations in breakdown pressure and closure pressure with stress difference are summarized for the samples with four types of cavity cluster distributions.



According to the HF initiation criterion [54,55], when the fluid pressure within the reservoir surpasses the sum of the σh and the rock tensile strength, tensile failure would occur, leading to the initiation of hydraulic fracturing within the rock. By analyzing the breakdown pressures of samples with four types of cavity cluster distributions in Figure 7, it is evident that all breakdown pressures are within a reasonable range (greater than σh).



When the HF finally propagates to the sample boundary, since the size of the fracturing experiments is very limited relative to the actual exploitation scale in the formation, the closure pressure that keeps the fracture unclosed is likely to be less than the σh. By analyzing the variations in the closure pressures with stress difference, it can be found that no matter what kind of cavity cluster distribution, the closure pressure is always sustained at a high level when the stress difference coefficient is 0.22, while the closure stress generally drops more under other stress difference conditions. In conjunction with the HF morphology characteristics detailed in Section 3.1, the hydraulic fractures of the samples at the Kh of 0.22 both have the most complicated non-planar propagation or bifurcation phenomenon, thus maintaining a high degree of the closure pressure.



It is noteworthy that this diverges from the typical HF-NF interaction law. In other words, the HFs are more inclined to connect with the NFs and create a complex fracture network under conditions of lower stress difference [56,57]. This discrepancy arises from the stress concentration around the NC, which increases the instability and complexity of HF propagation. When the Kh is at 0.22, the HF cannot directly bypass or cross through the cavity, and the typical samples are shown by A-2 (Figure 5a) and C-2 (Figure 5c).




3.3. Analysis of 3D Fracture Network Complexity


The 3D fracture network complexity could be evaluated by Fractal Dimension (FD) in Section 2.4 (Appendix A for detailed FD calculation). The FD value calculated by this method can comprehensively encapsulate the intricacy of the fracture network structure and the stimulated reservoir area.



Figure 8 summarizes the 3D fracture network complexity for all samples. It is evident that different fracture–cavity distributions play a dominant role in the FD value. Specifically, in the case of samples featuring single-cavity distribution, hydraulic fractures cannot symmetrically propagate on both sides, and the samples both have a single hydraulic fracture (Figure 5a). The fracture network complexity of the samples remains at a relatively lower level. In the case of samples featuring cavities accompanied by a fracture at a 0° angle, the presence of a natural fracture helps guide hydraulic fractures into the natural cavity. The HF propagation morphology on both the primary and secondary sides is relatively more symmetrical (Figure 5b), thereby increasing the stimulated reservoir area and maintaining a higher level of fracture network complexity. In the case of samples featuring cavities accompanied by a fracture at a 30° angle, a natural fracture with a low approach angle still helps guide hydraulic fractures into the natural cavity (Figure 5c) and greatly increases the fracture network complexity through the bifurcation of hydraulic fractures and the formation of complicated new fractures after crossing the cavities (the FD values remain at the higher level). In the case of samples featuring cavities accompanied by a fracture at a 45° angle, the HFs are more likely to pass through the NFs and cannot communicate with the cavities and exhibit asymmetric propagation patterns on the primary and secondary sides of the wellbore (as depicted in Figure 5d), reducing the complexity of the fracture network (the FD values remain at the lower level).



In addition, it also can be found that when the Kh is 0.22, the samples with four different fracture–cavity distributions both have the highest FD values. This phenomenon is related to the formation of relatively complex fracture morphology (Figure 5) and the maintenance of higher closure pressure in the fracturing curve (Figure 7) in this condition.




3.4. Analysis of AE Signal Characteristics


Throughout the fracturing experiments, Acoustic Emission Technology (AET) was employed to monitor real-time fracture propagation signals in all samples via AE Hit and energy (ENE) measurements. The AE signals transformed from elastic waves generated by fracture initiation and propagation could provide significant data for assessing the fracture characteristics of rocks [50]. The number of AE Hits, defined as signals that surpass the detection threshold and trigger a system channel to record data, correlates with the damage degree of crack initiation and propagation [58]. Moreover, AE energy, as another important parameter, can reflect the relative intensity of the crack [59]. The variations in AE signals and pump pressure over time for six typical samples are summarized in Figure 9, and three stages in the fracturing curves were preliminarily distinguished: the initial breakdown stage, the further propagation stage and the stopping injection stage. And we found the following:



In the initial breakdown stage of all samples, cracking actively occurs inside the rock, manifested as a macroscopic rupture. Accompanied by the obvious pump pressure drop in the fracturing curve, relatively denser AE Hits and higher energy are generated during this process. As the HF continues to propagate (combined with the specific fracture characteristics in Section 3.1), if deflection in the fracture’s path occurs (such as sample A-1 in Figure 9a) or new hydraulic fractures are formed (such as sample D-2 in Figure 9e) during the propagation process, accompanied by frequent fluctuations of the fracturing curve, the AE signal (both AE Hits and energy) also increases. Therefore, both the complete fracturing curve and the AE monitoring method could be used to preliminarily judge the HF propagation characteristics. The obvious fluctuations in the fracturing curve, in conjunction with the synchronous increase in the AE signal, indicate that the geometry of fracture propagation has become more complicated.



However, the interactions between the hydraulic fracture and the cavity may not be reflected in the fracturing curve. For example, the pump pressure of sample A-3 (Figure 9b) has no obvious fluctuation after the initial breakdown, but the AE energy occurs at high amplitude, which corresponds to the further HF propagation through the cavity. Therefore, the AE energy can be used to judge the ease of different HF-NC interactions as follows:




	
In the case of samples featuring single-cavity distribution, due to the inhibition of the cavity (stress concentration near the cavity), more energy is required in the process of communicating and crossing the cavity, which would generate high-amplitude AE energy, such as sample A-3 (Figure 9b);



	
For samples of the distribution with cavities and 0° fractures, the natural fracture near the cavity can lead the HF to propagate in a near in-plane manner, making it easier to cross the cavity in this case, so there are no more AE signals, such as sample B-3 (Figure 9c);



	
For samples of the distribution with cavities and fractures (30°/45°), when the HF opens the NF and subsequently encounters and crosses the cavity to form new fractures, this process increases the difficulty of realization, so more AE energy could generate, such as sample C-2 (Figure 9d) and sample D-2 (Figure 9e);



	
When the HF is only arrested by the cavity or bypasses the cavity to continue to propagate, this process does not require much energy to generate new fractures, so it does not generate much AE energy, such as sample D-4 (Figure 9f).










4. Discussion


The analysis from Section 3.1 on the interaction between the HFs and prefabricated cavity clusters with varying distributions reveals that distinct cavity cluster distributions exert differing influences on the HF propagation. Under conditions of higher stress differences, the samples with single-cavity distribution and cavity + fracture (0°) distribution more easily communicate with the cavity, the principal hydraulic fracture can extend a longer path and the fracture morphology is closer to symmetrical propagation in the plane. Conversely, under conditions of lower stress differences, the samples of the distribution with cavities and natural fractures (30° or 45°) more easily open the NF and continue to communicate with the cavity. The HF non-planar deflection and propagation along the natural fracture, as well as new fracture formation after initiating around the cavity, contribute to a more complex fracture geometry (Figure 5c,d). However, this is actually not conducive to the effective exploitation of a carbonate reservoir. Natural fractures are densely distributed in actual carbonate reservoirs. When complex multiple fractures are formed near the wellbore, the fracturing fluid loss could increase significantly and near-wellbore tortuousness could easily occur, thereby interfering with the principal HF extension [60] and the transport of the proppant [61].



To this end, it is necessary to not only ensure that the principal HF extends to a longer distance and avoid too complicated fractures near the wellbore, but also effectively communicate with more cavities. The important goal of hydraulic fracturing is to achieve a fracture network with a predefined geometry and the appropriate distribution of proppant materials within the fracture [62]. The existing fracturing technology requires enhancement. Acid fracturing has gradually been replaced by proppant fracturing, as it requires a large amount of acidic fluid to be consumed near the wellbore, resulting in a significant reduction in the effective action distance [2,63]. More stimulation techniques need to be tried to obtain better reservoir stimulation effectiveness, such as temporary plugging technology [64], multi-stage hydraulic fracturing treatments [65] and intensive-stage fracturing technique [66]. In addition, because the fracture–cavity distribution and the in situ stress are formation attributes that cannot be altered, better stimulation effectiveness can be realized by controlling fluid viscosity and displacement, the type of fracturing fluid and other engineering design parameters. Given the constraints of field conditions, modifying fluid viscosity represents a practical approach to enhance fracturing efficiency [67]. For this reason, a comprehensive fracturing conception—variable fluid viscosity conception—was proposed (Figure 10).



To significantly reduce the tortuosity and multiple fractures in the near-wellbore fracture path, employing high-viscosity fracturing fluid as pre-pad fluid is essential firstly. Due to the high viscous resistivity of high-viscosity fracturing fluid, the HF tends to cross natural micro-fractures more easily and extends a longer distance along the principal fracture direction [68,69]. In addition, high-viscosity fracturing fluid can ensure that most proppants remain suspended during the treatment and closure process [70]. This results in an improved overall fracture geometry. Afterwards, in conjunction with the temporary plugging process, high-viscosity fracturing fluid is replaced with low-viscosity fracturing fluid and continues to propagate based on the established fracture network. In general, the low-viscosity fracturing fluid offers superior penetration and connection effects on micro-fractures, so it can effectively open more natural fractures and communicate with more cavities [71]. By utilizing this approach, the fracturing fluid could not only extend thoroughly along the primary HF but also efficiently link more cavity clusters distributed near the primary HF. This maximizes fracture network complexity and increases the stimulated reservoir volume. It is worth noting that for this fracturing method, how to determine the optimal switching time and the variation range of fluid viscosity needs further research under different geological conditions to determine better stimulation effectiveness.




5. Conclusions


By accurately prefabricating cavity clusters with different distributions in synthetically made samples, true-triaxial hydraulic fracturing experiments were detailly carried out considering two main factors: the horizontal stress difference and the approach angle of a natural fracture (NF) at the front of the natural cavity (NC). The HF propagation process was comprehensively analyzed through the fracture morphology, fracturing curve, the fracture network complexity and acoustic emission monitoring. The experimental results clearly demonstrate that the distribution of cavity clusters significantly affects the HF propagation behavior and fracture network complexity. The conclusions are as follows:




	
The fracturing curves, which can reflect different HF-NC interactions, are divided into four types: frequent fluctuations with “step-like” shapes, great fluctuations with slightly lower closure pressure, great fluctuations with obviously lower closure pressure and little fluctuations with obviously lower closure pressure.



	
A natural fracture with a smaller approach angle is favorable for guiding a hydraulic fracture to a cavity.



	
Different fracture–cavity distributions play a dominant role in the fracture network complexity. A natural fracture with a low approach angle around the fracture–cavity structure greatly increases the fracture network complexity through more symmetrical propagation and the formation of complicated new fractures after crossing the cavities.



	
Both the complete fracturing curve and the AE monitoring technique could be employed to preliminarily judge the HF propagation characteristics, and the AE energy can be used to judge the ease of different HF-NC interactions.



	
Given the constraints of field conditions, a new fracturing conception—the variable fluid viscosity technique—was proposed, which is beneficial in connecting more fracture–cavity reservoirs.
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Appendix A




 





Table A1. Detailed calculation process of the OBCM method (the number of boxes N(r) corresponding to the side length of boxes r).
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Recursion number, n

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
Boxes with edge length, r (mm)

	
150

	
75

	
37.5

	
18.75

	
9.375

	
4.6875

	
2.3438

	
1.1719

	
0.5859

	
0.2930




	
The number of boxes N(r)

	
Single cavity

	
A-1

	
8

	
15

	
37

	
117

	
465

	
1791

	
6798

	
26,500

	
100,889

	
359,435




	
A-2

	
8

	
22

	
59

	
212

	
836

	
3351

	
13,230

	
51,861

	
196,956

	
701,891




	
A-3

	
7

	
21

	
58

	
216

	
789

	
3007

	
11,603

	
44,868

	
167,672

	
572,012




	
A-4

	
6

	
20

	
81

	
293

	
1110

	
4283

	
16,716

	
64,570

	
241,375

	
816,873




	
Cavity and fracture (0°)

	
B-1

	
6

	
16

	
49

	
191

	
724

	
2901

	
11,428

	
44,786

	
171,871

	
626,566




	
B-2

	
8

	
17

	
58

	
243

	
916

	
3553

	
13,647

	
53,353

	
201,853

	
717,170




	
B-3

	
8

	
19

	
57

	
199

	
829

	
3254

	
12,677

	
49,444

	
185,901

	
646,048




	
B-4

	
7

	
17

	
56

	
234

	
859

	
3289

	
13,101

	
50,859

	
191,669

	
676,269




	
Cavity and fracture (30°)

	
C-1

	
7

	
24

	
70

	
234

	
963

	
3784

	
14,537

	
56,444

	
212,788

	
754,208




	
C-2

	
6

	
18

	
62

	
274

	
1058

	
4265

	
16,621

	
64,613

	
243,044

	
835,956




	
C-3

	
8

	
21

	
67

	
236

	
989

	
3868

	
14,644

	
56,744

	
213,264

	
741,706




	
C-4

	
7

	
22

	
71

	
270

	
1092

	
4296

	
16,858

	
65,942

	
248,803

	
872,072




	
Cavity and fracture (45°)

	
D-1

	
6

	
16

	
46

	
173

	
644

	
2567

	
9971

	
39,359

	
149,022

	
511,558




	
D-2

	
8

	
19

	
58

	
214

	
848

	
3252

	
12,555

	
48,936

	
183,831

	
636,068




	
D-3

	
8

	
17

	
43

	
150

	
513

	
1889

	
7164

	
27,514

	
102,536

	
349,486




	
D-4

	
8

	
21

	
55

	
166

	
625

	
2318

	
9023

	
34,970

	
132,940

	
474,456
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Figure 1. Distribution of a typical fracture–cavity carbonate reservoirs (quoted from Loucks [3]). 
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Figure 2. The distribution schemes for simplified cavity clusters. (a) Single cavities, (b) cavities accompanied by a fracture at a 0° angle, (c) cavities accompanied by a fracture at a 30° angle and (d) cavities accompanied by a fracture at a 45° angle (note: the green circle represents the wellbore; the orange circle represents the cavity). 
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Figure 3. The schematic diagram of the improved mold and the sample preparation process. (a) The simulated NCs’ and NFs’ preparation, (b) the fixing of prefabricated cavities and fractures, (c) the pouring and vibration of the mortar mix, (d) the prefabrication of the fracturing wellbore, (e) the demolding and curing of samples and (f) the schematic diagram of the improved mold. 
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Figure 4. Flow chart of scanning stage, preprocessing stage and analysis stage of hydraulic fracture morphology [51]. 
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Figure 5. Fracture morphology and 3D visualization of the samples with (a) single cavities, (b) cavities accompanied by a fracture at a 0° angle, (c) cavities accompanied by a fracture at a 30° angle and (d) cavities accompanied by a fracture at a 45° angle (adapted from Yang et al. [39]). 
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Figure 6. Fracturing curves of the samples with 4 types of cavity cluster distributions: (a) single cavities, (b) cavities accompanied by a fracture at a 0° angle, (c) cavities accompanied by a fracture at a 30° angle and (d) cavities accompanied by a fracture at a 45° angle. 
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Figure 7. The variations in breakdown pressure and closure pressure with stress difference for the samples. (a) Single cavities, (b) cavities accompanied by a fracture at a 0° angle, (c) cavities accompanied by a fracture at a 30° angle and (d) cavities accompanied by a fracture at a 45° angle. Note: PB refers to the breakdown pressure, PC refers to the closure pressure, σh represents the minimum horizontal principal stress and the red arrow shows higher closure pressure at the Kh of 0.22. 
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Figure 8. The 3D fracture network complexity for the samples with 4 types of cavity cluster distributions (note: the arrow indicates that samples featuring cavities accompanied by a fracture at a 0°/30° angle have higher fracture network complexity). 
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Figure 9. The variations in AE signals and pump pressure over time for six typical samples. (a) A-1 (single cavity, Kh = 0.08); (b) A-3 (single cavity, Kh = 0.40); (c) B-3 (cavity cluster with cavity and fracture (0°), Kh = 0.40); (d) C-2 (cavity cluster with cavity and fracture (30°), Kh = 0.22); (e) D-2 (cavity cluster with cavity and fracture (45°), Kh = 0.22); (f) D-4 (cavity cluster with cavity and fracture (45°), Kh = 0.65). Note: Point A is the initial breakdown stage, point B is the further propagation stage and point C is stopping injection stage. 
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Figure 10. Schematic diagram of variable fluid viscosity conception. 
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Table 1. Physical properties of hardened mortar mixes (note: data in table indicate average value).
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	Mass Ratio of Cement and Quartz Sand
	Density (g/cm3)
	Unconfined Compressive Strength (MPa)
	Young’s Modulus (GPa)
	Tensile Strength (MPa)





	1:1
	2.26
	64.07
	12.54
	5.08



	1:1.5
	2.12
	58.53
	10.45
	4.85



	1:2
	2.07
	42.83
	7.64
	4.79



	1:2.5
	2.01
	33.48
	5.42
	3.82



	1:3
	1.98
	20.78
	4.96
	2.36










 





Table 2. The schemes of horizontal stress difference coefficient.
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	Type
	Kh1
	σH (MPa)
	σh (GPa)
	σv (MPa)
	Remark





	-
	0.25
	170
	136
	190
	Measured in situ stress well



	1
	0.08
	28
	26
	32
	



	2
	0.22
	28
	23
	32
	



	3
	0.40
	28
	20
	32
	Reduction by the same proportion



	4
	0.65
	28
	17
	32
	







1 Note: The horizontal stress difference coefficient Kh = (σH − σh)/σh, where σH and σh represent the maximum and minimum horizontal principal stresses, respectively, and σv denotes the vertical principal stress.













 





Table 3. Summary of the HF-NF and HF-NC interactions and fracture morphology in all samples.






Table 3. Summary of the HF-NF and HF-NC interactions and fracture morphology in all samples.





	
Number

	
Kh1

	
HF-NF Interaction

	
HF-NC Interaction

	
Fracture Morphology




	
Primary Side

	
Secondary Side

	
Primary Side

	
Secondary Side






	
A-1

	
0.08

	
-

	
-

	
Bypassing

	
Limited propagation

	
Non-planar propagation




	
A-2

	
0.22

	
-

	
-

	
Arresting

	
Limited propagation

	
Some larger non-planar deflections in the vertical direction




	
A-3

	
0.40

	
-

	
-

	
Crossing

	
Limited propagation

	
A larger non-planar deflection




	
A-4

	
0.65

	
-

	
-

	
Crossing

	
Arresting

	
Minor deflection and tends to planar propagation




	
B-1

	
0.08

	
Bypassing

	
Limited propagation

	
Arresting

	
Limited propagation

	
Close to planar propagation




	
B-2

	
0.22

	
Bypassing

	
Bypassing

	
Crossing

	
Bypassing

	
Non-planar propagation




	
B-3

	
0.40

	
Opening

	
Bypassing

	
Crossing

	
Arresting

	
Close to planar propagation




	
B-4

	
0.65

	
Opening

	
Opening

	
Crossing

	
Arresting

	
Planar propagation




	
C-1

	
0.08

	
Opening

	
Opening

	
Crossing

	
Arresting

	
Form a new fracture after initiating in the cavity




	
C-2

	
0.22

	
Opening

	
Opening

	
Crossing

	
Arresting

	
Form complicated multi-fractures before and after encountering the cavity




	
C-3

	
0.40

	
Opening

	
Crossing

	
Crossing

	
Bypassing

	
Some larger non-planar deflections in the vertical direction




	
C-4

	
0.65

	
Opening

	
Crossing

	
Crossing

	
Bypassing

	
Form a new fracture after initiating in the cavity




	
D-1

	
0.08

	
Opening

	
Opening

	
Crossing

	
Arresting

	
Form a new fracture after initiating in the cavity




	
D-2

	
0.22

	
Opening

	
Limited propagation

	
Crossing

	
Limited propagation

	
Form a new fracture after initiating in the cavity




	
D-3

	
0.40

	
Crossing

	
Opening

	
Bypassing

	
Arresting

	
Close to planar propagation




	
D-4

	
0.65

	
Crossing

	
Opening

	
Bypassing

	
Arresting

	
Close to planar propagation








1 Note: The horizontal stress difference coefficient Kh = (σH − σh)/σh, where σH and σh represent the maximum and minimum horizontal principal stresses, respectively.
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