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Staged treatment in vertical wells is extensively applied in layered formation to obtain commercial exploitation of hydrocarbon resources. Large-sized heterogeneities always exist between multiple hydraulic fractures in different layers. To reveal the interference of multiple hydraulic fractures in layered formation, a series of numerical investigations were conducted based on the cohesive zone finite element method. The results show that the sole stress interference is too small to exert an effective impact on adjacent pay zones, which is quite different from those in horizontal wells. The flow distribution in one pay zone can reach 56.2%, which is more than five times the magnitude of the least 10.5% during the fracturing in three pay zones. The fracture size heterogeneities are mainly caused by the interference of the fluid flow into multiple perforation tunnels in different pay zones. To further clarify how the flow distribution in the pay zones is affected, five related factors, including perforating thickness, pay zone thickness, rock permeability, minimum horizontal stress of the pay zone, and rock strength, are analyzed. The results show that it is through the manner of flow distribution adjustment in each pay zone that the five factors affect the fracture size. This study is of critical importance to clarify how the multiple hydraulic fractures from vertical wells interfere in layered formation and explain why the hydraulic fractures we get in the field are far away from what we want ideally.
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INTRODUCTION
Hydraulic fracturing has become a common practice to enhance hydrocarbon recovery in oil and gas production. Hydrocarbon reservoirs are typically sedimentary rock, which is characterized by multiple layers. These layers can form with different lithologies, such as sandstone interbedded with mudstone (Nordiana et al., 2019). They can also exhibit a large difference in size, from millimeters to kilometers (Nagel et al., 2013). Particularly, a large number of natural weaknesses in layered formation, such as beddings and pre-existing cracks, make the rock properties quite different from those in homogenous rock (Chang et al., 2016; Li et al., 2017; AlTammar et al., 2019; Ham and Kwon, 2020). Therefore, a deep understanding of how the hydraulic fractures propagate in layered formation is especially necessary, which is beneficial to the fracturing design and implementation on site.
Although numerous studies have been conducted to investigate this issue (Zhu et al., 2015; Oyedokun and Schubert, 2017; Zhu et al., 2018; Douma et al., 2019; Ju et al., 2019; Salimzadeh et al., 2019; Pan et al., 2020; Mu et al., 2021; Tan et al., 2021), it is still a difficult task to clearly figure out the definite characteristics of multiple vertical hydraulic fractures in layered formation. Generally, a vertical hydraulic fracture is eagerly expected to be contained in the pay zone without penetrating the interlayer in the vertical direction (Xing et al., 2018; Wan et al., 2020). This is because all the related input into the interlayers that are born with little or no hydrocarbon resource, including the treatment material, effort in equipment, and power, will be considered wasteful. However, whether the hydraulic fracture can penetrate the interlayer relies on multiple factors, including both the geological conditions and treatment conditions. A large contrast in minimum horizontal stress between the interlayer and pay zone is confirmed by many studies to be the main factor in controlling fracture height (Huang and Liu, 2017; Zou et al., 2018; Gutierrez Escobar et al., 2019; Qin et al., 2021). Hydraulic fractures can always penetrate an interlayer with a small minimum horizontal stress in the vertical direction. Moreover, a weak interface between the pay zone and interlayer has also been demonstrated to be another important factor in controlling the fracture height because hydraulic fracture always tends to deflect into the interface to form a “T”-shaped fracture (Dehghan et al., 2015; Guo et al., 2017; Vahab et al., 2021). Furthermore, a higher pump rate or larger fluid viscosity, which is beneficial to build a higher net pressure, is proven to facilitate hydraulic fracture propagation into the interlayer (Yao, 2012; Chuprakov et al., 2014). Other factors, such as formation elastic modulus, rock brittleness, permeability, and pore pressure, are also proven to affect the propagation behavior of vertical hydraulic fracture (Gu and Siebrits, 2008; Ghaderi and Clarkson, 2016; Deng et al., 2018; Li et al., 2018). Considering all these factors, it is rather difficult to evaluate whether a certain hydraulic fracture can penetrate an interlayer.
It is crucial to note that during a staged treatment in a vertical well, several perforation clusters, which exactly target the pay zones at different depths, will be created in advance. During the fracturing treatment, multiple hydraulic fractures can be initiated from the perforation tunnels. In most cases, a perforation cluster can result in the main fracture. Therefore, a staged treatment in a vertical well always promotes the simultaneous propagation of multiple hydraulic fractures in different pay zones. Obviously, the propagation of multiple hydraulic fractures during a staged treatment will not be the same as those extended individually. This is because a hydraulic fracture is usually held open by a proppant, which will induce certain stress in the surrounding formation. This stress can extend to significant distances into the formation, especially when the fracture is of large size (Palmer, 1993), thus exerting an interference on the rock activities in the range. This phenomenon is first named “stress shadow effect” and then studied from different perspectives (Warpinski and Branagan, 1989; Germanovich and Astakhov, 2004; Nagel and Sanchez-Nagel, 2011; Li et al., 2019). In hydraulic fracturing, the stress shadow effect is mostly studied in the horizontal wells that are initially used to stimulate shale reservoirs, in which multiple hydraulic fractures are located in a line parallel to the fracture opening direction. The stress shadow effect in horizontal wells is significantly obvious and cannot be neglected during the fracturing design and implementation. However, how the stress shadow effect acts in vertical wells to stimulate layered formation is another question. How much does a hydraulic fracture in a pay zone influence others in adjacent zones remains a complicated task to complete. Considering the existence of multiple interlayers with various properties and dimensions, it is really a challenge to make sense of this stress interference.
In addition to the stress interference induced by the hydraulic fractures in the formation, the flow distribution due to the competition among multiple tunnels near the wellbore should also be carefully considered. The fluid infusion from vertical wells into the pay zones through perforation tunnels could be extremely different in each zone, which could be an important cause leading to terrible treatment beyond our expectation. What we want in reality is the homogenous treatment of multiple pay zones as shown in Figure 1A, rather than the large heterogeneity of fracture sizes that we always get in the field, as shown in Figure 1B. Therefore, we believe that research on the interference of multiple fractures in layered formation simply by investigating the effect of rock stress interference without considering the flow distribution in each zone is not convincing. The difference in flow distribution should be considered in detail in the study of multiple hydraulic fracture propagation in layered formation.
[image: Figure 1]FIGURE 1 | Schematic diagram of multiple zone stimulation in vertical wells. (A) What we want; (B) What we get.
However, this problem is not an easy task to deal with through laboratory experiments or field tests. The minimum horizontal stress contrast in a layered specimen has seldomly been considered during laboratory fracturing experiments because of the difficulty of applying confining stress with variable values along height, while this stress contrast is really crucial to control the fracture propagation in layered formation (Haddad and Sepehrnoori, 2015; Zhang et al., 2017; Aimene et al., 2019; Gao and Ghassemi, 2020). This leads to a vast inconvenience during laboratory experiments, and that is why a majority of related works of literature have focused on the study of the effect of rock properties and beddings (Zhao and Chen, 2010; Yang and Zoback, 2016; Huang and Liu, 2017; Liu et al., 2017; Tan et al., 2017; Liu et al., 2020; Hadei and Veiskarami, 2021), rather than the direct influence of stress contrast. Field tests are considered the most direct and convincing way to clarify this issue, but different kinds of uncertainties always exist in the process of accurate fracture size diagnosis (Nejad et al., 2013). Moreover, how to accurately monitor and figure out each fluid volume in different layers in deep reservoirs is itself a big challenge. All these problems bring great difficulties to the laboratory and field studies on this issue.
As an alternative way, numerical simulation is a nice method to deal with the problem. The cohesive zone finite element method (CZM) is selected in this study because of its great superiority in simulating hydraulic fracture propagation (Chen, 2012): (1) the CZM has involved four important coupling processes, namely, rock deformation caused by fluid pressure on the fracture faces, viscous fluid flow within the fracture, fluid leak-off from the fracture into the formation, and fracture propagation in rock; (2) the CZM avoids the crack tip singularity that may appear as a great challenge for numerical simulation in classic fracture mechanics; (3) fracture tip in the CZM is a direct, natural outcome of a solution, rather than an input parameter, which can increase computation efficiency; and (4) the CZM has adequate ability to simulate microstructural damage in the process of hydraulic fracturing such as microfracture initiation and coalescence.
The basic theory of CZM is first introduced. Then, three-dimensional models are established to investigate the interference of vertical hydraulic fractures in sandstone and mudstone interbedded formation. The interference is artificially divided into two aspects for detailed investigation: the stress interference induced by hydraulic fractures in the formation and flow distribution due to the competition between multiple perforation tunnels near the wellbore. Finally, five related factors, namely, perforating thickness, pay zone thickness, rock permeability, minimum horizontal stress of the pay zone, and rock strength are analyzed to further clarify how the flow distribution of the pay zones is affected.
MATERIALS AND METHODS
Damage Propagation Criterion
Traction–separation law is applied as the damage pattern for cohesive elements. Whether the occurrence of damage initiation depends on the maximum principal stress criterion adopted in this study (Gao et al., 2019) is analyzed as follows:
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where [image: image] denotes the critical maximum principal stress and [image: image] means damage will not be induced by purely compressive stress. When f reaches 1, initial damage occurs and the damage evolution starts.
When the damage evolution starts, the weakening of material cohesion occurs. A scalar damage variable D is applied in this study to describe material weakening after damage initiation, with its value ranging from 0 to 1. It has an initial value of 0. As the damage evolves, it then monotonically increases to 1. When D increases to 1, the element is completely broken. The normal and shear stress components will change over the damage variable D as follows:
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where Tn, Ts, and Tt are the normal and shear stress components, respectively, from the traction–separation behavior for the current strain without damage. tn, ts, and tt are the actual stresses in the three loading directions. During the damage process, for linear softening behavior, D can be expressed as follows:
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where [image: image] is the maximum effective displacement during the loading period; [image: image] and [image: image] are the displacement when damage initiates and failure completes, respectively. The displacement of [image: image] can be obtained from the fracture energy theory.
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where Gc is the fracture energy. It is an independent parameter that can be gained from the mode-I fracture toughness (KIC), rock Young’s modulus E, and Poisson’s ratio [image: image]as follows:
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Incompressible Newton fluid is assumed in the cohesive element. The tangential flow within the gap obeys the lubrication law as follows:
[image: image]
where q is the volume flow across the fracture section, w is the opening width, [image: image] is the fracturing fluid viscosity, and [image: image] is the fluid pressure gradient of the tangential flow.
Normal flow is defined through the filtration rate into the element's top and bottom surfaces as follows:
[image: image]
where qt and qb are the normal flow rates of fluid filtrating into the element's top and bottom surfaces; ct and cb are the loss coefficients of the top and bottom surfaces, respectively; pi is the fluid pressure in the middle of the fracture; and pt and pb are the pore pressures on the fracture’s top and bottom surfaces, respectively.
In the following section, the distribution of fluid flow from vertical wells into pay zones through perforation tunnels will be considered through the integration of fluid pipe elements with the CZM. The pipe elements in the standard analysis can be used to model the gravity pressure loss and viscous terms in a fluid pipe network by applying the pure pressure formulation. A single-phase, incompressible fluid is assumed to flow through the fully filled pipe that has a constant cross-sectional area, based on Bernoulli’s equation which is written as follows:
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where [image: image] = P1-P2, P1, and P2 are the pressures at the nodes; [image: image] is the fluid density; g is the acceleration due to gravity; [image: image] = Z1-Z2, where Z1 and Z2 are the elevations at the nodes; [image: image] = f L/Dh, where f is the friction factor of the pipe, L is the length of the pipe, and Dh is the hydraulic diameter expressed as [image: image], where A is the tube cross-sectional area and [image: image] is the wetted perimeter. Ki is a directional loss term.
The Blasius friction loss method is applied in this study to specify the friction loss behavior and define the friction factor f. It conforms to an empirical relation related to Reynold’s number (Re) by which two different regimes can form on account of whether it is a laminar or turbulent flow. The friction factor is empirically calculated as follows:
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Numerical Computational Model
Sandstone and mudstone interbedded formations are extensively distributed in Yong block in the Yanjia oilfield of Dongying depression, China. The buried depth of the reservoir ranges from 3,000 to 4350 m. It is characterized by tremendous heterogeneity of lithologies in the vertical direction. Logging data and drill core analysis indicate that the average reservoir porosity is 7.9% and the permeability is 3.93 mD. The minimum horizontal stresses of mudstone interlayers are measured as 2.0–9.0 MPa larger than those of the sandstone pay zones. Staged treatment through vertical wells is implemented to stimulate the reservoirs. According to the basic reservoir data, a three-dimensional numerical model is established, as shown in Figure 2 to tentatively investigate the stress interference of multiple hydraulic fractures.
[image: Figure 2]FIGURE 2 | Numerical model that consists of five layers.
The numerical model is 100 m in size along the X-axis direction, 50 m along the Y-axis direction, and 50 m along the Z-axis direction. The fracture is assumed to be symmetrical along the vertical well, and half of the domain in the X-axis direction is modeled. Two pay zones interbedded with three interlayers make up the model. Pore cohesive elements with a thickness of 0 m are embedded in the vertical plane where the y coordinate is 25.0 m. The basic parameters applied in the model are shown in Table 1. The overburden pressure σv (85.0 MPa), maximum horizontal stress σH (77 MPa), and minimum horizontal stress σh are shown in Table 1 and are applied to the model in the Z-, X-, and Y-axis directions, respectively. It is important to state that the direction of the minimum principal stress is horizontal. The hydraulic fractures are preset to propagate in the vertical plane, which is consistent with the basic theory of rock fracture mechanics and also in agreement with the fracturing behavior on site. An initial pore pressure of 35.0 MPa is applied to the formation. All the applied in situ stress and pore pressure vary with depth based on their weight. First, fracturing fluid is only injected into pay zone 1. The fluid viscosity is 50 [image: image] and the injection rate is 0.003 m3/s, with a linear increase from 0 to the peak value in the primary zone in 2.0 min. The fracturing duration lasts for 30.0 min.
TABLE 1 | Basic parameters of pay zones and interlayers.
[image: Table 1]EXPERIMENTAL RESULTS
Stress Interference of Hydraulic Fractures
The final geometry of the numerically obtained hydraulic fracture is shown in Figure 3, in which the cohesive elements are solely exhibited. The layers are separated with the mark of the horizontal black dashed lines on the figure. The hydraulic fracture can be easily recognized in the PFOPEN field (pore pressure fracture opening). It is clear that the hydraulic fracture has propagated to a certain size along the fracture length direction (X-axis direction), but it is contained in pay zone 1 by two adjacent interlayers in the fracture height direction (Z-axis direction). According to the theory of the stress shadow effect, this hydraulic fracture will induce a certain stress in the surrounding rocks, which may exert an impact on the fracturing behavior of pay zone 2. To effectively quantify the magnitude of this stress, the term “induced stress,” which refers to the change of matrix stress generally due to the initiation of a fracture of arbitrary length and height, is introduced in this study to describe this effect by its principal form, which is as follows:
[image: image]
where [image: image]and [image: image] are the induced stress in the direction of minimum and maximum stress, respectively; [image: image]and [image: image] are the present values of minimum and maximum stress, respectively; and [image: image]and [image: image] are the initial values of minimum and maximum stress, respectively.
[image: Figure 3]FIGURE 3 | Hydraulic fracture geometry when pay zone 1 is treated. (A) X–Z view; (B) Y–Z view.
Since rock failure in the matrix during the hydraulic fracturing process is dominantly controlled by tensile cracking (Al-Busaidi et al., 2005; Chen et al., 2015), the maximum induced stress [image: image] is directly related to rock tensile failure and solely selected to describe the stress interference. Contour lines of the maximum induced stress [image: image] in the Y-Z cross-section of pay zone 2 at the final time are shown in Figure 4. The contour lines are a series of different coordinates (x = 0.0, 20.0, and 40.0 m) with a constant stress interval of 0.5 MPa. It is illustrated in Figure 4A that the initial stress field in the middle part of pay zone 2 has really changed. However, this change is extraordinarily small, the maximum of which is no more than 1.50 MPa located right above the hydraulic fracture tip. Moreover, the distance of this induced stress into pay zone 2 is also less. For example, the vertical distance into pay zone 2 of the maxmum induced stress [image: image] larger than 1.0 MPa is only 0.5 m, which is one-twentieth of the total zone thickness. To further quantify the influence of the induced stress, a term can be further defined with the consideration of the relative value of the induced stress, which can be expressed as follows:
[image: image]
where [image: image] can be called the maximum induced stress ratio. The original maximum effective stress in pay zone 2 is 28.0 MPa, and the peak value of the maximum induced stress ratio in this zone is less than 0.054, which is too small to exert an effective influence on the rock activities in this zone. This magnitude is quite smaller than that in horizontal wells. We believe there are two causes mainly leading to this difference. They are (1) multiple parallel fractures in horizontal wells deform mainly in the fracture opening direction, resulting in larger compressive deformation of intermediate rock than those at other locations of the hydraulic fractures in vertical wells; and (2) interlayers with larger stress contrast could immensely restrain the rock deformation and stress transfer toward the pay layers on the other side. It is shown in Figures 4B,C that the stress-induced distance becomes less as the cross section moves away from the vertical wellbore, demonstrating the fact that stress interference in the vertical direction is the heaviest near the wellbore along the fracture length direction.
[image: Figure 4]FIGURE 4 | Contour lines of the maximum induced stress in pay zone 2 at different coordinates. (A) x = 0.0 m; (B) x = 20.0 m; (C) x = 40.0 m.
The other two numerical cases are set to directly display the interference effect. One case is set with the sole fracturing treatment in pay zone 2, and the other is the simultaneous treatment in both pay zones 1 and 2. The two cases share all the same parameters, except the treatment scheme. A comparison will be made based on the two cases to investigate whether there is a difference between the hydraulic fractures in pay zone 2 when the hydraulic fracture in pay zone 1 exists or not. Figure 5 shows the geometries of the hydraulic fractures in the two cases. It can be seen from Figure 5 that fracture size difference really exists between the two cases. The final fracture length in pay zone 2 shown in Figure 5A is 57.4 m, which is a little larger than the 55.5 m shown in Figure 5B. However, this difference does not make much sense to a hydraulic fracture on site which is tens or hundreds of meters in size, especially when it is compared to those in horizontal wells.
[image: Figure 5]FIGURE 5 | Hydraulic fracture geometries in models with two different treatment schemes. (A) pay zone 2 is solely treated; (B) pay zones 1 and 2 are simultaneously treated.
Figure 6 displays three cases involving multiple hydraulic fractures in horizontal wells in previous studies (Kresse et al., 2013; Guo et al., 2015; Li et al., 2016). It can be easily discovered that the two fractures in Figure 6A propagate away from each other, exhibiting intense repelling. The propagation of the external fractures given in Figures 6B,C inhibits the middle fractures from propagating normally. Both the repelling and inhibition effects show fierce stress interference between multiple parallel fractures in horizontal wells. It is necessary to note that the three models also involve no flow distribution, and then it is convincing that the stress interference of multiple hydraulic fractures from vertical wells in layered formation is much weaker than that from horizontal wells. Therefore, we believe that stress interference in the formation could not be the main cause to induce large heterogeneities of multiple hydraulic fractures on site in layered formation.
[image: Figure 6]FIGURE 6 | Numerically obtained stress interference of hydraulic fractures from horizontal wells in previous studies. (A) Geometry of parallel fractures in anisotrophic stress fields by Kresse et al. (2013). (B) Fracture geometry with a fracture spacing of 20.0 m by Guo et al. (2015) and (C) shows the geometry of three hydraulic fractures with 3.0 m spacing by Li et al. (2016).
Flow Distribution of Multiple Hydraulic Fractures
After completing the integration, another three-dimensional numerical model will be established with the consideration of flow distribution, as shown in Figure 7, in which the cohesive elements are solely presented to show the multiple layers. The model is 100 m along the X-axis direction, 50 m along the Y-axis direction, and 70 m along the Z-axis direction. Three pay zones and four interlayers are interbedded to make up the model. Similarly, half of the domain in the X-axis direction is modeled. Three-dimensional fluid pipe elements are used to establish the wellbore from the ground to the reservoirs to realize ground fluid injection. Perforation tunnels are simulated through pipe elements with the consideration of perforating thickness. In pay zone 1, three horizontal pipe elements are tentatively adopted to simulate the effective tunnels forming during the perforating treatment. Similarly, in pay zones 2 and 3, two and one pipe elements are adopted, respectively, as shown in the figure (horizontal pipe elements are enlarged for visual effect). The fluid viscosity is 50 mPa s, and the injection rate is 0.017 m3/s. The material properties and reservoir in situ stresses are the same as in the model shown in Figure 2. The fracturing duration lasts for 20.0 min.
[image: Figure 7]FIGURE 7 | Numerical model containing seven layers, with the integration of fluid pipe elements.
The final fracture geometry is shown in Figure 8, in which the three fractures can be easily observed as quite heterogenous. The stimulation in pay zone 1 has successfully built a hydraulic fracture with the most considerable fracture length of 67 m, while the fracture in pay zone 3 is the smallest in size with a fracture length of 33 m, nearly half of the size in pay zone 1. Obviously, this heterogeneity is not the ideal scenario that we want because of the terrible stimulation in pay zone 3, but it is always the actual state of the field treatment.
[image: Figure 8]FIGURE 8 | Hydraulic fracture geometries in the model containing seven layers.
This heterogeneity is unlikely to be caused just by the stress interference of hydraulic fractures. As stated earlier, the stress interference itself cannot result in such a difference between multiple fractures in the layered formation. We suppose the flow distribution of multiple perforation tunnels in the multiple layers could have played an important role in inducing this heterogeneity, and the numerical result has supported this idea. Figure 9 depicts the volume flow rates of the fluid into different tunnels and zones during injection. As shown in Figure 9A, it is particularly apparent that the flow rates of the fluid into the six tunnels are completely different. This difference could be considerably large, and each flow rate keeps on fluctuating over time, demonstrating the instant adjustment of flow distribution. In total, the minimum flow rate occurs at tunnel 6, which is the only channel from the wellbore to pay zone 3. The maximum flow rate occurs at tunnel 3, which simulates the upper zone of the three perforations in pay zone 1. Figure 9B summarizes the total flow rates of fluid through multiple tunnels in each pay zone. It is shown in the figure that the three flow rates are clearly separated, which means the fluid flow into the three zones is different. While this difference exactly illustrates the existence of fluid flow interference between different pay zones, the perforation tunnels in pay zone 1 account for 56.2% of the accumulative fluid volume, tunnels in pay zone 2 account for 33.3%, and tunnels in pay zone 3 account for 10.5%. In fact, for a certain layer, whether a hydraulic fracture initiates or at which level it can propagate in size depends much on the flow distribution obtained from competing with those in other layers. A larger flow distribution always means a larger size of hydraulic fracture because the pressured fluid into formations has no other choice but to create fractures except for some filtration. Therefore, pay zone 1, which accounts for the maximum flow distribution, has generated a hydraulic fracture with the largest size, both in length and height. On the contrary, the hydraulic fracture in pay zone 3 has the smallest size in all the three dimensions.
[image: Figure 9]FIGURE 9 | Flow rates of the fluid into different tunnels and pay zones during injection. (A) Fluid into the six tunnels; (B) Fluid into the three pay zones.
Another numerical case is set for comparison. In this case, three injection rates of equal value are applied to the three pay zones through the key nodes of pore cohesive elements, without the application of pipe elements. Therefore, the three pay zones share the same flow rate during stimulation, each of which accounts for one-third of the injection rate in the previous model. The final fracture geometry is shown in Figure 10. As to the hydraulic fracture in each pay zone, this figure shows that there are some differences from the previous model as follows: (1) the hydraulic fracture in pay zone 1 is not the longest in size anymore. Because of the accumulative fluid volume, it accounts for decrease from 56.2% to a third; this has directly resulted in a significant decrease of fracture length. (2) Hydraulic fractures in pay zone 2 and 3 have a penetrated interlayer 3, forming a connective fracture. Interlayer 3 has failed to contain the hydraulic fractures in the vertical direction. (3) The hydraulic fracture in pay zone 2 turns out to be the excellent one both in fracture length and fracture width. (4) Fracture propagation in pay zone 3 has improved in this model. The fracture length has increased from 33 m in the previous model to 51 m in the present model. (5) Smaller heterogeneity of fracture size in the three pay zones can be observed. In view of the hydraulic fracture length, the maximum gap of the three fractures has decreased from 34 m in the previous model to 15 m in the present model.
[image: Figure 10]FIGURE 10 | Hydraulic fracture geometry in the model with pay zones sharing the same injection rate.
The aforementioned comparison impressively indicates that the sizes of multiple hydraulic fractures could be considerably different in situations, whether the fluid flow distribution has been considered or not. During field treatment, the fracturing fluid into the deep formation is pumped through wellbores. Therefore, the numerical simulation with the integration of fluid pipe elements to realize the flow distribution is more reasonable to describe the real scenario on site, and the corresponding conclusions will be more persuasive. In this view, the existence of large-sized heterogeneities of multiple hydraulic fractures in layered formation should be a normal phenomenon in theory. Although this is exactly not what we want, creating multiple hydraulic fractures with vast dimensions that can connect large volumes of reservoirs is always the ultimate goal of engineers and scholars in this area. To do our best to realize this goal, we believe the first step is to clarify what really affects flow distribution and the manner in which it affects. In the following section, related numerical simulations will be conducted to carry out this investigation.
DISCUSSION
AFFECTING FACTORS ON FLOW
Some factors that are discussed to possibly affect flow distribution will be numerically investigated to explore the manner in which they affect it through contrastive studies. The factors include perforating thickness, pay zone thickness, rock permeability, minimum horizontal stress of the pay zone, and rock strength. It is necessary to explain that the following numerical simulations and comparisons are based on the numerical model shown in Figure 7.
Perforating Thickness
Perforating creates the passageway between the wellbore and reservoir. In a fracturing treatment, perforation is the conduit for fluid flow between the fracture and wellbore. Perforating thickness is an important parameter for fracturing design. Therefore, perforating thickness is first considered the most relevant factor in this study to affect flow distribution. Since the horizontal pipe elements with constant vertical intervals to simulate the effective perforations in this study are directly related to perforating thickness, the pipe element number will be adopted to reflect the perforating thickness.
In the new model, the pipe element number in each pay zone is reset as follows: the pipe element number in pay zone 1 is reduced from three in the base model to one in the new model, the pipe element number in pay zone 2 is increased from two to three, and the pipe element number in pay zone 3 is increased from one to two, without variation of the total number. All the other parameters in the model are kept constant with the base model.
The final hydraulic fracture geometry and flow rates of the fluid through tunnels in pay zones in the new model are shown in Figures 11A,B, respectively. Compared with the base model, Figure 11A shows the length of the hydraulic fracture in pay zone 1 has reduced, but those in pay zones 2 and 3 have increased, which exhibits the same tendency as how the perforating thickness in each zone varies in the new perforating scheme. This consistency convincingly proves that there is a close correlation between perforating thickness and hydraulic fracture size. A larger perforating thickness promotes the hydraulic fracture to extend longer. Similarly, it can also promote the hydraulic fracture to extend higher, which can be seen from the vertical connection of fractures in pay zones 2 and 3. This connection might be caused by the increasing net pressure resulting from the increased flow of the fracturing fluid into these two zones, which can be verified from the flow rate curves shown in Figure 11B. The three curves in the figure provide a similar tendency from the perspective of flow rate, that is, as the perforating scheme varies, the accumulative fluid volume of the tunnels in zones 2 and 3 that it accounts for has rapidly increased from 43.8% to 60.1%, directly demonstrating the remarkable influence of perforating thickness on flow distribution.
[image: Figure 11]FIGURE 11 | Fracture geometry and flow rates of the fluid into pay zones in the model with the new perforating scheme. (A) Hydraulic fracture geometry; (B) Flow rates of fluid into the three pay zones.
Moreover, we have noticed that during the initial fracturing stage (0–150 s), the flow rate of tunnels in pay zone 2 is much higher than that of the other two zones. This might result from the superiority of the perforation tunnel number in pay zone 2 because a large perforating thickness in a certain pay zone is undoubtedly beneficial for fluid inflow, especially during the initial fracturing stage. However, this superiority in pay zone 2 gradually weakens over time, until it shares nearly an equal flow rate with pay zone 1. From this phenomenon, it can be seen that there are certainly other factors that control the flow distribution, except for perforating thickness, which will be studied in the following section.
Pay Zone Thickness
It is hard to imagine that the pay zone thickness has no impact on the final fracture sizes and related flow distribution because a thick pay zone is always the most superior target for treatment. A thick pay zone usually attracts much attention of the engineers and always gets more preferential treatment, such as larger perforating thickness. In fact, a thick pay zone in layered formation is more attractive for obtaining a large flow distribution and inducing hydraulic fractures with large sizes. That is because the interlayers always play a role of barriers in the vertical direction that are usually less permeable and more difficult for the hydraulic fracture to penetrate due to the stress contrast, thus making the pay zones act as conduits separated by barriers. Fluids prefer to flow into wide conduits with less resistance; hence, we believe pay zones with larger thickness can obtain larger flow distribution and generate hydraulic fractures of larger sizes.
The numerical simulation results can be used as proof to further clarify this issue. Larger perforating thickness in pay zone 2 is demonstrated to be a positive advantage to get larger fluid volumes. However, under the condition of initial advantage, we have noticed that pay zone 2 has no advantage over pay zone 1 in the final accumulative fluid volume. The reason is supposed to lie in the difference in pay zone thickness because all the other parameters in these two zones are the same during the whole fracturing stage. From this case, we can see that a larger thickness will facilitate the pay zone to obtain a larger flow distribution and then generate hydraulic fractures with larger sizes.
Rock Permeability
Permeability is a key rock property that describes the ability of pore fluid to transport in a rock mass. It is of critical importance to achieve high recovery rates in oil and gas extraction, which is highly dependent on rock permeability. Although it is almost common sense that a pay zone with high permeability is easy to be hydraulically stimulated, it is still necessary to conduct further investigation from the perspective of flow distribution in different pay zones. In the new model, the permeability of pay zone 3 is set 10.0 times larger than that in the base model, while keeping all the other parameters constant.
The final hydraulic fracture geometry and flow rates of the fluid into the pay zones in the new model are shown in Figures 12A,B, respectively. The final length of the hydraulic fracture in the pay zone 3 is 59 m, which is 26 m longer than that in the base model. Therefore, it can be seen that rock permeability variation has successfully increased the fracture length by 78.8%. We have noticed that tunnels in pay zone 3 account for 16.7% of total accumulative fluid volume, which is 6.2% larger than that in the base model. Through this comparison, it can be seen that rock permeability can significantly influence flow distribution in a layered formation, and a higher permeability is beneficial for the pay zone to generate a hydraulic fracture with a larger size.
[image: Figure 12]FIGURE 12 | Fracture geometry and flow rates of the fluid into pay zones with new pay zone permeability. (A) Hydraulic fracture geometry; (B) Flow rates of fluid into the three pay zones.
Minimum Horizontal Stress of the Pay Zone
The reservoir in situ stress field is highly variable in nature. It cannot be solely explained by the actions of rock gravity and topography because the tectonic stresses could play a crucial role (Wasantha and Konietzky, 2017). In situ stress is a primary factor to be considered during the design and implementation of hydraulic fracturing treatment. In reality, the in situ stress field is far more complicated than any numerical model could simulate, and what we conduct in the numerical model is more or less a simplification of the real in situ stress field. In view of the minimum horizontal stress concerned in this study, we believe it can exert an impact on the flow distribution in layered formation because it has a direct relationship with rock failure. Considering the great gap in the final fracture length in pay zones 1 and 3 in the base model, the minimum horizontal stresses of pay zones 1 and 3 are increased by 1.0 MPa and reduced by 1.0 MPa in the new model, respectively, which is expected to be a favorable operation to make up the gap. Finally, this idea has been confirmed by the numerical results shown in Figure 13.
[image: Figure 13]FIGURE 13 | Fracture geometry and flow rates of the fluid into pay zones with new minimum horizontal stress of pay zones. (A) Hydraulic fracture geometry; (B) Flow rates of fluid into the three pay zones.
Compared with the base model, the final fracture length in pay zone 1 in the present model has been reduced, while that in pay zone 3 has increased, thus leading to a relatively homogenous propagation of multiple fractures. In addition, we have noticed that the variation that the accumulative fluid volumes in pay zones 1 and 3 accounts for from the base model to the present model is consistent with the size variation of hydraulic fractures. Therefore, we believe a larger minimum horizontal stress of the pay zone is more likely to preclude the hydraulic fracture propagation and decrease the fluid flow into the pay zone, thus reducing the flow distribution.
Rock Strength
Rock strength is assuredly the most vital material parameter to induce rock damage and failure. It will undoubtedly exert enormous influence on hydraulic fracture propagation. To investigate the effect of rock strength on the final flow distribution, another numerical model is set up with a half reduction of the tensile strength of pay zone 3 in the base model, while keeping other parameters constant. The final hydraulic fracture geometry and the flow rates of fluid into the pay zones in the new model are shown in Figures 14A,B, respectively. The final length of the hydraulic fracture in pay zone 3 increases from 33 m in the base model to 55 m in the present model, exceeding the fracture length in pay zone 2. Moreover, it can be found that interlayer 3 has failed to contain the fracture propagation in the vertical direction. The accumulative fluid volume that pay zone 3 accounts for has increased from 10.5% in the base model to 19.2% in the present model, further demonstrating the consistency of flow distribution and fracture size variation. It can be seen that a lower rock strength is beneficial for creating a hydraulic fracture with a larger size that has a higher flow distribution.
[image: Figure 14]FIGURE 14 | Fracture geometry and flow rates of fluid into pay zones with new rock strength of pay zone 3. (A) Hydraulic fracture geometry; (B) Flow rates of fluid into the three pay zones.
CONCLUSION
The interference of multiple hydraulic fractures in layered formation was numerically investigated. The CZM was selected due to its superiority in modeling hydraulic fracture propagation. A series of three-dimensional models were established to conduct this investigation. The main conclusions are as follows:
1) Large size heterogeneities always exist during the fracturing treatment in the layered formation. This phenomenon is caused by the interference of multiple hydraulic fractures, including the stress interference in the formation and flow difference of the fracturing fluid into each pay zone from the wellbore. The results show that the size difference of the hydraulic fractures is so small that it does not make much sense to a hydraulic fracture on site, which means the stress interference is nearly neglectable, especially when compared with that in horizontal wells.
2) The obvious heterogeneity of multiple fracture propagation can reflect the actual scenario of field fracturing. This heterogeneity is mainly caused by the difference in flow distribution, which has been confirmed during the analysis on the flow rate in each tunnel and in each zone. The fluid flow into each pay zone is found crucial to fracture propagation. The flow distribution in one pay zone can reach 56.2%, which is more than five times the magnitude of the least 10.5% during the fracturing in three pay zones. Pay zones that generate hydraulic fractures with larger sizes always account for larger flow distributions.
3) The five factors, namely, perforating thickness, pay zone thickness, rock permeability, minimum horizontal stress of the pay zone, and rock strength affect the flow distribution in layered formation. The results show that it is through the manner of flow distribution adjustment in each pay zone that these factors affect the hydraulic fracture sizes.
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