

  processes-11-00310




processes-11-00310







Processes 2023, 11(2), 310; doi:10.3390/pr11020310




Article



Numerical Simulation Research on the Effect of Artificial Barrier Properties on Fracture Height



Jian Zou 1,*, Ying Zhang 2,*, Liping Zhang 1, Jiyun Jing 1, Yangyang Fu 1, Yunjin Wang 2[image: Orcid], Guchang Zhang 2 and Fujian Zhou 2





1



Bohai Petroleum Research Institute, Tianjin Branch, CNOOC (China) Co., Ltd., Tianjin 300452, China






2



State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing 102249, China









*



Correspondence: zoujian@cnooc.com.cn (J.Z.); wubaili_zhang@126.com (Y.Z.)







Academic Editor: Linhua Pan



Received: 27 December 2022 / Revised: 15 January 2023 / Accepted: 16 January 2023 / Published: 17 January 2023



Abstract

:

Hydraulic fracturing is an important measurement for the stimulation of oil and gas wells and is widely used in the development of low-permeability and ultra-low-permeability reservoirs. However, fractures can pass through barriers with poor properties during fracturing, resulting in fractures that do not reach the pre-designed length. In a worse situation, it is possible to communicate with the water layer and cause sudden water flooding, resulting in the failure of the fracturing construction. In order to improve the efficiency of fracturing construction, an effective way to control the height of fractures is by laying diverting agents to form artificial barriers. In this study, we established a three-dimensional numerical calculation model of fracture propagation, considering artificial barriers in the finite element analysis framework; the fracture propagation is governed by a cohesive zone model. The influence of artificial barriers with different Young’s modulus and different permeability on the fracture height was simulated and calculated. Different fracture geometries under different pumping injection rates were also considered. The simulation results show that the smaller the Young’s modulus of the artificial barrier, the smaller the extension in the direction of the fracture height: when its Young’s modulus is 28 GPa, the half fracture height is about 25 m, while when Young’s modulus increases to 36 GPa, the half fracture height increases by about 10m. When the fracture does not penetrate the artificial barrier area, the larger the Young’s modulus, the smaller the fracture width and the larger the fracture height. With the change in the permeability of the artificial barrier, the change in the fracture width direction of the fracturing fracture is only about 0.5 m, but the inhibition on the fracture height direction is more obvious; in the case of maximum permeability and minimum permeability, the fracture height change is 10 m. The influence of pumping injection rates on the width and height of the fracture is obvious: with the increase in the pumping rates, both the height and width of the fractures increase. However, when the pumping rate increases from 0.12 m3/s to 0.14 m3/s, the change in the direction of fracture height is no longer significant, and the increase is only 0.6 m. This study investigates the role of artificial barrier properties and pumping rates in controlling fracture height extension, clarifies the feasibility of artificial barriers to control fracture height technology, and provides guidance for the selection of diverting agents and the determination of the pumping rate in the process of fracturing construction.
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1. Introduction


Currently, the hydrocarbon industry encompasses a significant part of the world economy and is the primary energy source [1,2]. Fracturing stimulation technology is the key technology for the effective development of oil and gas reservoirs. By pumping high-pressure fluid, the reservoir rock is broken to produce fractures and injected with proppant to prevent fracture closure, providing a channel with high conductivity for reservoir fluid [3,4]. However, in the fracturing stimulation construction of thin poor layers, the fracture height often exceeds the production layer and continues to extend [5,6]. In this case, the excessive extension of fracture height will result in low efficiency of fracturing fluid and inefficient laying of proppant, so that the fracturing fractures cannot reach the designed fracture length, thereby reducing oil and gas production [7,8]. However, when the oil layer is close to the water layer, the excessive expansion of the fracture height will communicate with the water layer, causing water channeling, causing the water content of the oil well to rise sharply, and directly leading to the failure of the fracturing construction [9,10]. Therefore, effective measures must be taken to control the height of fracturing fractures to achieve the purpose of oil and gas stimulation during the fracturing and stimulation construction of thin poor reservoirs.



At present, there has been a lot of research on the control of fracture height [11,12], mainly optimizing the construction parameters, preferred fracturing fluid, and laying diverting agents to form the artificial barrier. Among them, artificial barrier technology is the most widely used. Its basic principle is to use the floating or sinking diverting agent to form a certain thickness of low-permeability or impermeable artificial barrier at the top or bottom of the fracture, increase the impedance of the fracture tip, eliminate the stress concentration at the fracture tip, and achieve the purpose of delaying the vertical expansion of the fracture. Nguyen proposed for the first time that during the fracturing of the gas–water barrier, in order to prevent the loss of control in the fracture height direction caused by the press through the upper and lower barriers, it was proposed to use artificial barriers to control the growth of fractures in the height direction [13]. Morales added radioactive tracers to the diverting agent and tested the gamma curves before and after fracturing to verify the feasibility of controlling fracture height with artificial barriers [14]. Arp discussed the problem of fracture height control in several production layers in eastern Texas [15]. Some researchers have studied the placement of artificial barriers and recommended that viscous fracturing fluid be used first to pre-treat and keep the fracture tip open, and then 5–10 cP low-viscosity fracturing fluid be used to carry a lighter proppant to seal the top and bottom of the fracture to achieve a fracture control effect [16]. Many scholars have also carried out experiments and numerical simulation studies on the law of fracture propagation. Khodaverdian demonstrated through experiments that fracture propagation is mainly controlled by fluid invasion and shear failure propagation in the fracture tip region [17]. Now, most of the numerical models used to simulate fracture are based on the theory of linear elasticity, such as the tensile fracture model, PKN model, KGD model, P3D model, and so on [18,19,20]. In order to study more complex fracture morphology propagation problems, many numerical simulation calculation models have been established [21,22]. Simoni and Secchi used a re-meshing algorithm and a staggered solving algorithm to model cohesive fracture propagation under fluid pressure. They considered fluid exchanges between the fracture and the porous medium [23]. Lacampion investigated the extended finite element method to model hydraulic fracture in an impermeable medium [24]. However, this work neither considers the longitudinal flow of fluids nor the propagation of fractures. Chen adopted an interface element governed by a cohesive law to model fracture propagation in an impermeable medium, and their numerical simulation results were in good agreement with the toughness-dominated numerical solution [25]. Sun used the finite element method to investigate the parameters of the hydraulic fracturing process in porous media, and the results showed that as the fracture extension length increased and the fracture fluid pressure decreased [26]. Wan has studied the effects of stress difference, tensile strength, and Young’s modulus on the fracture propagation law in view of the difficulty in controlling the width and height of hydraulic fracturing fractures in thin poor layers [27]. Zhao carried out engineering application research on the basis of numerical simulation and studied the potential influencing factors of the difficulty of hydraulic fracture penetration and expansion in continental shale reservoirs [28]. There are also some studies that conduct sensitivity analyses on main parameters such as fluid viscosity, distribution of natural fractures, differential stress of reservoir and interlayer, and pump injection rate to explore their influence on fracture extension or diversion [29,30,31]. In summary, previous studies on artificial barriers are mainly based on laboratory or oilfield experiments and the results from these studies further validate the feasibility of this technology and optimize the design of actual fracturing construction parameters. However, such studies often lack quantitative results on the characterization of the actual fracture morphology, which is often obtained through numerical simulation studies. Additionally most scholars’ numerical simulation studies about fracture propagation do not consider the effect of artificial barriers on fracture morphology. Therefore, it is a challenging task to accurately establish a three-dimensional numerical calculation model to simulate the effect of artificial barriers in control fracture height.



In this study, in order to explore the influence of the properties of artificial barriers on the fracture height, a numerical calculation model was established to simulate fracture propagation after the placement of diverting agents in the framework of finite element analysis, which is based on the bilinear traction-separation criterion and uses stiffness degradation to describe the damage evolution of the unit. This study focuses on carrying out a numerical simulation to obtain experimental results. Compared with experimental studies, numerical simulation studies have lower costs, faster results, and an advantage in terms of efficient resources [32]. Many studies that cannot be performed in experiments can be well studied in numerical simulation software, and numerical simulation studies are more suited to fault tolerance. Experiments on artificial barrier control fracture height technology must be carried out after a large number of numerical simulation experiments to draw some conclusions, and then combined with laboratory experiments in the oil field. Otherwise, it may face problems such as high investment and low return, or more seriously affect the normal production operation of the oilfield. Different from previous studies, this study sets up an artificial barrier area between the reservoir and the caprock in the finite element software for the first time, and discusses in detail the differences in the morphological changes in fractures before and after penetrating the artificial barrier, which is not only a simple study of the influence of heterogeneity between layers on fracture height propagation. Therefore, a zero-thickness element is used to simulate fracture propagation. In this work, the fluid-solid coupling in the hydraulic fracturing process is especially considered. The simulated calculation unit with pore pressure seepage is used to simulate and calculate the degree of influence of artificial barriers with different Young’s modulus and different permeability on the expansion of fracture height. In addition, under different pumping rates, the change in fracture morphology with the pumping rate is also simulated.




2. Mathematical Model


2.1. Fluid Flow Equation in Fractures


Fluid flow in the damaged area of the cohesive unit is divided into tangential flow along the cohesive unit, which can be characterized by Newton or power-law fluid models, and the normal flow perpendicular to the upper and lower surfaces of the cohesive unit can reflect the resistance caused by agglomeration and scaling, such as Figure 1 shows. The basis of fluid flow in this study is CFD (computational fluid dynamics), which is a hybrid finite volume method and finite element solution method to calculate incompressible laminar and turbulent flow problems with high solution accuracy [33].



Assuming that the fluid inside the cohesive unit is an incompressible Newtonian fluid, the calculation formula for the tangential flow is [34]:


  q = −    w 3    12 μ   ∇ p  



(1)




where  q  is the tangential flow rate, m3/s; ∇p is the pressure gradient along the length direction of the cohesive unit, Pa/m;  w  is the fracture width, m;  μ  is the viscosity of the fracturing fluid, Pa s.



The normal leak-off loss on the upper and lower surfaces of the Cohesive unit can be described as [34]:


   {       q t  =  c t   (   p f  −  p t   )         q b  =  c b   (   p f  −  p b   )         



(2)




where    p t    and    p b    are the pore pressure at the upper and lower surfaces of the fracture, Pa;    p f    is the fluid pressure in the fracture, Pa;    c t   ,    c b    are the fluid loss coefficients at the upper and lower surfaces, m3/(Pa·s);    q t   ,    q b    are the normal volume flow of the upper and lower surfaces, respectively, m3/s.



The fluid mass conservation equation of the Cohesive unit is [35]:


    ∂ w   ∂ t   + ∇ · q +  (   q t  +  q b   )  = Q ( t ) δ ( x , y )  



(3)




where   Q  ( t )    is the injection velocity of fracturing fluid, m3/s.




2.2. Criteria for Fracture Initiation and Propagation


At present, the commonly used finite element methods for numerical simulation of hydraulic fracturing include the finite element method based on the cohesive model and the extended finite element method [19]. The former is adopted in this paper, and the problem of infinite stress at the fracture tip of linear elastic fracture mechanics can be effectively avoided by inserting cohesive units between cells for describing nonlinear fracture problems. Cohesive elements provide a solution without refining the mesh, which can effectively reduce the number of meshes and improve the efficiency of operations [36].



2.2.1. Cohesive Unit Damage Model


The relationship between the tensile stress and the distance between the upper and lower surfaces is defined in the damage model of the Cohesive unit, and the definition of the damage evolution consists of two parts. A bilinear T-S criterion was proposed by V. Tomar [37]. As shown in Figure 2, the first part involves determining the effective displacement    δ m f    at full damage relative to the effective displacement    δ m 0    at the onset of damage, or the energy dissipation    G C    due to failure. The second component defines the evolutionary nature of the damage variable D between initial and complete failure, which can be specified directly in the form of a table of effective displacement, effective displacement versus damage, by means of a linear or exponential softening law; the expression for the damage variable  D  when the linear displacement expansion criterion is used is:


  D =    δ m f   (   δ m  max   −  δ m 0   )     δ m  max    (   δ m f  −  δ m 0   )     



(4)




where    δ m  max     is the maximum displacement of the unit;    δ m f    is the displacement of the unit opening;    δ m 0    is the displacement of the unit starting damage.



The Cohesive unit uses stiffness degradation to describe the damage evolution of the unit.


  T = ( 1 − D )  T ¯   



(5)




where    T n   ,    T  s 1    ,    T  s 2     are the stresses obtained in the three directions of the cohesive unit according to the linear elastic deformation in the undamaged phase, respectively, and  D  is the damage variable in Equation (4).



The T-S criterion is based on the tensile stress of the cohesive unit as the damage criterion; the unit is very stiff before the damage, the stress is proportional to the displacement and can be recovered after unloading, but when the tensile stress exceeds the tensile strength of the material, the stress it can withstand decays linearly with the increase in displacement and is not recoverable, which is more suitable for the fracture expansion process in hydraulic fracturing.




2.2.2. Cracking and Expansion of Cohesive Units


The following criteria are often used in the finite element method to determine fracture initiation: maximum positive stress criterion, maximum positive strain criterion, quadratic stress criterion and quadratic strain criterion [38,39]. In this study, after many attempts and simulations, it is considered that the maximum positive stress criterion is used, which is more stable as the basis for judging fracture initiation, and the calculation process is easy to converge and more compatible. That is, as soon as the stress in either direction of the unit reaches its critical stress, the unit starts to crack. The expression of the maximum positive stress criterion is as follows:


  max  {     σ n     σ n  max     ,    τ s     τ s  max     ,    τ t     τ t  max      }  = 1  



(6)




where    σ n  max     refers to the maximum tensile stress that the unit can withstand in the vertical direction, i.e., the tensile strength of the reservoir, and    τ s  max     and    τ t  max     refer to the maximum shear stress that the unit can withstand in both directions, i.e., the shear strength of the reservoir.



For the expansion of composite fractures after fracture initiation, this paper adopts the B-K criterion, which is the criterion of critical energy release rate of crack expansion proposed by Benzeggagh and Kenane [40].


   G n C  +  (   G s C  −  G n C   )     {     G S     G T     }   η  =  G C   



(7)







In Equation (7),    G S  =  G s  +  G t  ,  G T  =  G n  +  G s   ,    G n C    is the normal fracture critical strain energy release rate;    G s C   ,    G t C    are the two tangential fracture critical energy release rates, respectively, and the B-K criterion considers    G s C  =  G t C   ; η is a constant related to the properties of the material itself;    G C    is the composite fracture critical energy release rate.



Figure 3 shows a schematic diagram of the crack expansion of the cohesive unit. When the calculated energy release rate at the fracture tip node is greater than the B-K critical energy release rate, the current fracture tip node of the cohesive unit will unbind the bound part, and then the fracture will open and continue to expand along the next cohesive unit.





2.3. Fluid-Solid Coupling Control Equation


In the process of hydraulic fracturing, the fluid percolation pressure acting on the fracture wall increases continuously with the increase in pump pressure, which leads to the increase in fluid leak-off loss into the formation, resulting in the change in stress state in the rock pore space, and the change in stress in the rock will cause the change in parameters such as reservoir porosity and fluid percolation velocity, which in turn affects the change in pore pressure in the percolation field on the fracture wall. This relationship between fluid seepage and rock deformation is called fluid-solid coupling [41].



The rock skeleton stress balance equation for a unit body with volume  V  and surface area  S  is:


    ∫  V  σ δ ε d V =   ∫  V  t · δ v S +   ∫  V  f · δ v d V  



(8)




where σ and    δ ε    are the stress matrix and the imaginary strain rate matrix, respectively;  t ,  f  and    δ v    are the surface force vector, the volume force vector and the imaginary velocity vector, respectively.



Fluid seepage is required to satisfy the continuity equation:


   1 J   ∂  ∂ t    (  J  ρ w   n w   )  +  ∂  ∂ X    (   ρ w   n w   v w   )  = 0  



(9)




where J is the variation ratio of porous media body;    ρ w    is the fluid density;    n w    is the pore ratio;    v w    is the fluid percolation velocity;  X  is the spatial vector.



Fluid flow in the cohesive unit satisfies Darcy’s law:


   v w  = −  1   n w  g  ρ w    k  (    ∂  p w    ∂ x   −  ρ w  g  )   



(10)




where  k  is the permeability matrix of porous media;  g  is the acceleration of gravity.




2.4. Fracture Wall Stress Distribution Model


This paper focuses on the upper propagation of the fracture. Generally, the model of numerical simulation calculation will be different from the actual situation, and some simplifications will be made [42]. To simplify the model, it is assumed that the upper and lower interlayer stresses in the reservoir are the same and symmetrically distributed along the centerline of the fracture. The model has the following assumptions: ①: the reservoir is an ideal thick oil formation, the rock is an ideal linear elastic material, and the ground stress is linearly distributed; ②: the fracture flanks are symmetrically distributed with the wellbore as the axis; ③: the fracturing fluid is an incompressible power-law fluid when it flows inside the fracture, and the two-dimensional flow of the fluid is considered; ④: the matrix permeability is low, and the leak-off of the fracturing fluid to the fracture wall is ignored; ⑤: the inertia effect is ignored.



According to the above assumptions, the stress distribution at the fracture wall is shown in Figure 4. Assuming that the reservoir thickness is   2 H   and the height of fracture penetration into the barrier    h b  = H − h  , let the minimum horizontal principal stress at the center of the fracture be    σ b   , the minimum horizontal principal stress gradient be    g s   , the upper and lower reservoir interlayer stresses be the same, the reservoir interlayer stress difference be    σ b  −  σ r   , the pressure drop of fracturing fluid gravity in the direction of the fracture height be   ρ g y  , and the pressure drop generated by the artificial interlayer in the direction of the fracture height be    k a   h a   .




2.5. Mode Description


The numerical calculation model established in this paper is shown in Figure 5 for a three-dimensional model with dimensions of 40 m × 100 m × 100 m. The following assumptions are made for the model material: the reservoir is an ideal thick oil layer and the rock is an ideal linear elastic homogeneous material. The model is dissected into four areas, the thickness of both upper and lower layers as barriers is 20 m, the thickness of the middle area as the target reservoir is 60 m, and the height of the artificial barrier area formed by the diverting agents placement is 5 m. The (a) and (b) figures in Figure 6 show the profiles of the xoy plane and yoz plane, respectively. The perforation tunnel is chosen to be the center of the xoy plane, y is the direction of vertical principal stress, z is the direction of maximum horizontal principal stress, and x is the direction of minimum horizontal principal stress. The built-in Cohesive cell is embedded in the yoz plane as the fracture initiation and propagation path, perpendicular to the direction of the minimum horizontal principal stress, and the shot hole position is parallel to the direction of the maximum horizontal principal stress. The fracture propagation path and the basic morphology at different moments (t1, t2, t3) are depicted in Figure 6b. The type of solid element is C3D8P, which is a three-dimensional calculation unit with 8 nodes. It has the advantage of more accurate results for the displacement and the accuracy of the analysis will not be affected too much when there is distortion and deformation of the mesh. The mesh size of the numerical calculation model is chosen to be 2 m, and hexahedral elements are used completely in the mesh. For the three-dimensional geometric model, the mesh is first generated on the face and then stretched along the sweep path to obtain the three-dimensional mesh, and a total of 50,000 meshes are divided. The initial saturation of the target layer and the interlayer is set to 1; both are saturated seepage, and the constant pore pressure (20 MPa) is maintained at the left, right and upper and lower boundaries. The initial pore pressure is 20 MPa, the initial porosity of the reservoir is 0.3, and the initial porosity of the interlayer is 0.2. The fracturing fluid pumping discharge is set to 0.06 m3/s for 600 s, the fracturing fluid viscosity is 100 mPa·s, and the other initial values of the main calculated parameters are shown in Table 1.



Figure 7 shows the workflow of this study. The first step is to establish the fluid-solid coupling control equation on the basis of computational fluid dynamics. The second step is to establish a three-dimensional numerical calculation model considering artificial barriers in the finite element simulation software. On the basis of this model, combined with the previous laboratory experimental results, the calculation parameters are determined and the numerical simulation of fracture propagation is carried out. After the simulation, 3D fracture morphology data, model stress, and pore pressure clouds are extracted for parameter sensitivity analysis and discussion.





3. Result and Discussion


3.1. Young’s Modulus


The Young’s modulus of the reservoir rock is 30 GPa, the Young’s modulus of the interlayer is 28 GPa, and the Young’s modulus of the artificial barrier formed by diverting agents is 36, 34, 32 and 28 GPa, respectively. The values of other calculated parameters are shown in Table 2. The effect of different Young’s modulus of the artificial barrier on the fracture morphology is simulated and studied. Figure 8 shows the graphs of the fracture width and half-slit height under different Young’s modulus. It can be seen from Figure 8 that the larger the Young’s modulus of the artificial barrier, the more easily the fracture extends in the direction of the fracture height. Additionally, the change in the direction of the fracture width is not obvious and the range of the fracture width is distributed from 4.7 to 5.2 mm. However, there is a significant increase in the fracture width compared to the case without artificial barrier. It is analyzed that this is because the Young’s modulus will make the width of the fracture narrower, and the fracture height will increase correspondingly for a certain volume of injected fluid and leak-off. On the other hand, the higher the Young’s modulus of the artificial barrier, the more likely it is to develop high stresses at the fracture tip, and the more likely it is for the fracture to expand forward under the same tensile strength conditions.



It is noteworthy that the fracture breaks through the area of each artificial barrier to extend into the area of the interlayer under the condition of Young’s modulus of the artificial barrier of 34 GPa or 36 GPa. Figure 8 shows that when the fracture penetrates the intersection and extends in the artificial barrier with a smaller Young’s modulus (28 GPa), the fracture width will increase slightly due to the sudden increase in the amount of leak−off when the fracture penetrates the dividing line between the artificial barrier and the interlayer, which leads to a slight increase in the fracture width and also an increase in the fracture height. Figure 9 shows the variation curve of pore pressure at the injection point with the injection time during the fracturing process, and the pore pressure variation when the fracture expands to the artificial barrier area is labeled. From Figure 9, it can be seen that the pore pressure at the injection point decreases slightly with the increase in Young’s modulus of the artificial barrier; the higher the pore pressure at the injection point, the greater the impediment to fracture extension. This indicates that the small Young’s modulus of the artificial barrier does have a hindering inhibiting effect on the vertical propagation of the fracture.



Figure 10 shows the stress distribution clouds of the fractured reservoir under different Young’s modulus conditions of the artificial barrier. It can be seen from the figure that the stress concentration area of the fracture changes with the increase in Young’s modulus, which is due to the different Young’s modulus of the artificial barrier, resulting in different fracture morphology. The larger Young’s modulus is the more unfavorable to control the fracture height.



Figure 11 shows the pore pressure distribution clouds of the reservoir after fracturing under different Young’s modulus conditions of the artificial barrier, from which it can be seen that: the reservoir pore pressure increases with the increase of Young’s modulus; the pore pressure shows a concentration phenomenon after fracturing; and a higher stress concentration zone is formed around the fracture.




3.2. Leak-Off Coefficient


The size of the formation permeability is an important factor affecting fracture expansion, with low permeability reservoirs prone to fractures of a smaller horizontal extent and larger width, and the opposite for high permeability reservoirs [43]. The values of other calculated parameters are shown in Table 3. Since the fracture is extended on the preplaced cohesive cell, the fluid normal leak-off coefficient for the cohesive cell pore material defines the pressure-flux relationship between the intermediate nodes of the bonded cell and their adjacent surface nodes, and thus this coefficient can be interpreted as the cohesive bonded cell surface permeability of a finite material layer. Changing the leak-off coefficient of artificial barrier (1 × 10−7, 1 × 10−10, 1 × 10−13, 1 × 10−16) and studying the effect of the change in permeability of the artificial barrier on the fracture height, Figure 12 shows the graphs of the fracture width and half-slit height under different leak-off coefficients. With the decrease in the permeability of the artificial barrier, the morphology of the fracture changes greatly, and the change in fracture width direction is not significant. However, the control of permeability on the direction of fracture height of the fractured fracture is more obvious, in which the change in fracture height under the condition of maximum and minimum leak-off coefficient reaches about 10 m. When the leak-off coefficient of the artificial barrier is 1 × 10−16, the half fracture height is 16 m, when the leak-off coefficient increases to 1 × 10−7, the half fracture height increases by 10 m, but the width of the fracture decreases by about 0.2 m. This shows that the artificial barrier with low leak-off coefficient has significant control on the fracture height. Therefore, the placement of the artificial barrier with good sealing properties and a low leak-off coefficient is an important technical means to effectively control the fracture height.



Figure 13 shows the pore pressure distribution clouds of the fracture after fracturing under different leak-off coefficients, from which it can be seen that the formation pore pressure increases slightly with the decrease in the leak-off coefficient of the artificial barrier. When the leak-off coefficient is 1 × 10−7 and 1 × 10−10, the height of the fracture is smaller, but the fracture extension height above the injection point is greater than that of the leak-off coefficient of 1 × 10−13 and 1 × 10−16. The analysis suggests that because the total amount of fracturing fluid pumped remains unchanged, more fracturing fluid is transported to the lower end of the fracture due to the decrease in the leak-off coefficient of the artificial barrier, and the pore pressure at the lower end of the fracture is greater (c, d), thus achieving the purpose of controlling the upward expansion of the fracture.




3.3. Pumping Rate


In this section, the effect of different pumping rates on the fracture height extension in the presence of artificial barrier conditions is investigated. Since the model is plane strain, the pumping rates in this model are discounted accordingly to the field discharge, and five gradients are set: 0.04, 0.08, 0.1, 0.12, and 0.14 m3/s. Other parameters of the stratum are shown in Table 4, and the fracture morphology calculated by a numerical simulation is shown in Figure 14. With the increase in pumping rate, the fracture width and fracture height increase, and when the displacement increases from 0.12 m3/s to 0.14 m3/s, the extension in the fracture height direction is not obvious, and the fracture width continues to increase. The reason is that at this time, the factors affecting the fracture height are not only the size of pumping volume, but also the Young’s modulus and permeability of the artificial barrier.



Figure 15 shows the cloud plot of pore pressure distribution after fracturing under a different pumping rate. From the figure, it can be seen that the forming pore pressure increases with the increase in pumping rate, indicating that the displacement increases and the fracturing fluid leak−off loss also increases, while the pore pressure results in the pressure concentration phenomenon after fracturing, forming a high stress concentration zone around the fracture. When the pumping displacement is 0.04 m3/s, the lower end of the fracture is not enough to extend to the lower reservoir, and a high pore pressure concentration is formed at the lower end of the fracture.



Through the sensitivity analysis of the effects of the above three different parameters on the fracture morphology, the effects of Young’s modulus and the permeability of the artificial barrier on the fracture height were clarified, and the effects of pumping rates on the fracture propagation under the artificial barrier conditions were investigated. However, there are still some parts of this study that need to be improved. The three-dimensional numerical calculation model used in this study is homogeneous material and does not consider the effect of natural fractures and stratigraphic bedding on fracture morphology [44]. It should also be noted that the numerical simulation results of this study cannot be verified in the laboratory experiment. We will continue to refine this three-dimensional numerical model and add more different parameters to study the artificial barrier control fracture height technique, combined with microseismic monitoring techniques to verify the simulation results of this study.





4. Conclusions


In this study, a three-dimensional numerical calculation model of fracture propagation based on the bilinear traction-separation criterion is established, which considers the relationship between the mutual constraints and effects of fluid seepage and rock deformation. The effects of Young’s modulus, leak-off coefficient of the artificial barrier and pumping rate on fracture morphology are studied, and the following conclusions are drawn. The Young’s modulus of the artificial barrier has a significant effect on fracture morphology. Overall, the smaller the Young’s modulus of the artificial barrier, the smaller the fracture height formed by the fracturing construction, while the fracture width size does not vary much. When the Young’s modulus of the artificial barrier is 36 GPa, the half fracture height decreases by 4 m compared with the case without an artificial barrier. Similarly, the leak-off coefficient of the artificial barrier has great influence on fracture height, but has little influence on fracture width. When the leak-off coefficient decreases from 1 × 10−7 to 1 × 10−16, the half fracture height decreases by 10 m. The pore pressure cloud diagram shows that the artificial barrier with small leak-off coefficient can effectively organize the pressure in the fracture to transfer to the fracture end, so as to achieve the purpose of controlling the fracture height. The effect of pumping rates on fracture width and height are both more significant, which is different from the first two factors. With the increase in pumping rates, the height and width of the fracture increases. When the pumping rates increase from 0.04 m3/s to 0.12 m3/s, the half fracture height increases by 8 m, and when the pumping rate is 0.14 m3/s, the fracture height does not change much compared with 0.12 m3/s. In a subsequent study, we will continue to refine this three-dimensional numerical model to simulate the effects of other different properties of the artificial barrier on the fracture morphology and investigate the mechanism of the artificial barrier to control the fracture height. It will also be combined with field tests, such as using microseismic monitoring technology to verify the feasibility of artificial barrier control fracture height technology, and investigate the impact of artificial barriers formed by different types of diverting agents on oil and gas production.
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Figure 1. The fluid flow schematic within a damaged unit. 
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Figure 2. Bilinear traction-separation curve. 
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Figure 3. Fracture propagation in the cohesive unit. 






Figure 3. Fracture propagation in the cohesive unit.



[image: Processes 11 00310 g003]







[image: Processes 11 00310 g004 550] 





Figure 4. Fracture wall stress distribution. 
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Figure 5. Three-dimensional numerical calculation model. 
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Figure 6. Numerical calculation model (a): xoy profile chart, (b): yoz profile chart. 
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Figure 7. Workflow of this study. 
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Figure 8. Fracture morphology at different Young’s modulus of artificial barrier. 
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Figure 9. Pore pressure at injection point with different Young’s modulus. 
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Figure 10. Stress distribution cloud after fracturing under different Young’s modulus conditions: (a) 28 GPa, (b) 32 GPa, (c) 34 GPa, (d) 36 GPa. 
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Figure 11. Pore pressure distribution cloud after fracturing under different Young’s modulus conditions: (a) 28 GPa, (b) 32 GPa, (c) 34 GPa, (d) 36 GPa. 






Figure 11. Pore pressure distribution cloud after fracturing under different Young’s modulus conditions: (a) 28 GPa, (b) 32 GPa, (c) 34 GPa, (d) 36 GPa.



[image: Processes 11 00310 g011]







[image: Processes 11 00310 g012 550] 





Figure 12. Fracture morphology at different leak-off coefficient of artificial barrier. 
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Figure 13. Pore pressure distribution cloud after fracturing under different leak-off coefficient conditions: (a) 1 × 10−7, (b) 1 × 10−10, (c) 1 × 10−13, (d) 1 × 10−16. 
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Figure 14. Fracture morphology under different pumping rate. 
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Figure 15. Pore pressure distribution cloud after fracturing under different pumping rate: (a) 0.04 m3/s, (b) 0.08 m3/s, (c) 0.1 m3/s, (d) 0.12 m3/s. 
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Table 1. The rock mechanics parameters of the stratum.
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	Parameters
	Units
	Value of Reservoir Rock
	Value of Interlayer





	Young’s modulus
	GPa
	30
	28



	Poisson’s ratio
	/
	0.25
	0.3



	Leak-off coefficient
	m/(Pa·s)
	1 × 10−7
	1 × 10−8



	Sy
	MPa
	32
	32



	Sx
	MPa
	25
	25



	Sz
	MPa
	30
	30
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Table 2. The rock mechanics parameters of the stratum.
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	Parameters
	Units
	Value of Reservoir Rock
	Value of Interlayer
	Value of Artificial Barrier





	Young’s modulus
	GPa
	30
	28
	28~36



	Poisson’s ratio
	/
	0.25
	0.3
	0.3



	Leak-off coefficient
	m/(Pa·s)
	1 × 10−7
	1 × 10−8
	1 × 10−10



	Sy
	MPa
	32
	32
	32



	Sx
	MPa
	25
	25
	28



	Sz
	MPa
	30
	30
	36
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Table 3. The rock mechanics parameters of the stratum.
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	Parameters
	Units
	Value of Reservoir Rock
	Value of Interlayer
	Value of Artificial Barrier





	Young’s modulus
	GPa
	30
	28
	26



	Poisson’s ratio
	/
	0.25
	0.3
	0.3



	Leak-off coefficient
	m/(Pa·s)
	1 × 10−7
	1 × 10−8
	1 × 10−16~−7



	Sy
	MPa
	32
	32
	32



	Sx
	MPa
	25
	25
	28



	Sz
	MPa
	30
	30
	36
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Table 4. The rock mechanics parameters of the stratum.
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	Parameters
	Units
	Value of Reservoir Rock
	Value of Interlayer
	Value of Artificial Barrier





	Young’s modulus
	GPa
	30
	28
	26



	Poisson’s ratio
	/
	0.25
	0.3
	0.3



	Leak-off coefficient
	m/(Pa·s)
	1 × 10−7
	1 × 10−8
	1 × 10−10



	Sy
	MPa
	32
	32
	32



	Sx
	MPa
	25
	25
	28



	Sz
	MPa
	30
	30
	36
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