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As a reservoir reconstruction technology, hydraulic fracturing is a key method to improve the production of coalbed methane (CBM) wells. The CBM reservoir in eastern Yunnan, an important CBM exploration and development zone in China, is characterized by multiple thin coal seams. Compared to the fracturing of the single-layer coal seam, the combined seam fracturing technology is more difficult and complex. To study the fracture propagation characteristics and influencing factors of hydraulic fracturing in multiple coal seams, taking No. 9 and No. 13 coal seams as the research objects, the fracturing process was numerically simulated by using the finite element method and ANSYS software in this work. Based on the mathematical model of low permeable coal-rock mass, a two-dimensional hydraulic fracture model was established. In addition, the fracture geometries of combined seam fracturing were studied quantitatively. The results indicate that although No. 9 coal and No. 13 coal seams have similar rock mechanical properties, the propagation process and final geometry of a fracture are different. The reliability of the simulation results is verified by the comparison of experimental parameters and field investigation. The results prove the feasibility of combined seam fracturing in eastern Yunnan. The high Young’s modulus and thickness of the coal seam make the fracture geometry longer, but the fracture height is smaller. The low Young’s modulus, high Poisson’s ratio, and thickness of the No. 13 coal seam result in an increase in the length and height of the No. 9 coal seam. The increase in Young’s modulus of interlayer inhibits the propagation of fractures, while the high thickness and low Poisson’s ratio of interlayers facilitate the extension of the length and inhibit the extension of the height. This work provides a case reference for combined seam fracturing of coal reservoirs and has practical significance for the development of CBM characterized by multiple coal seams in eastern Yunnan.
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1 INTRODUCTION
The coal matrix permeability is low in China; thus, reservoir reconstruction is generally conducted to improve the performance of producing wells and increase recovery (Islam et al., 2009; Meng et al., 2011; Lekontsev and Sazhin, 2015; Li et al., 2020; Zhang et al., 2020). Hydraulic fracturing of CBM wells has been widely practiced as an effective method to increase the drainage efficiency of low-permeability, low-pressure, and low-saturated coal seams. McDaniel et al. (1990) were the first people to apply hydraulic fracturing to the stimulation work of CBM wells. The initiation and propagation of hydraulic fractures in coal seams are complicated, which limits efficient implementation of hydraulic fracturing (Wessling et al., 2008; Yang et al., 2015; Jun Lu et al., 2020). Scholars have conducted a lot of research on theories and techniques of hydraulic fracturing treatment. Warpinski and Teufel et al. (1987) revealed from field results that the in-situ stress and fluid pressure could influence the hydraulic fracturing procedure. The effects of elastic modulus, Poisson’s ratio, and in-situ stress on fracture geometry were studied by means of experiment and field investigation (Liang et al., 2017; Chen et al., 2019; Hu et al., 2020; Liu et al., 2020). For instance, Li et al. (2014) comprehensively studied the effect of the formation mechanical property (in-situ stress, elastic modulus, and permeability) differences between adjacent layers over hydraulic fracture propagation, and it turned out that the mechanical properties of strata have a great influence on the fracture extension; Yinlong Lu et al. (2020) investigated the influence of the intermediate principal stress on the mechanical properties of cubic coal and soft sandstone under two different true triaxial loading conditions and discussed the influence interval of the intermediate principal stress on the strength of sandstone and coal in detail. In addition, an experimental study was conducted to study liquid nitrogen-induced rock/coal failures under true triaxial stress conditions in order to investigate fracture propagation behaviors under in-situ geological conditions with liquid nitrogen injections. Many scholars have investigated the seismic response of naturally fractured coal to stress and hydraulic fracturing, with an emphasis on identifying the temporal and spatial behaviors of fractures using the active acoustic-monitoring technique (Qin et al., 2018; Zhang et al., 2018; Jiang et al., 2020; Cao et al., 2021; Li et al., 2021).
In recent years, scholars have done a lot of numerical simulation research on hydraulic fracture propagation of CBM reservoirs and made remarkable progress. Zhang et al. (2014) presented a two-phase, 3D flow, and hydraulic fracturing model of dual-porosity media based on the theories of oil–gas geology and mechanics of flow through porous media. Correspondingly, a finite difference numerical model has been developed and applied successfully to a CBM reservoir. Li and Xing et al. (2015) demonstrated that under a constant hydraulic pressure boundary, with higher values of permeability, porosity, Young’s modulus, and Poisson’s ratio, hydraulic fracturing initiates earlier. Jiang et al. (2016) developed a hydraulic fracture numerical simulation model to quantitatively study the effects of different geological and operational factors on the fracture propagation in CBM reservoirs. Based on the rock seepage-stress coupling effect, a three-dimensional hydraulic fracture model of multilayer-commingled fracturing in coal strata was established in combination with ABAQUS finite element software. The influence of geological factors and construction factors on the hydraulic fracture propagation in sandstone-coal interbedded reservoirs was investigated (Zhao et al., 2018). Moreover, laboratory experiments and numerical simulation methods were used to investigate the hydraulic fracture propagation law of coal in CBM reservoir with natural fractures. Through the combination of triaxial compression test and numerical simulation of coal and sandstone, the effects of different confining pressure and cleat direction on rock brittleness and fracture characteristics were analyzed (Zhang and Bian, 2015; Xie et al., 2019; Eremin, 2020; Ren et al., 2021; Zhao et al., 2021). However, investigation on the propagation of commingled crack in coal seams which are soft-hard interlaced strata is less studied and not well understood.
Generally, these relevant theories and techniques are mostly applied to the single coal seam or the thick coal seam fracturing treatment. In the eastern Yunnan province, an emerging area for coal measure gas recovery in China, the Permian formation is composed of typical superposed reservoirs with multiple thin coal seam zones (Li et al., 2015; Tang et al., 2016; Yang et al., 2018; Wang and Qin, 2019; Zhang et al., 2021). The characteristic of thin coals eam cannot provide resources guarantee for the development of CBM and increase fracturing costs. Several theoretical and experimental studies have been carried out in the past to investigate multiple reservoirs fracturing treatment and bring us a little inspiration. Nasedkina and Trufanov (2006) established a mathematical model of the process of hydrodynamic fracturing in a multi-layer coal seam based on the equation of continuity and Darcy’s law. Jia et al. (2016) suggested some effective stimulation techniques adapting to the superposed reservoirs of coal measures and further studied the mechanism on adaptable hydraulic fracturing of the superposed reservoirs associated with multiple thin coal seams. Ni et al. (2010) researched the key technology of combined seam fracturing and confirmed the practicality of the craft, reducing development costs and overcoming the limitations of geological conditions. The technology has been applied with some success. Multilayer-commingled fracturing is the vital step to achieve gas co-exploration in coal measures. However, the conditions the combined seam fracturing can be implemented was neither clear nor was the effect of the properties of the coal seam and the roof and floor on the propagation of hydraulic fractures.
In this work, a two-dimensional hydraulic fracture model of combined seam fracturing is established in combination with a cohesive element model based on previous studies, and the reliability of the model was verified. ANSYS software was used to quantitatively study combined seam fracturing fracture geometries in the coal seam of eastern Yunnan, China. In addition, influencing factors such as fracturing pressure, Young’s modulus, Poisson’s ratio, and thickness, which affect the characteristics of fracturing propagation were also investigated.
2 GEOLOGICAL SETTING
The study area is in the eastern Yunnan region, which is an important coal- and CBM-rich area in southwest China (Figure 1A). The period of the coal-bearing rock formation was in the late Permian. The coal measure strata have since experienced varying natures, directions, and intensities of different Yanshanian and Himalayan tectonic activities, causing strong deformation to the coal measure strata and extensive fault development, resulting in a complicated geological background. Faults are compressional, reach shear fracture pressure, and are steeply dipping, generally at an angle of 60–85° (Guoxi et al., 2020; Lan et al., 2020). The CBM block is located in the southeast wing of the Laochang anticline. It is a relatively gentle monoclinal structure. The stratum strikes NE, tends to SE, and there are few faults in the study area.
[image: Figure 1]FIGURE 1 | (A) Map showing location and structure outline of the study area in the eastern Yunnan province. (B) The lithology column of the coal measure strata of Well-1 in the study area.
The coal measure strata in the study area are the upper Permian Changxing and Longtan Formations, which are mainly composed of dark gray fine clastic rock, siltstone, sandy mudstone, and coal. The burial depth of the coal seams in the study area varies greatly. They are generally buried to a depth of 500–1,500 m and are generally less than 1,000 m. The coal seams are mainly distributed in the middle and upper part of the Longtan Formation and are mainly thin, medium, and thick coal, including 27–42 coal seams, with a total thickness of 41 m. The thickness of a single layer of coal is generally less than 5 m, with the characteristics of many thin coal seams (Ju et al., 2018; Yang et al., 2019; Chen et al., 2021). The gas content of the coal seam is 9.23–26.20 m3/t, with an average of 15.20 m3/t, and increases gradually with the increase of depth. The CBM reservoirs belong to a micro under-pressure reservoir. The main coal seams in the study area are No. 7 + 8, No. 9, No. 13, and No. 19 in the Longtan Formation (Figure 1B). In this paper, No. 9 and No. 13 coal reservoirs are taken as the research objects to carry out the numerical simulation analysis of combined seam fracturing.
3 MATHEMATICAL MODEL OF COAL-ROCK MASS
3.1 Hydraulic Pressure Model to Analyze the Fracturing Phenomena
The longitudinal mathematical model of the reservoir was established based on the KGD model (Geertsma and Clerk, 1969; Chen, 2012). We have assumed that the shape of the fracture is elliptical with a vertical profile and the width of the fracture is constant as shown in Figure 2. This model is based on several assumptions. The coal–rock material is an isotropic linear elastic material, the coal seam belongs to the same pressure system, and the middle rock stratum is an impermeable layer. The filtration loss of fracturing fluid along the fracture is zero. In the process of hydraulic fracturing, the liquid column pressure difference between the upper and lower fracturing layers is ignored. Moreover, the fluid filtration of the fracturing and the seepage and coupling effects of the fluid and coal matrices in the coal seam were not considered. For a Newtonian fluid, in order to simplify, we neglected the gravitational forces and assumed that the flow in the fracture is tangential. The tangential flow within the gap is governed by the lubrication equations (Batchelor, 1967) formulated from Poiseuille’s law. The hydraulic pressure equation in the fracture can be written as:
[image: image]
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and since it is generally considered that the fluid pressure on the fracture surface near the crack tip is not less than the closure pressure, we have
[image: image]
where p is the hydraulic pressure, ν is the fracturing fluid viscosity, q is the flow rate of a single wing, w is the fracture width, L is the fracture length, h is the fracture height, h0 is the maximum height, pc is the closure pressure, and x is the distance from any point to the wellbore on the fracture surface.
[image: Figure 2]FIGURE 2 | Illustration of fracture propagation during hydraulic fracturing.
3.2 Initiation and Propagation Criteria for the Cohesive Element
The cohesive zone model (CZM) is used to describe the separation of interfaces and fracture propagation. The separation mode of the interface is the normal separation. The cohesive zone material is shown in Figure 3, σ is the normal contact stress (tension), and [image: image] is the contact gap (Shet and Chandra, 2002; Tomar et al., 2004). When the stress reaches the maximum normal contact stress σmax, element damage occurs, and the stiffness gradually degrades until it is reduced to 0 (point A). Debonding is completed at point C when the normal contact stress σ reaches 0, and further separation occurs without any normal contact stress. After debonding has been initiated, it is assumed to be cumulative and any unloading and subsequent reloading occur in a linear elastic manner along the line OB at a more gradual slope. The equation for the curve OAC can be written as:
[image: image]
[image: Figure 3]FIGURE 3 | Normal contact stress and the contact gap curve for the cohesive zone material.
The debonding parameter is defined as:
[image: image]
with
[image: image]
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where P is the normal contact stress (tension), [image: image] is the normal contact stiffness, [image: image] is the contact gap, [image: image] is the contact gap at the maximum normal contact stress (tension), [image: image] is the contact gap at the completion of debonding, and [image: image] is the debonding parameter.
4 NUMERICAL SIMULATION MODEL AND PARAMETERS
The CBM reservoir simulated is in eastern Yunnan, China, with multiple thin coal seams. The objects of combined seam fracturing are the No. 9 and No. 13 coal seams that belong to the upper Permian Longtan formation of Well-1 (Figure 1B). The seams are favorable reservoirs because early exploration and the production test of the well showed potential for coalbed methane exploitation. Moreover, taking No. 9 and No. 13 coal seams as target reservoirs, the combined seam-fracturing project of Well-1 has been completed, which provides the verification conditions for this numerical simulation research. In addition, the two coal seams represent multiple coal seams, which also improves the effectiveness of numerical simulation results.
4.1 Numerical Model of Hydraulic Fracturing
The two-dimensional model is shown in Figure 4. Due to the symmetry of the problem, only one-half of the original model is studied. It is a rectangle with a length of 100 m and a height of 24 m. The directions of the X and Y axes represent the principal horizontal stress and vertical stress. The vertical depth of the No. 9 coal seam roof is -682.3 m, and the thickness is 4 m, and the depth of the No. 13 coal seam roof is -696.3 m and the thickness is 5 m. The roof and the floor are basically parallel to the coal seam with the top depths of -677.3 m and -701.3 m, respectively. Their thicknesses are approximately 5 m, and the thickness of the interlayer is 10 m. The fracture propagation path is located in the center of the coal seam. The length of the perforation is 1 m. The top and bottom of the model adopt the boundary conditions of the Y direction displacement, which means the relative displacements of vertical directions are zero. The right of the model adopts the boundary conditions of the X direction displacement to limit the horizontal displacement or deformation. The equivalent overburden pressure acts on the top of the model, considering the typical unit weight of the overlaying rock mass. Also, its value of 19 MPa is calculated according to the actual depth of the overlying formation and the average density of the stratum. The horizontal stress of 23 MPa is applied at the right boundary according to the formula (Zhang and Roegiers, 2010). In this research, the initial stress is set as the same value in order to study the effects of other parameters.
[image: Figure 4]FIGURE 4 | Two-dimensional hydraulic fracturing model.
4.2 Model Parameters
The basic mechanical parameters were measured from laboratory tests of real coal samples (Table 1). The injection rate and fracturing fluid viscosity are 7 m3/min and 5 mPa⋅s respectively, which were determined by field operation. The fracturing pressure varies from 10 to 25 MPa in 0.1 MPa increments. The different cases are studied by using material parameters for sensitivity analysis to evaluate their influences on the hydraulic fracture propagation. The typical values of Poisson’s ratio of coal range from 0.2 to 0.48 (Gercek, 2007), and in this article, Poisson’s ratio has been selected as 0.3, 0.4, and 0.5, which combined the categorization of Poisson’s ratio and lots of test results, and the Young’s modulus have been set at a range of 2–8 GPa (Özgen Karacan, 2009; Pan et al., 2013; Zhang et al., 2017). Similarly, the physical parameters of adjacent layers have been chosen based on the experiment and in-situ tests.
TABLE 1 | Basic parameters of the model.
[image: Table 1]5 SIMULATION RESULTS AND DISCUSSION
5.1 Characteristics of Hydraulic Fractures
The implementation of the combined seam fracturing depends on whether the fracture can initiate and extend. Fracturing pressure is applied to coal seams, starting from 10 MPa. As the pressure increases, the tensile stress generated by the fracturing fluid on the crack surface increases. When the stress is greater than the tensile strength of the coal seam, the coal seam begins to crack and the fracture extends. Figure 5A–C shows the fracture’s morphological characteristics and propagation process of No. 9 coal and No. 13 coal seams under different pressures. The geometry of the fracture is similar to that of an ellipse. The fracture height and length increase with the increase in the fluid pressure. However, the fracture’s opening exhibits a certain temporal order as the mechanical properties of different coal seams are different (Zhao et al., 2018), and the fracture initiation of No. 9 coal is earlier than No. 13 coal and the initial pressures are 13.31 and 13.89 MPa, respectively. It can be seen from Figure 5D that stress concentration distinctly occurs in the crack tip during the fracture initiation and extension. From Figure 6, it was found that at the leading edge of the crack tip, the component of the tensile stress gradually decreased as the distance from the tip gradually increased. As the distance increased, tensile stress completely disappeared and the stress returned to its original state and became compressive.
[image: Figure 5]FIGURE 5 | The combined seam fracturing simulation result and the stress contour plot. (A) The stress contour plot along the Y-axis under a pressure of 15 MPa. (B) The stress contour plot along the Y-axis direction under a pressure of 20 MPa. (C) The stress contour plot along Y-axis under a pressure of 25 MPa. (D) The first principal stress contour plot under a pressure of 25 MPa.
[image: Figure 6]FIGURE 6 | Y-direction tensile stress at the leading edge of the crack tip.
It was concluded that the fracture height of the No. 9 coal seam is higher than No. 13 coal seam, and the length of the fracture was reversed under the same pressure by simulating the fracture propagation of the No. 9 and No. 13 coal seams (Figure 7). When the fracturing pressure was 25 MPa, the fracture height was 3.81 and 3.70 m, and the fracture length was 93 and 101 m, respectively. Field investigation and engineering monitoring results of Well-1 showed the fracture height was 4.06 and 3.85 m, the fracture length was 89 and 98 m, the percentage errors of fracture height were 6.2 and 3.9%, and the percentage errors of fracture length were 4.5 and 3.1%. The small error shows that the simulation results are relatively authentic and can be further discussed. The mechanical properties and thickness of coal seams are the main influencing factors of the difference in fracture propagation between No. 9 coal and No. 13 coal seams. The detailed instructions will be explained later. On the whole, the simulation effect is reliable owing to the mechanical properties of coal seams, especially the tensile strength and Young’s modulus were similar. The reliability of the simulation results was verified by the comparison of experimental parameters and field investigation. In addition, the results prove the feasibility of combined seam fracturing of the No. 9 and No. 13 coal seams.
[image: Figure 7]FIGURE 7 | Relationship of fracturing pressure and fracture propagation. (A) Fracture height and (B) fracture length.
5.2 Parametric Study on Fracture Propagation
The coal measure strata in eastern Yunnan are mainly composed of dark-gray fine clastic rock, siltstone, sandy mudstone, and coal. The coal measure gas reservoir characterized by the interaction of multiple thin coal seams is obviously different from the conventional single-layer fracturing process. The influence of different parameters on hydraulic fracture geometry and the feasibility of combined seam fracturing can be studied by numerical simulation. Based on the numerical simulation model established in 4.1, the effect of multiple parameters including elasticity modulus, Poisson’s ratio, and thickness of fracture propagation was studied.
5.2.1 Young’s Modulus of the Coal Seam
To investigate the effects of Young’s modulus of the coal seam on the fracture extension, changing the Young’s modulus parameter of No. 13 coal seam and other parameters remain unaltered. The Young’s modulus of No. 13 coal seam was set to 2.0, 4.0, 6.0, and 8.0 GPa, respectively. The simulation results are shown in Figure 8. With an increase in the Young’s modulus of the No. 13 coal seam, the length and the height of the No. 9 coal seam decreased, while the fracture height of the No. 13 coal seam decreased and the length increased. The results also indicate that the slope of the increase in fracture length decrease as the pressure increases. It shows that in the later stage of fracturing, the ability to generate the fracture length is reduced. The high difference in Young’s modulus of the coal seams is not suitable for combined seam fracturing because the difference in the height is significant and leads to the height of one of the coal seams being much less than the thickness of the coal seam.
[image: Figure 8]FIGURE 8 | Fracture parameters under different Young’s modulus of the No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.2 Young’s Modulus of the Roof and Floor
The roof of the No. 9 coal seam and the floor of the No. 13 coal seam were sandy mudstone, and Young’s modulus was 16.135 GPa. Young’s modulus is set to 10, 12, 14, 16, and 18 GPa to investigate the influence of the roof and floor on the fracture’s propagation. As shown in Figure 9, regardless of the No. 9 or No. 13 coal seam, the fracture height and the fracture length all decrease with the increase in the Young’s modulus of the roof and floor. In other words, the roof and floor have large Young’s modulus, which will prevent the increase in fracture height. Also, lower modulus contrast between the coal seam and adjacent layers are more beneficial in forming a longer fracture in coal seams. The result is consistent with Li’s simulation (Li et al., 2014).
[image: Figure 9]FIGURE 9 | Fracture parameters under different Young’s modulus of the roof and floor. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.3 Poisson’s Ratio of the Coal Seam
Poisson’s ratio for rocks lies within a narrow range. Poisson’s ratio of the No. 13 coal seam was set as 0.2, 0.3, 0.4, and 0.5 in this work. The numerical results are shown in Figure 10. With the increase of Poisson’s ratio of the No. 13 coal seam, the height and length of the No. 9 coal seam are all increased, the height and length of the No. 13 coal seam are decreased. The height and length are negatively correlated with Poisson’s ratio. In addition, Poisson’s ratio of the No. 13 coal seam also affects the height and length of the No. 9 coal seam during combined seam fracturing, and there was a positive correlation. These show that the larger the Poisson’s ratio of the coal seam the more unfavorable it is for the fracture to propagate, but on the contrary, it is conducive to fracture’s propagation in other coal seams in combined seam fracturing. The results also indicate that the length is more sensitive than the height of the fracture to the change in Poisson’s ratio. The height of the fracture varied less than 3% when the Poisson’s ratio increased by 0.1. Generally, the difference in Poisson’s ratio between two coal seams can be neglected in while choosing the fracturing method.
[image: Figure 10]FIGURE 10 | Fracture parameters under different Poisson’s ratio of the No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.4 Poisson’s Ratio of the Roof and Floor
Poisson’s ratio of a coal seam is greater than the adjacent layers (Hou et al., 2013). So, in this article, Poisson’s ratio of adjacent layers is set as 0.1, 0.2, 0.3, and 0.4. From Figure 11, as Poisson’s ratio increased, the length of the coal seams decreased slightly, while the height increased slightly. This can be ignored when compared with the effects of other parameters. As for Poisson’s ratio of the roof and floor, it should be noted that the effect of it on fracture extension can be ignored when compared with the effects of other parameters due to the limited range.
[image: Figure 11]FIGURE 11 | Fracture parameters under different Poisson’s ratio of the roof and floor (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.5 Thickness of the Coal Seam
The thickness of the coal seam is also one of the factors affecting the geometry of the fracture. In general, the thickness of the coal seam is within 10 m. Hence, the thickness of the No. 13 coal seam was set as 4, 6, 8, and 10 m. Figure 12 demonstrates the relationship between fracture propagation and thickness. On the one hand, an increase in the thickness of the No. 13 coal seam resulted in a decrease in the fracture height and an increase in the fracture length, which further confirmed the conclusions proposed by Li et al. (2014). On the other hand, the change of the thickness of the No. 13 coal seam also affected the fracture propagation of the No. 9 coal seam, and the height and length of the No. 9 coal seam showed increasing trends with an increase in thickness.
[image: Figure 12]FIGURE 12 | Fracture parameters under different thicknesses of No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
Research proved that the main reason for the difference in fracture propagation between the No. 9 and No. 13 coal seams is that the thickness and Young’s modulus of the No. 9 coal seam are less than that of the No. 13 coal seam, which is conducive to the extension of the height, while the thickness and the Young’s modulus of the No. 13 coal seam are high, which inhibit the extension of the height but facilitate the extension of the length.
5.2.6 Thickness of the Interlayered Rock
Jia et al. (2016) proposed that the thickness of the interlayered rock is one of the main factors to control a large fracture network formation. The thickness was set as 5 m, 7.5 m, and 10 m to study the effect of interlayer thickness on fracture propagation, and the result is shown in Figure 13. The height of the fracture decreased when the thickness of the interlayer increased. It demonstrated that the smaller the thickness of the interlayered rock, the greater the probability that the fracture will penetrate the coal seam. In addition, the increase in thickness leads to an increase in the length of the fracture, which is due to the reduction in the interaction between the cracks.
[image: Figure 13]FIGURE 13 | Fracture parameters under different thicknesses of the interlayer (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
6 CONCLUSION
In this study, the two-dimensional hydraulic fracture model of combined seam fracturing in coal seams was established based on the cohesive element model. Then, the geometry of the combined seam fractures was studied by the finite element method. This article also analyzes the influence of different parameters on fracture propagation by means of numerical simulation. The result can be summarized as follows:
(1) The No. 9 and No. 13 coal seams have insignificant difference in the fracture geometries under the same fracturing pressure, and the initiation pressure was 13.31 MPa and 13.89 MPa, respectively. The fracture height of the No. 9 coal seam is higher. In contrast, the fracture length of the No. 13 coal seam is longer. The reliability of the simulation results was verified by the comparison of experimental parameters and field investigation. The feasibility of combined seam fracturing in eastern Yunnan was proved by numerical simulation results.
(2) The difference in mechanical properties between coal seams is one of the key factors for combined seam fracturing. Young’s modulus has a significant impact on hydraulic fracture propagation. The higher value of Young’s modulus is not conducive to the extension of the fracture height, but the length of the fracture increases when the value of the modulus increases. The significant difference in Young’s modulus between adjacent layers will inhibit the longitudinal propagation of fractures.
(3) The effect of Poisson’s ratio on the hydraulic fracture propagation is mainly reflected in the fracture length and has no significant effect on the fracture height, whether for the coal seam or adjacent layer. In a certain range, the value of Poisson’s ratio was positively correlated with the fracture length. However, due to the limited range of Poisson’s ratio, the effect of it on fracture extension can be ignored when compared with the effects of other parameters.
(4) In the process of combined seam fracturing, both coal seam thickness and interlayer thickness affect the hydraulic fracture propagation. In a certain range, the effect of coal seam thickness on fracture length shows a positive correlation. The regularity of the effect of coal seam thickness on fracture height was not significant. Moreover, a thick interlayer inhibited the extension of fracture height and promote the extension of fracture length.
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