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Zipper fracturing has become one of the routine reservoir stimulation methods for developing unconventional resources such as shale oil and gas. A non-planar 3D fracture propagation model is used to study the fracture propagation behavior of zipper fracturing. The effects of stage time lag, staggered perforation cluster spacing, and horizontal principal stress contrast on the fracture geometry are analyzed through numerical simulation. The simulation results show that increasing the stage time lag can increase the fracture length and improve inter-well stimulation. For the formation with higher horizontal principal stress contrast, the staggered perforation cluster spacing has a minimum effect on the fracture configuration of zipper fracturing. For the formation with lower horizontal principal stress contrast, the fractures follow the curved paths and intersect with each other, which potentially has adverse effects on the stimulation of the subsequent stages.
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1 INTRODUCTION
The development of hydraulic fracturing technology for unconventional petroleum resources has been a subject of considerable interest in recent years (Soliman et al., 2008; Li et al., 2017; Zhang et al., 2017; Zhang et al., 2019; Xie et al., 2020; Zhang et al., 2021a; Zhang et al., 2021b). Multistage, multicluster fracturing (MMF) of horizontal wells has become widely used to produce hydrocarbon from unconventional reservoirs, such as shales and tight sandstones. As shown in Figure 1A, the consecutive-fracturing sequence is the most commonly used fracturing sequence of MMF for a single horizontal well. In consecutive fracturing, fractures are created sequentially stage by stage along the same wellbore. Another fracturing sequence of MMF in a single horizontal well, referred to as “alternate fracturing,” was proposed to decrease fracture spacing and generate additional fracture complexity (Roussel and Sharma 2011). This strategy places the second fracture at the location of what would traditionally be the third fracture, followed by the propagation of a “middle fracture” (Figure 1B). However, due to the limitations of fracturing tools and fracturing technique levels, the alternate fracturing method is rarely used for practical hydraulic-fracturing treatments. Zipper fracturing is also proposed as a method to improve production performance in wells in pad-drilling applications. Specifically, this method refers to fracturing two or more parallel horizontal wells. The fracturing treatment is performed stage by stage alternatively along the two wells. The method saves the pump-down and plug-and-perf standby time and, therefore improves operational efficiency compared with consecutive fracturing in one well. It is also expected that the treatment further promotes fracture network complexity to improve production performance (Qiu et al., 2015). Figure 2 illustrates the two completion scenarios of zipper fracturing. The so called “tip-to-tip” zipper fracturing is shown in Figure 2A, and staggered zipper fracturing is shown in Figure 2B. In a practical stimulation treatment, it is nearly impossible to guarantee the precise tip-to-tip fracture placement in two horizontal wells. Therefore, we consider the tip-to-tip configuration as the special case of staggered zipper fracturing. Only staggered zipper fracturing is studied in this paper.
[image: Figure 1]FIGURE 1 | Sketch of two fracturing sequence in the single horizontal well. (A) Consecutive sequence (1-2-3-4-5); (B) alternate sequence (1-3-2-4-5).
[image: Figure 2]FIGURE 2 | Sketch of two completion scenarios of zipper fracturing in two horizontal wells. (A) Tip-to-tip zipper fracturing configuration; (B) staggered zipper fracturing configuration.
Various mathematical models have been used to evaluate the effectiveness and performance of zipper fracturing. Rafiee et al. (2012) estimated both tip-to-tip and staggered zipper in terms of the fracture geometry, stress interference, and production performance through an analysis of different predefined planar fractures. The results demonstrated that the staggered zipper fracturing improves the performance of fracturing treatment compared with the tip-to-tip zipper fracturing due to increased contact area. Using a poroelastic model, Manchanda et al. (2014) studied the time-dependent stress interference behavior of induced unpropped fractures in both consecutive and zipper fracturing. The results showed that the time interval between adjacent fractures in a wellbore is a key parameter for the design of treatments. The longer time interval leads to stress shadow shrinking from the closure of the induced unpropped fractures, resulting in less fracture interference and improved performance. The model also assumed the predefined planar fracture in the numerical analysis. Shen (2014) investigated the influence of neighboring stimulation stages on generating the stimulated reservoir volume (SRV) with a continuum damage model based on a hydro-mechanical finite element method (FEM). The results indicated that the SRV generated by the sequential injection method is significantly less than that generated by the simultaneous injection method. Nagel et al. (2014) presented a study of multiwell completion using a hydromechanical coupled discrete element model. The results showed that the improvement in well stimulation using the zipper-fracturing completion technique is highly dependent on the in situ pore pressure, in situ stresses, and natural fracture characteristics. Sierra and Mayerhofer (2014) reviewed and discussed numerical reservoir-modeling results of zipper fracturing and demonstrated that the benefits of zipper fracturing could be maximized by generating proper fracture geometry and properly staggering the perforation/fracture system. Qiu et al. (2015) studied zipper fracturing using an unconventional fracture model capable of simulating branched fracture propagation. The quantitative results show that zipper fracturing may not deliver an obvious production benefit compared with sequential fracturing, depending on well spacing and perforation cluster spacing. Shi et al. (2018) applied the extended finite element method (XFEM), which is based on the cohesive zone method (CZM), to model fracture propagation at a reservoir with different mechanical homogeneities. The numerical studies confirmed that a staggered zipper fracturing scenario could assist hydraulic fracture propagation along a straight path.
The displacement discontinuity method (DDM) is widely used in dealing with fracture deformation problems for its high computational efficiency (Tang et al., 2018; Tang et al., 2019; Cong et al., 2021a; Cong et al., 2021b; Li et al., 2021). In this paper, we adopt a nonplanar 3D fracture model, based on 3D DDM, to investigate the fracture propagation behavior of zipper fracturing. The effects of the stage time lag, staggered perforation cluster spacing, and stress contrast will be studied in detail. Here the stage time lag refers to the time interval between the adjacent two fracturing stages. The nonplanar 3D fracture model simulates fracture propagation, fluid flow, and proppant transportation in a fully coupled hydromechanical manner (Xu and Wong 2013). The special feature of this model includes fracture closure in shut-in and curved fracture intersection, which makes quantitative analysis of time-dependent fracture interference and intersection possible.
2 NON-PLANAR 3D FRACTURE MODEL
Mathematical formulations
The adopted non-planar 3D fracture model assumes that all fractures are vertical and can turn in the horizontal direction. The fractures are discretized into structured rectangular elements, and all field variables, such as fracture opening, shear displacement, fluid pressure, and proppant volumetric concentration, are registered and associated with these elements. Fractures are assumed to be filled with slurry (the mixture of fracturing fluid and proppants), and fluid lag at the crack tip region is neglected.
Specifically, the fracture deformation is described by the 3D displacement discontinuity method (Shou 1994):
[image: image]
where [image: image] is the normal displacement discontinuity; [image: image], [image: image] is the shear displacement discontinuity in the fracture length and height direction, respectively; [image: image] is the fluid pressure; and [image: image], [image: image], and [image: image] are the effective formation normal and shear stress, which can be calculated from the remote in situ stress through the principle of superposition. The nine matrices [image: image]s are the boundary influence matrices related to the element size, location, and orientation, as well as the elastic constants. The superscripts [image: image] and [image: image] represent the element index; [image: image] is the total number of elements.
The fluid flow and proppant transport within a fracture are represented by the volume conservation equations (Adachi et al., 2007):
[image: image]
[image: image]
where [image: image] is the time; [image: image] is the fracture width, namely, normal displacement discontinuity [image: image]; [image: image] is the volume concentration of the proppants; [image: image] is the fluid injection rate; [image: image] is the specified proppant volume concentration in fluid injection; [image: image] is the Dirac delta function; and [image: image] corresponds to the fluid leak-off rate following a one-dimensional Carter type leak-off model:
[image: image]
where [image: image] is the time at which the surface position is first exposed to the fracturing fluid, and [image: image] is the Carter leak-off coefficient.
[image: image] and [image: image] are volume averaged velocities of the fracturing fluid and proppant, respectively, described as:
[image: image]
[image: image]
where [image: image] is the fluid pressure, [image: image] is the gravity vector, [image: image] is the proppant radius, [image: image] is the apparent viscosity of fracturing fluid, [image: image] is the fracturing fluid density, and [image: image] is the proppant settling velocity, given by:
[image: image]
where [image: image] is the proppant density.
Function [image: image] reflects the effects of proppant concentration on the fracturing fluid viscosity and captures the transition from Poiseuille’s flow to Darcy’s filtration flow when the concentration reaches the maximum value, which can be written as (Dontsov and Peirce 2015):
[image: image]
where [image: image], [image: image], [image: image], and [image: image].
Blocking function [image: image] is equal to 0 when proppant bridging appears or proppant concentration arrives at the maximum value, and 1 otherwise, which can be evaluated from experimental data for specific fracturing materials.
To include the limited entry technique, the perforation pressure drop pr is modeled by the Bernoulli equation (Long and Xu 2017):
[image: image]
where [image: image] is the dimensionless discharge coefficient; [image: image] is the perforation diameter; [image: image] is the volumetric injection rate at a specific injection location; [image: image] the number of perforations at the specific injection location; [image: image] is the slurry density, and [image: image]. It is assumed that the pressure at the perforation in the wellbore is equal everywhere.
Numerical procedure
The volume conservation Eqs. 2 and 3 for fluid and proppant are discretized by the finite volume method as follows:
[image: image]
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where [image: image] is the time step, [image: image] is the area of element [image: image], [image: image] is the time at which the element position is first exposed to the fracturing fluid, [image: image] is the length of the intersection line between elements [image: image] and [image: image], and [image: image] is the number of surrounding elements of element [image: image]. The subscript [image: image] indicates the interface between element [image: image] and [image: image]. The interface slurry flux [image: image] is expressed as:
[image: image]
The interface fluid flux [image: image] is given by:
[image: image]
The interface proppant flux [image: image] is:
[image: image]
where [image: image] is the distance between the two central nodes of element [image: image] and [image: image]. The interface variables [image: image] are determined by upwind scheme.
The elasticity Eq. 1 and volume conservation Eqs 10–11 form a set of transient nonlinear coupled equations, with the fracture width [image: image], fluid pressure [image: image], and proppant concentration [image: image] as the primary variables. The coupled nonlinear equations are solved in an explicit time-stepping method with an adaptive time integration algorithm. For a given time step [image: image], substituting the known [image: image] and [image: image] of the last time step into Eqs. 1, 10, and 11, the primary variables of the current time step can be easily obtained.
Fracture advances when the mode I (opening) stress intensity factor [image: image] of the crack tip element exceeds the fracture toughness [image: image] of the rock, namely:
[image: image]
where [image: image], and [image: image] is the crack tip element length; [image: image] is Young’s modulus, and [image: image] is Poisson’s ratio.
The direction of fracture growth is oriented along with the maximum horizontal principal stress, which is expressed by:
[image: image]
where [image: image] is the propagation angle, which is in the polar coordinate system with the origin at the crack tip; [image: image] is the stress intensity factor of mode II (shearing) in the length direction and given by [image: image].
The model is validated by comparing with existing asymptotic analytical solutions of penny-shaped hydraulic fracture propagation (Dontsov 2016), where the viscosity-dominated fracture configuration is described by:
[image: image]
where [image: image] is the fracture radius, and [image: image] is the fracture width at the inlet. The input parameters are listed as [image: image] = 5 m3/min, [image: image] = 5 mPa·s, E = 30 GPa, v = 0.20, KIc = 0.2 MPa·m0.5, CL = 0 m/s0.5, t = 10 min. The results (Figure 3) show a good agreement between our non-planar 3D model and analytical solutions.
[image: Figure 3]FIGURE 3 | Comparisons between nonplanar 3D model and analytical solutions. (A) Radius; (B) fracture width.
3 MODELING DETAILS AND RESULTS
Basic inputs
This section presents a detailed study of the effects of various parameters on zipper fracturing, including the stage time lag, perforation cluster spacing, and stress contrast. A typical two-horizontal-well zipper fracturing with staggered fractures is considered as shown in Figure 4. Each stage has three perforation clusters. Without loss of generality, only stage 1 and stage 2 are selected to be analyzed. Here we define the length of the part of a fracture between two horizontal wells as penetration length, which can reflect the interwell stimulation effectiveness to some extent. The staggered perforation cluster spacing is also shown in Figure 4 as the spacing between two adjacent perforation clusters in the two horizontal wells. We assume that the perforation cluster has an even spacing in the single horizontal well.
[image: Figure 4]FIGURE 4 | Sketch of zipper fracturing.
The basic inputs of the simulations, such as treatment, reservoir and completion parameters, are listed in Table 1. The formation is assumed to have three layers. The thickness of the perforated zone is 60 m and sandwiched by two stress-barrier zones with 5 MPa in situ stress confinement. The stress confinement contains the vertical height of the fracture; as a result, we can focus on the fracture-width distribution and length when performing sensitivity analysis. The horizontal principal stress contrast is 10 MPa, and the well spacing is 300 m. The perforation cluster spacing of both wells is 30 m, and the staggered perforation cluster spacing is 15 m. Table 2 presents the pumping schedule. The slurry injection rate is 12 m3/min, and the total injection time is 60 min for one stage with a total proppant of 277 tons. The time lag between stage 1 in well 1 and stage 2 in well 2 is 60 min. The two stages use the same pumping schedule. After slurry injection, a 120-min shut-in time ensures that the fracturing fluid can leak off adequately and release the fluid pressure thoroughly. If not specified, the above-mentioned parameters are used for all the simulations.
TABLE 1 | Basic input parameters.
[image: Table 1]TABLE 2 | Pumping schedule.
[image: Table 2]Influence of stage time lag
Three zipper fracturing scenarios are presented and analyzed to investigate the influence of the stage time lag of a two-horizontal-well zipper fracturing on fracture growth. Figure 5 shows the fracture configurations of different well completions. Figure 5A is side and top view of the basic model of sequential zipper fracturing with a 60-min stage time lag, as shown in the section 3.1. Figure 5B is side and top view of a sequential zipper fracturing without the stage time lag. Figure 5C is side and top view of a case of simultaneous zipper fracturing. Especially, for simultaneous zipper fracturing, the pumping schedule merges to one stage for the two wells, and the injection time doubles. Figure 6 presents the fracture length and penetration length of hydraulically induced fractures of the corresponding well completion.
[image: Figure 5]FIGURE 5 | Fracture configuration of different well completions. (A) Side view (left) and top view (right) of sequential zipper fracturing, stage time lag 60 min; (B) side view (left) and top view (right) of sequential zipper fracturing, stage time lag 0 min; (C) side view (left) and top view (right) of simultaneous zipper fracturing.
[image: Figure 6]FIGURE 6 | Fracture length and penetration length of different well completions. (A) Fracture length; (B) penetration length.
The results in Figures 5, 6 indicate that the stage time lag substantially influences fracture configuration. For the sequential zipper fracturing, as the stage time lag reduces, both the fracture length and the penetration length of well 1 decrease, as shown in Figures 5A,B, 6. This implies that during the stage time lag, the fractures in well 1 continue propagating while leak-off, and this is caused by the rebalancing of fluid pressure in the fracture even though there is no fluid injection. Although the two stages employ the same pumping schedule, the induced fractures of stage 1 changed the local stress field around fractures, so the hydraulically induced fractures of stage 2 in well 2 are suppressed, to some extent, by the fractures of stage 1 in well 1. When the stage time lag reduces to zero, the fracture growth of stage 2 influences the rebalancing of fluid pressure of fractures in stage 1 and, thus, suppresses the further growth of fractures in stage 1. This is why the fracture length of well 1 with no stage time lag is less than the fracture length of well 1 with a 60-min stage time lag as shown in Figure 6. It is noteworthy that interwell/interstage interference is mutual, i.e., all of the fracture propagation in stage 1 and stage 2 are influenced by each other. The fracture length of well 2 does not seem to change for the two scenarios of the sequential zipper fracturing, but the penetration length decreases for the well with less stage time lag. The fracture tends to propagate away from the interwell region, which may result in inefficient interwell stimulation. The simultaneous zipper fracturing has the most severe interwell/interstage interference; the fracture length and penetration length decrease about 20% compared with sequential zipper fracturing, as shown in Figures 5C, 6. The corresponding inter-well stimulation effectiveness is worst.
Influence of staggered perforation cluster spacing
To study the influence of staggered perforation cluster spacing on zipper fracturing, we decrease the staggered perforation cluster spacing to 10m and 5 m. Compared with Figure 5A, Figure 7 shows that the fracture configuration still keeps nearly straight under the 10MPa horizontal principal stress contrast, even for the 5m perforation cluster spacing. Compared with Figure 6, Figure 8 shows that the fracture length and penetration length remain almost the same in the three scenarios. Decreasing the staggered perforation cluster spacing has virtually no effect on the fracture configuration of zipper fracturing in this stress contrast condition. Consequently, we may conclude that one can design small perforation cluster spacing in one stage and small staggered perforation cluster spacing of two wells to further improve interwell stimulation effectiveness under high stress contrast conditions.
[image: Figure 7]FIGURE 7 | Fracture configuration of irregular staggered zipper fracturing. (A) Top view of fracture configuration with staggered perforation cluster spacing 10 m; (B): top view of fracture configuration with staggered perforation cluster spacing 5 m.
[image: Figure 8]FIGURE 8 | Fracture size of irregular staggered zipper fracturing. (A) Fracture length; (B) penetration length.
Influence of horizontal principal stress contrast
To study the influence of horizontal principal stress contrast on zipper fracturing, we decreased the horizontal principal stress contrast to 3MPa, 1MPa, and 0.1 MPa. Compared with Figure 5A, Figures 9, 10 show that fracture-induced stress interference and inter-well interference significantly affect the fracture configuration. As shown in Figure 9, the two outer fractures of well 1 curve more as the stress contrast decreases. After some curved distance, the two outer fractures propagate again along the direction of in situ maximum horizontal principal stress. This is due to the less stress interference with the increase in fracture spacing. The inner fracture always keeps straight propagation because of the balance of two opposite stress interference caused by the outer fractures. Overall, the three fractures of well 1 for different scenarios present a uniform propagation pattern. The fracture length difference is less than 4% as shown in Figure 10A. The propagation of the three fractures of well 2 are affected by the interwell interference of well 1 and their own interfracture interference. Hence, the fractures grow shorter than the ones of well 1 and curve noticeably. It is worth noting that fracture 4 intersects with fracture 1 of well 1 under 1 and 0.1 MPa stress contrast, resulting in “frac hits” between the two wells. The fracture width and proppant weight distribution (Figures 9C, 11) show that after frac hits, the fracturing fluid and proppant of fracture 4 enter fracture 1, which causes fracture 1 to reopen and proppant transport toward the wellbore of well 1. This may result in a negative effect on the successive stimulation treatment and production. The simulation results in this section also confirm the proppant sand production phenomenon during a frac-hit in a practical treatment, as shown in Figure 12 cited from Jacobs (2017).
[image: Figure 9]FIGURE 9 | Fracture configuration of different stress contrast scenarios. (A) Side view (left) and top view (right), stress contrast 3 MPa; (B) side view (left) and top view (right), stress contrast 1 MPa; (C) side view (left) and top view (right), stress contrast 0.1 MPa.
[image: Figure 10]FIGURE 10 | Fracture size under different stress contrast scenarios. (A) Fracture length; (B): penetration length.
[image: Figure 11]FIGURE 11 | Proppant weight distribution in fractures under 0.1-MPa stress contrast condition.
[image: Figure 12]FIGURE 12 | Rod tubing filled with proppant sand during a frac-hit; cited from Jacobs (2017).
4 CONCLUSION
In this paper, we investigate the effects of the stage time lag, staggered perforation cluster spacing, and horizontal principal stress contrast on the behavior of zipper fracturing. Based on our analyses, we have the following specific conclusions:
1) The stage time lag significantly affects the fracture configuration of zipper fracturing. The stress interference of simultaneous zipper fracturing is most severe, and hence, the fracture length and penetration length are affected the most, leading to the worst inter-well stimulation effectiveness. With the increase in the stage time lag, the pressurized fractures of the previous stage have more time to complete the final fracture propagation through rebalance of fluid pressure and fluid leak-off. The local stress field recovers to some extent, which leads to a weaker stress interference impact on the next stage. This may ensure that the fractures of the next stage grow longer and penetrate deeper between wells and, hence, improve interwell stimulation effectiveness.
2) For a formation with higher horizontal principal stress contrast, stress contrast dominates the fracture propagation. Decreasing the staggered perforation cluster spacing has almost no effect on the fracture configuration of zipper fracturing. One may design small perforation cluster spacing to improve interwell stimulation effectiveness.
3) For a formation with lower horizontal principal stress contrast, interfracture stress interference significantly affects fracture configurations of zipper fracturing. The treatment job may cause “frac hits” and sand production, which will result in an adverse effect on the successive stimulation treatment and production.
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