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Abstract

:

Hydraulic fracture is crucial for assuring well production from unconventional reservoirs. For the optimization of hydraulic fracture geometry and the ensuing production of an interlayered reservoir, vertical hydraulic fracture propagation path has been analyzed. However, an effective fluid channel cannot be formed if the proppant is unable to reach the area where the fracture propagates. This paper presents a numerical model using the lattice-based method to investigate the hydraulic fracture propagation and proppant transport mechanism in interlayered reservoirs. The hydraulic fracture propagation model was simulated under different geological and fracturing engineering factors. The results indicate that interlayer Young’s modulus and horizontal stress anisotropy are positively correlated with longitudinal propagation and proppant carrying ability in interlayered formations. The fracturing injection rate has an optimal solution for fracture propagation and proppant carrying since a too low injection rate is unfavorable for fracture penetration of the interlayer, while a too high injection rate increases fracture width instead of further fracture penetration. In conclusion, attention is drawn to fine particle size proppants used in multi-layer reservoirs for fracturing fluid to carry proppants as far as possible to obtain maximum propped area.
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1. Introduction


Shale oil resources, with their wide distribution and enormous exploitation potential, play a critical role in achieving China’s energy strategy and meeting its energy demand. There are primarily two types of formations based on lithological structures: pure shale and shale interlayered formation. Multiple pay layers are separated by interlayers with varying thickness in the vertical orientation, which is incapable of hydrocarbon migration and production [1,2,3,4,5]. In order to improve economic productivity, horizontal well and combined-layer-penetration fracturing are proposed. Hydraulic fracturing (HF) is a widely used production enhancement technique that increases permeability to improve well production performance by injecting high-pressure fluid into the reservoir to create a fluid channel [6,7,8,9,10,11,12]. Hydraulic fracture propagation enables multiple layers to be connected with a single operation. Therefore, those fractures formed by fracturing are used as flow channels to produce oil and gas from adjacent multiple pay layers near the wellbore.



Proppant is a small solid particle mixed with the fracturing fluid and pumped into the fracture to prop it up and prevent it from closing [13,14,15,16]. Due to the high cost of fracturing operations, accurate predictions of the fracture morphology after fracturing are required to ensure maximum operational effectiveness. However, in interlayered formations, differences in formation parameters, such as stress anisotropy and rock lithology between layers, results in complex morphological changes in the fracture during propagation. This poses a challenge for fracture morphology prediction.



Previous studies have focused on planar fracture propagation, mainly investigating fracture length and width [17,18,19,20,21], and have made many breakthroughs in accurately predicting the fracture morphology under different in situ stresses, rock properties, and fracturing parameters. However, relatively few studies have been conducted to address the propagation of fractures at height in multi-layer reservoirs, which is attributed to the significant differences in rock properties and stresses in the vertical direction between layers. For this reason, researchers have proposed several computational methods to study the fracture propagation behavior in the vertical direction [22,23,24,25]. Simonson et al. [26] developed a fracture height growth model for three symmetric formations. Ahmed [27], Newberry, et al. [28], Economides [29], and others modified Simonson’s model. Li et al. [30] developed and solved a mathematical model of hydraulic fracture height for highly stressed multilayered complex formations based on the effect of a plastic zone on fracture height growth (generated by stress concentration at the fracture tip), and systematically described the effects of rock stress, fracture toughness, fracture fluid density, and other factors on fracture height growth. The above research has laid a solid foundation for studying the mechanism of high fracture growth in unconventional reservoirs. However, based on extensive field tests, proppant only accounts for a small fraction of the fracture [31,32,33,34,35]. The fracture height formed by fracturing is not equal to the height of the final fluid channel that can be obtained; the degree of proppant filling over the fracture height determines the final fracture height.



Therefore, the success of hydraulic fracturing treatments requires the formation of a proppant-filled conductive channel connecting the created fracture zone to the wellbore. The goal of fracturing is to maximize the area of the pay zone connected to the wellbore by a propped channel. However, the placement of the proppant in the hydraulic fracture is a complex process. Much effort has been devoted to modeling this behavior because a thorough understanding of the proppant transport in the opened fracture is crucial to optimize the hydraulic fracture design, which in turn improves the unconventional well production performance. Proppant transport is related to its type, shape, concentration, and density. These properties affect the suspension and transport of proppant in the fracturing fluid and play a decisive role in the final settlement location of proppant, which in turn affects the fracture conductivity.



Keshavarz et al. [36] analyzed the size effect of proppant in stimulating naturally fractured coalbed methane (CBM) formations. The authors developed a laboratory-based mathematical model to simulate the transport process. The results were validated in comparison with the model created by Khanna et al. [37]. They observed that the injection of micro-sized proppant particles kept the natural fractures open and increased the fractured reservoir volume (SRV) and production capacity. The micro-sized proppant also reduced the leakoff into the natural fractures during hydraulic fracturing. This provides insight into the proppant size effect on the propping effect during the fracturing of an interlayered reservoir.



Most studies have focused on the mechanism of vertical fracture propagation and the final fracture morphology. However, the fractures formed during the fracturing process need proppant support after the fracturing is completed to form fluid channels but the proppant often cannot fully prop fractures. Therefore, it is necessary to investigate the settlement and the propping effect of proppant in the fracture after the fracture is grown vertically through the layer surface into the interlayer. This paper is organized as follows: In Section 2, we present the simulation method of the problem, and discuss the mechanical model, flow model, flow mechanical coupling, and proppant transport of the XSite simulator. In Section 3, we briefly present the model setting of cases simulated in this paper. In Section 4, we do a sensitivity analysis considering the effect of Young’s modulus, stress anisotropy, and fluid injection rate on the proppant transport, while Section 5 and Section 6 discuss the findings of this work.




2. Simulation Method


The XSite lattice simulator, which was based on discrete element method (DEM) used in this study for simulation purposes, was developed by the Itasca Consulting Group with the application of synthetic rock mass (SRM) [38]. It is able to simulate the interaction between the HF and natural interface (NI) without predefining propagation path and mechanism of interaction. The smooth joint model (SJM) represents the pre-existing joints in the simulator while the lattice simulates the propagation of the fracture in the rock.



2.1. Mechanical Model


Lattice nodes linked by normal and shear springs are randomly placed in the simulator to simulate the rock mass. To simulate the translational motion of each node, the following central difference formulas of linear momentum equilibrium and displacement-velocity relation are employed [38].


    u ˙  i    t + Δ t / 2     =   u ˙  i    t − Δ t / 2     + ∑  F i   t    Δ t / m  



(1)






   u i    t + Δ t     =  u i   t    +   u ˙  i    t + Δ t / 2     Δ t  



(2)




where     u ˙  i   t      and    u i   t      represent the velocity and position of component i (I = 1, 3) at time t, and   ∑  F i    represents the sum of all force components acting on mass m at the time step of   Δ t  . Likewise, the angular velocities,    ω i   , of component can be obtained as:


   ω i  ( t + Δ t / 2 )   =  ω i  ( t − Δ t / 2 )   +   ∑  M i   t     I  Δ t  



(3)




where   ∑  M i    represents the sum of all moment components acting on the moment of inertia I node. The relative displacement and spring force variations are determined by the node velocities:


   F N  ←  F N  +   u ˙  N   k N  Δ t  



(4)






   F i S  ←  F i S  +   u ˙  i S   k S  Δ t  



(5)




where “N” denotes “Normal” and “S” denotes “shear”;    k N    and    k S    represent the spring normal and shear stiffnesses, respectively.



The following equations indicate the relevant correlations between the micro spring and the macro rock mass in terms of tensile strength and shear strength:


   F  N m a x   =  α t  T  R 2   



(6)






   F  N m a x   = μ  F  N m a x   +  α s  C  R 2   



(7)




where FNmax represents the spring tensile strength and FSmax represents the spring shear strength;    α t    and    α s    represent the calibration coefficient of tensile and shear strength, respectively. T represents tensile strength of macro rock mass,  μ  represents the friction coefficient, C represents the shear strength of macro rock, and R represents the resolution.




2.2. Flow Model


Fluid flow is simulated within both the intact rock matrix and the joints. Within the network of fluid nodes connected by the pipe, the flow in the fractures can be resolved. Meanwhile, the flow leakoff into the intact rock is considered matrix flow and depends on the permeability of the intact rock. The flow in a fracture may be roughly estimated using the lubrication equation. This flow down the pipe from node “A” to node “B” can be calculated as [38]:


  q = β  k r     a 3    12  μ f       P A  −  P B  +  ρ w  g    Z A  −  Z B       



(8)







Here, a is hydraulic aperture, μf is viscosity of the fluid, and PA and PB represent fluid pressures at node “A” and “B”, respectively. Z is elevations of nodes, ρw represents fluid density, and g represents the acceleration due to gravity. Meanwhile, kr represents the relative permeability and  β  represents a dimensionless calibrated parameter, which is a calibrated function of model resolution [38].




2.3. Hydro-Mechanical Coupling


In XSite, hydraulic fracture propagation is represented by processes that are mechanical and fluid flow coupling. The fracture aperture and the deformation mechanism of the model regulate the permeability of the fracture. Based on the change in fluid pressure, the deformation and damage of the mechanical model are calculated. Conversely, the fluid pressure varies with the deformation [38]. The hydro-mechanical coupling included in the models is shown here is as follows.



	
Aperture or the deformation of the solid model determines the fracture permeability.



	
Fluid pressure has an impact on both the deformation and the strength of the solid model. Calculations of the effective stress are performed.



	
The fluid pressures are impacted by the deformation of the solid model. In particular, the code can predict changes in fluid pressure under undrained conditions.







2.4. Proppant Transport and Placement


It is mentioned that all flow paths are formulated as one-dimensional pipes due to advection and splitting; this conforms to the following advection equation.


    ∂ C   ∂ t   = − v   ∂ C   ∂ x    



(9)




where C represents the proppant concentration, kg/m3; v represents the fluid velocity, m/s.



Due to the constant mass of the proppant, the proppant concentration is also updated when the fracture aperture changes. The new concentration may be determined using the change in volume (from Vi to j Vi+1) of the node.


   C  i + 1   =  C i     V i     V  i + 1      



(10)




where Ci and Ci+1 represent the proppant concentration before and after the step, kg/m3, respectively. The ratio between concentration and the initial unload density of proppant is the criterion for proppant taking load.


  R =    ρ u   C   



(11)




where    ρ u    represents the initial density of proppant, kg/m3.



If R < 1, the proppant loaded; otherwise, it is not loaded. When the proppant is loaded, the mechanical impact of proppant on the normal force can be expressed as:


  Δ  F n  = −     Δ P + Δ σ   A  k n     k n  +  k J     



(12)




where   Δ σ   represents the change in proppant stress, N; A represents the apparent area of the joint element, m2; kn is the rock stiffness, N/m; kJ is the joint normal stiffness, N/m.



Borehole segments are natural equivalents to pipes and the flow in a 2D fracture is idealized by a network of pipes in the plane of the fracture. Therefore, the proppant model function of this simulator is fully suitable for simulating hydraulic fracturing proppant carry ability to study in the interlayered formation.





3. Model Setting


Based on actual geological conditions, a model as depicted in Figure 1 was established. The model measures 8 × 8 × 8 m3 and consists of five layers. The middle layer comprises a 2 m-thick pay layer with a horizontal well placed within it; a fracture is located at the center of this well for the hydraulic fracture initiation. The pay layer is flanked by two 1 m-thick interlayers on either side; a cemented fracture characterizes the interface between these interlayers and the pay layer. In this model, the maximum, minimum, and vertical principal stresses are oriented along the X, Y, and Z directions, respectively. Table 1 exhibits all rock mechanical properties and fracturing fluid injection parameters for the model; all mechanical properties parameters were obtained from laboratory mechanical tests.



Small particle size quartz sand has dominated the proppant industry in North America. In fact, the sum of 40/70 mesh and 100 mesh fine sands used in the shale gas industry in North America accounted for more than 70% of the total proppant used in 2018 [39,40] (Figure 2). Moreover, 40/70 mesh and 100 mesh fine sands exceeded 80% in the first quarter of 2019, and even 100 mesh quartz sand in deeper layers at depths of 3500 m exceeded 68.6% [41,42,43]. Therefore, based on the proportion of proppant of each grain size in Figure 2, this study selected relatively course 42 mesh, and the fine 80 and 100 mesh proppants to investigate their effect on the fracture propped area at various grain sizes.




4. Results


This section investigates the effects of reservoir mechanical and operational parameters on fracture propagation and proppant distribution in the fracturing fluid during fracturing using a numerical model of fracture propagation in multi-layer reservoirs.



4.1. Effect of Young’s Modulus


Some studies have concluded that mechanical parameters with low Young’s modulus favor fracture propagation, while high Young’s modulus is detrimental to fracture propagation. However, some field observations found that low Young’s modulus did not promote fracture propagation as expected. To clarify the effect of Young’s modulus on fracture propagation, this section assumed a constant pay layer Young’s modulus of 27.7 GPa and interlayer Young’s modulus of 10, 15, 20, 27.7, and 40 GPa to carry out a study of the effect of interlayer Young’s modulus on fracture propagation in the height direction and proppant distribution, as shown in Figure 3. When Young’s modulus of the interlayer is 10 GPa, the fracture cannot penetrate the upper and lower interlayer, and can only propagate in the pay layer. When Young’s modulus of the interlayer is 15 GPa, the fracture enables the interlayer to be penetrated after initiation in the pay layer; due to the heterogeneity of the reservoir, the fracture fails to penetrate the upper and lower interlayer synchronously to form a symmetric fracture, and only carries proppants penetrating the upper interlayer. When Young’s modulus is 20 GPa, the fracture penetrates the upper and lower interlayer synchronously to form a relatively symmetric fracture. When Young’s modulus of the interlayer is 27.7 GPa, i.e., the pay layer and the interlayer have the same Young’s modulus, the fracture morphology formed by fracturing shows a relatively perfect circle and is not affected by the layer interface, and, when Young’s modulus of the interlayer is 40 GPa, it also has a similar fracture morphology.



From Figure 4, it can be found that, with an increase in Young’s modulus, the fracturing stimulated area continuously increases, showing a low Young’s modulus inhibits fracture propagation and a high Young’s modulus promotes fracture propagation. This is consistent with the findings of previous studies [44,45]: a large elastic modulus promotes fracture height growth and inhibits fracture width.



From Figure 5, it can be found that, with an increase in Young’s modulus, the propped area generally shows an increasing trend but, when the proppant particle size is 42 mesh, the maximum propped area appears when Young’s modulus is 20 GPa. This is because with the increase in Young’s modulus in the interlayer, even though the propagation area of the fracture increases, the high Young’s modulus in the interlayer makes the width of the formed fracture relatively low, which is not conducive to the inflow of proppant. In contrast, when the proppant particle size is 80 or 100 mesh, the propped area formed under the same formation conditions increases significantly due to the reduction in proppant particle size. Moreover, the propped area generally shows a monotonic increase with the increase in Young’s modulus.



The propped area ratio is defined as the ratio of the propped area to the total fracturing stimulated area in the fracture height direction. From Figure 6, it can be found that the propped area ratio slowly decreases with the increase in Young’s modulus. In essence, when Young’s modulus is 10 GPa, the hydraulic fracture fails to penetrate the interface; thus, the propped area ratio is the ratio of the propped area to the total fracture area in the reservoir. However, when Young’s modulus is 15 GPa and 20 GPa, partial hydraulic fractures enable the interface to penetrate into the interlayer and, considering the inhibiting effect of the interlayer on the proppant transport into the interlayer, the propped area in the interlayer is relatively small, which ultimately reduces the overall propped area ratio. When Young’s modulus is 27.7 GPa and 40 GPa, the greatly increased fracture area and the slightly increased propped area result in a further decrease in the propped area ratio.



In conclusion, Young’s modulus has an inhibiting effect on the propped area ratio, essentially because, as the Young’s modulus of the interlayer increases, even though the fracture enables the upper and lower interlayer to be penetrated to significantly increase the fracture area, only a small amount of proppant enters the interlayer resulting in an insignificant increase in the propped area, making the overall trend of the propped area ratio decrease. In addition, the difference in particle size also has a non-negligible effect on the propped area ratio of fractures in multi-layer reservoirs. Under the same conditions, the propped area ratio of a relatively large particle size proppant is smaller than that of a small one and the difference in the amount of proppant entering the interlayer to play a propping role due to the difference in particle size is essential for this phenomenon.
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Figure 4. Effect of interlayer Young’s modulus on fracture stimulated area. 
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Figure 5. Effect of interlayer Young’s modulus on propped area. 
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Figure 6. Effect of interlayer Young’s modulus on propped area ratio. 
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4.2. Effect of Stress Anisotropy


In this section, we obtain different horizontal stress anisotropy by varying the minimum principal stress to study the effect of stress anisotropy on fracture morphology and proppant transport. Maintaining the maximum principal stress constant at 8 MPa, the minimum principal stress was set to 7, 6, 5, 4, and 3 MPa to obtain horizontal stress anisotropy of 1, 2, 3, 4, and 5 MPa, and the fracture morphology is shown in Figure 7. When the stress anisotropy is 1 MPa, the fracture growth in the upper and lower direction is inhibited and can only propagate in the pay layer. When the stress anisotropy is 2 MPa, though the main body of the fracture propagates in the pay layer, the fracture can penetrate the upper and lower interlayers locally. When the stress anisotropy reaches 3 MPa, the fracture extends into a penny shape fracture, which can evenly penetrate the upper and lower interlayer, ensuring the symmetrical fracture morphology up and down. Increasing the stress anisotropy only slightly affects the total fracturing stimulated area but does not affect its shape.



From Figure 8, it can be seen that the fracturing stimulated area gradually increases with the increase in stress anisotropy. When the stress anisotropy increases from 2 mPa to 3 mPa, the maximum increase in a stimulated area increases by nearly 7 m2. Combining with Figure 7, it can be found that the increase in stimulated area is due to the fracture penetrating the layer interface into the upper and lower interlayer, which is attributed to the high-pressure fluid inside the fracture caused by the high stress anisotropy, making the fracture gain more energy for penetrating the interlayer, thus substantially increasing the stimulated area.



From Figure 9, it can be seen that the propped area shows an overall increasing trend with the stress anisotropy. However, different proppant particle sizes have a varying influence on the propping effect. Typical is the propping effect gap between coarse particle sizes 42 mesh, and fine particle sizes 80 and 100 mesh. When the particle size is 42 mesh, even though the pressurized fluid enters the interlayer under high stress anisotropy, it is more difficult for the coarse particle size proppant transport into the interlayer to form an effective propping. In contrast, the 80 and 100 mesh particle size proppant entered the interlayer relatively easily and formed effective propping for the fractures in the interlayer.



As shown in Figure 10, the overall propped area ratio decreases with increasing stress anisotropy. Similarly, the overall propped area ratio of 42 mesh proppant with coarse particle size is lower than that of 80 and 100 mesh. This is because with the close stimulated area, the coarser particle size can prop less area, thus reducing the overall propped area ratio.



In conclusion, the greater the stress anisotropy is, the larger the fracture area is, and the propped area also increases along with the fracture penetrating into the interlayer. Also, due to the inconsistent rate of these two kinds of area increase, the propped area ratio decreases.




4.3. Effect of Injection Rate


The fracturing fluid injection rate is one of the most controllable operational parameters. Reasonable control of the injection rate not only creates a fracture morphology that maximizes production but also provides significant operation cost savings. The injection rate affects the post-fracturing fracture morphology by influencing the pressure of the fluid during the fracturing process.



As shown in Figure 11, the fracturing fluid injection rate is increased from 0.01 to 0.06 m3/s to analyze the effect of injection rate on fracture morphology. Here, the rock mechanical properties of the interlayer are kept consistent with the pay layer and only the effect of fracturing fluid injection rate is considered. When the injection rate is 0.01 m3/s, the fracture propagates only in the middle pay layer. When the injection rate increases to 0.02 m3/s, the fracture penetrates downward into the lower interlayer, whereas it fails to penetrate the upper interlayer, forming a symmetric fracture morphology. This type of asymmetric fracture propagation often occurs during actual fracturing because of the heterogeneity in varying layers. When the injection rate increases to 0.04 m3/s, the fractures penetrate the upper and lower interlayer synchronously, the fracture morphology is close to the penny shape, and the layer interface has negligible inhibition of the fracture propagation.



As seen from Figure 12, with the increase in injection rate, the stimulated area increases first and then decreases, and the maximum area appears at the injection rate of 0.04 m3/s. This is because, with the increase in injection rate, the pressurization rate of the fluid in the fracture increases, which gives the fracture high energy to penetrate the upper and lower interlayers. However, when the injection rate is too high, a large amount of fracturing fluid flows into the reservoir quickly, which makes the fracture only increase the fracture width while being unable to propagate fully.



Furthermore, it can be seen from Figure 13 that, when the injection rate is 0.04 m3/s, not only does the fracture obtain the maximum vertical stimulated area but it also obtains the relative maximum propped area, which is in line with our common perception that, the greater the stimulated area of the fracture, the greater the area propped by the proppant under the condition of a certain fracture width. However, when considering the influence of proppant size, it can be found that the area propped by coarse particle size proppant, such as 42 mesh, is much smaller than that of fine particle size proppant, which is because it is limited by the size factor, resulting in it being unable to transport into the relatively low fracture width area, limiting the transport distance of the proppant, presenting a relatively stable overall propped area, which is not affected by the injection rate. In contrast, the fine particle size proppant 80 and 100 mesh possess similar propped areas.



As shown in Figure 14, the propped area ratio gradually decreases as the injection rate increases. From the figure, it is found that, when the injection rate is 0.01 and 0.02 m3/s, the propped area ratio is greater and, the higher the injection rate, the smaller the propped area ratio, which is because when at a relatively low injection rate, it is difficult for the fracture to penetrate the layer interface and the main fracture only propagates in the pay layer. When the injection rate is 0.02 m3/s, the fracture partially penetrates through the lower layer interface into the interlayer but there is no proppant in the interlayer fracture due to the barrier effect of the layer interface on the proppant, so the proportion of the propped area does not increase. In addition, when the injection rate is relatively high, i.e., from 0.04 to 0.06 m3/s, the fracture propped area ratio hardly changes and, in these cases, the large particle size proppant is still blocked from entering the interlayer and the fracture propped ratio becomes higher as the particle size decreases.



In conclusion, with the increase in injection rate, it is easier for the hydraulic fracture to penetrate the interface to form a greater fracture area. Also, an ideal injection rate exists when the injection rate is too high; the fracture width increases significantly while the fracture area decreases slightly. Ultimately, it is found that the proppant had a greater impact on the propped area ratio.





5. Discussion


A 3D lattice-based fracture height propagation model was established. The geological formation was composed of five layers: three pay layers and two interlayers laid on each other. The variation law of fracture height growth was simulated and examined by varying formation stress and strength. The advantage of the 3D lattice-based fracture model over the KGD model is that it can consider the variation of fracture width at various heights. The variation of fracture width directly affects the proppant transport, which facilitates the study of proppant placement in fractures. Moreover, compared to other 3D fracture propagation simulation methods, the lattice-based method is capable of simulating the fracture height growth law under various lithological conditions.



In order to further analyze the hydraulic fracture height growth and proppant distribution law, changes in fracture propagation morphology were simulated under different formation conditions. The results reveal that Young’s modulus, followed by the minimum principal stress, has the greatest influence on fracture morphology. In reality, Young’s modulus of the adjacent layer usually does not differ considerably but the stress difference between the adjacent layer is substantial [46,47]. Therefore, the influence of stress anisotropy on fracture propagation morphology should be paid enough attention. The fracture height propagation under different operational parameters was analyzed. Increasing the fracturing fluid rate is a common production enhancement technique for unconventional reservoirs. By doing so, the stimulated volume can be increased.



There is a positive correlation between fracture propagation morphology and proppant distribution area. After it is clear that the fracture morphology rises in height, this paper focuses on the analysis of proppant distribution area in the fracture and the proportion of propped area to the total fracture area. Previous studies simply used the fracture area created by fracturing to represent the fracture effective stimulated area. However, due to the limitation of fracture width, proppant is unable to reach those fracture tips with small width, thus affecting the ultimate effective stimulation area. In this paper, after a thorough analysis of the influence of various parameters on fracture propagation area, the concept of propped area ratio is introduced. By analyzing the influence of various parameters on propped area ratio, the reservoir production can be effectively improved. Relevant lab experiments as well as an analytical model will be carried out to further verify the influence of parameters on fracture areas. Moreover, the method referred in this paper has a prospective application from the position of increasing oil recovery, especially in those fields where the majority of wells have already been subjected to primary hydraulic fracturing.




6. Conclusions


This paper conducted a study of the effect of various parameters in hydraulic fracturing operations on the mechanism of vertical propagation of hydraulic fractures in multi-layer reservoirs. For this purpose, a lattice-based hydraulic fracture propagation model was developed. Then, sensitivity analysis on fracturing fluid injection rate, interlayer rock mechanical parameters, and horizontal stress anisotropy was conducted.



When hydraulic fracture propagation is vertical in a multi-layer reservoir, the large interlayer Young’s modulus, stress anisotropy, and injection rate are favorable to hydraulic fracture penetration into the upper and lower interlayer. The effect of injection rate on the fracture is two-sided. Both too low and too high injection rates inhibit fracture propagation; a 0.04 m3/s injection rate has an optimal hydraulic fracture stimulated area.



In multi-layer reservoirs, as the fracture propagation area increases, the proppant propped area increases simultaneously. However, coarse particle size proppant provides less propped area compared to small particle size proppant, especially in interlayers; when fractures penetrate interlayers, coarse particle size proppant is relatively difficult to transport through the layer interface for propping due to its size limitation, while small particle size proppant can transport further into the fracture to prop. In addition, both the fracture stimulated area and propped area increase; the propped area ratio shows a decreasing trend. The selection of small particle size proppant can somewhat mitigate the effect of the reduced propped area ratio.
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Figure 1. Hydraulic fracture propagation numerical model of the interlayered reservoir: (a) Front view of the model. (b) Left view of the model. 
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Figure 2. Shale gas proppant size distribution in North America, 2008–2019. 
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Figure 3. Variation of hydraulic fracture vertical propagation stimulated and propped area with interlayer Young’s modulus. 
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Figure 7. Variation of hydraulic fracture vertical propagation stimulated and propped area with stress anisotropy. 
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Figure 8. Effect of stress anisotropy on fracture stimulated area. 
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Figure 9. Effect of stress anisotropy on the propped area. 
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Figure 10. Effect of stress anisotropy on propped area ratio. 
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Figure 11. Variation of hydraulic fracture vertical propagation stimulated and propped area with fracturing fluid injection rate. 
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Figure 12. Effect of fracturing fluid injection rate on fracture stimulated area. 
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Figure 13. Effect of fracturing fluid injection rate on propped area. 
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Figure 14. Effect of fracturing fluid injection rate on propped area ratio. 
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Table 1. Rock mechanical parameters and fracturing fluid pumping parameters used for the simulation study.
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	Parameters
	Pay Layer





	Tensile strength (MPa)
	3.5



	Uniaxial compressive strength (MPa)
	79.5



	Young’s modulus (GPa)
	27.7



	Poisson’s ratio
	0.221



	Permeability (10−15 m2)
	1.7



	Vertical in situ stress (MPa)
	10



	Minimum horizontal principal stress (MPa)
	5



	Maximum horizontal principal stress (MPa)
	8



	Pumping rate of fracturing fluid (m3/s)
	0.06



	Viscosity of fracturing fluid (Pa·s)
	0.001
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