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Abstract: The existence of high-density bedding planes is a typical characteristic of shale oil reservoirs. Understanding the behavior of hydraulic fracturing in high-density laminated rocks is significant for promoting shale oil production. In this study, a hydraulic fracturing model considering tensile failure and frictional slip of the bedding planes is established within the framework of the unified pipe-interface element method (UP-IEM). The model developed for simulating the interaction between the hydraulic fracture and the bedding plane is validated by comparison with experimental results. The hydraulic fracturing patterns in sealed and unsealed bedding planes are compared. Additionally, the effects of differential stress, bedding plane permeability, spacing, and the friction coefficient of the bedding plane are investigated. The results showed that a single main fracture crossing the bedding planes is more likely to form in sealed bedding planes under high differential stress. The decrease in bedding plane permeability and the increase in the friction coefficient also promote the fracture propagating perpendicular to the bedding planes. Shale with high-density bedding planes has a poorer fracturing effect than that with low-density bedding planes, as the hydraulic fracture is prone to initiate and propagate along the bedding planes. Moreover, higher injection pressure is needed to maintain fracture propagation along the bedding. An increase in bedding density will lead to a smaller fracturing area. Fracturing fluid seepage into the bedding planes slows shale fracturing. It is recommended that increasing the injection flow rate, selecting alternative fracturing fluids, and employing multi-well/multi-cluster fracturing may be efficient methods to improve energy production in shale oil reservoirs.
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Nomenclature



	σ′
	Effective stress tensor



	α
	Biot coefficient



	p
	Fluid pressure



	I
	Identity tensor



	ρb
	Body force



	τ
	Medium symbol for rock matrix and fractures/bedding planes



	ρw
	Fluid density



	εvol
	Volumetric strain



	q
	Flux source term



	η
	Fluid viscosity



	k
	Material intrinsic permeability



	S
	Storage coefficient



	∅m
	Rock matrix porosity



	cw
	Fluid compressibility



	cr
	Rock matrix compressibility



	E
	Young’s modulus



	v
	Poisson’s ratio



	w
	Fracture aperture



	wr, w0
	Residual and initial aperture of bedding planes



	Δwdilation
	Dilation induced aperture



	uN, uT
	Normal displacement and shear displacement



	ueq
	Equivalent opening



	u
	Historically maximum equivalent separation



	u0
	Fracture threshold opening



	umax
	The maximum aperture



	td
	Cohesive traction



	t¯
	Equivalent traction



	tNc,tTf
	Normal traction and shear traction



	ft
	Uniaxial tensile stress



	Gf
	Fracture energy



	k0
	Penalty parameters



	Kn, Ks
	Normal stiffness and shear stiffness



	β, κ
	Scaling factor for rock strength and fracture energy



	µ
	Coulomb’s friction coefficient



	ψ
	Dilation angle





1  Introduction

The large consumption of petroleum, natural gas and coal resources makes it essential to explore the new energy. According to the statistics, shale oil has the huge development potential in China with its storage capacity approximately 4.48 × 109 t [1–4]. Shale oil production has become an attractive alternative to conventional petroleum industry. The shale oil formation is typically a sedimentary rock with low porosity, low permeability, and high-density bedding planes [5–8]. Hydraulic fracturing is the most effective technology to stimulate the shale oil production by pumping high-pressure fluid into the formation to increase the permeability of the reservoir rock [9,10]. The permeability could be enhanced by generating new fractures or activating the bedding planes/natural fractures. Investigating the formation mechanism of complexed hydraulic fracture network in high-density laminated shale is essential for fracturing design and production estimation.

Understanding the interaction form between hydraulic fracture and bedding plane is a primary task to control the fracturing scheme. Several dominant modes have been observed in laboratory experiments [11–14], such as the bedding plane preventing the hydraulic fracture further propagation, the hydraulic fracture crossing the discontinuities, and the bedding plane is the main path for fracture propagation. The injection volume and confining stress have obvious effects on the pump pressure and hydraulic fracture path. The combined impact of perforation direction and bedding plane angle on fracture morphology were also discussed [15–17]. It is noted that these experiments are generally conducted by creating a pre-existing bedding plane inside the sample or obtaining the outcrop sample directly from the gas and oil reservoir. Although laboratory experiments can provide insights into hydraulic fracture propagation, they are usually limited to small scales, and it is difficult to quantify the effect of bedding plane characteristics.

Numerical simulation serves as an effective tool for studying the evolution of hydraulic fracture propagation and has achieved notable progress. Various continuum-based and discontinuum-based numerical methods were developed to analyze the crack propagation path when the pre-existing fracture exists in the rock. These methods include the extended finite element method [18–21], the phase field method [22,23], the discrete element method [24–27], the 3D lattice method [28–31], peridynamics [32,33] and the hybrid finite-discrete element method [34,35]. Using these methods, researchers have discussed the influence of stress regime, fracturing fluid viscosity, bedding dip, and the approach angle of the hydraulic fracture to the pre-existing discontinuity. Furthermore, criteria for the judgement of fracture propagation path (cross, arrest, open) have been proposed. Wu et al. [36] discovered that the slip properties and the bedding intrinsic permeability can also determine the fracturing characteristics. Zheng et al. [37] discussed the hydraulic fracture crossing ability considering the influence of injection scheme and injection parameters, as well as established the evaluation standard for the hydraulic fracture penetration. Ma et al. [38] coupled the cohesive zone model in the framework of the extended finite element method to consider the elastic-plastic damage of rock and further proposed the major control factors for larger fracturing area in the rocks with different lithological combinations. Xie et al. [39] constructed a 3D hydro-mechanical coupled model in layered rock and found that the shear displacement of the bedding planes affecting the hydraulic fracture width.

Most previous research considered only the existence of a single bedding plane or two parallel bedding planes opposite the wellbore and assumed the bedding planes were sealed under the in-situ stress regime. However, in shale oil reservoirs, bedding planes are generally developed with lamina thicknesses ranging from 0.01 to 1 m [40–42]. Based on the geological survey data in Gulong Shale Oilfield, China, Meng et al. [43] also observed that the density of the horizontal bedding seams may varies from several hundred per meters to several thousands per meter. The fluid flow, rock matrix properties, and continuous-discontinuous mechanical response are significantly affected by the existence of these weak discontinuities. Considering the high-density bedding planes, Yin et al. [44] established a 100 mm × 100 mm layered rock model with a bedding plane spacing of 2.5 mm in 2D Particle Flow Code (PFC2D). They analyzed the distribution of fracturing induced tensile and shear failures of the layered rock and investigated the crack propagation path for a multi-cluster horizontal well. Although these results reflect that the interbedding fracture interaction leads to a complex fracture network, few researchers have discussed the influence of different structural, hydro, and mechanical features of high-density bedding planes on hydraulic fracturing and interaction modes.

In this study, we developed a hydraulic fracturing model in high-density laminated rocks within the framework of the unified pipe-interface element method (UP-IEM). The UP-IEM considers that fluid flow and fractures propagate along 1D pipes. The hydraulic fracture propagation, branching and coalesce are tracked base on the cohesive zone theory, while the tensile and shear failures of the bedding plane are governed by the classical Coulomb’s friction law. This hydro-mechanical model could provide a guidance for hydraulic fracture initiation and propagation in high-density bedding plane. The main structure of this paper is as follows: Section 2 describes the mathematical model and numerical method for hydraulic fracturing in laminated rocks. In Section 3, the numerical results of hydraulic fracture-bedding plane interactions are verified by a laboratory experiment in previous published paper. Section 4 presents a sensitivity analysis to better understand the hydraulic fracturing behavior in high-density bedding planes. Section 5 summarizes the concluding remarks and provides directions for future research.

2  Mathematical Model and Numerical Method

2.1 Hydro-Mechanical Coupled Model

The governing equation for the mechanical equilibrium of the fractured rock is expressed based on the porelastic theory as follows:

∇.(σ′+αpI)+ρb=0(1)

where σ′ is the effective stress tensor; α is the Biot coefficient; p is the fluid pressure; I is the identity tensor; ρb is the body force. The tensile stress in the rock matrix and the fluid pressure are both defined as positive value in the current model.

The fluid flow in rock matrix, hydraulic fractures, and bedding planes is written based on Darcy’s law, and the mass conservation equation is expressed as:

ρwSτ∂p∂t+αρw∂εvol∂t+∇.(−ρwkτη∇p)=ρwq(2)

where ρw presents fluid density; τ is a symbol representing the hydraulic fractures/bedding planes (τ=f) and rock matrix (τ=m); εvol denotes volumetric strain; η is fracturing fluid viscosity; k represents the medium permeability, where the hydraulic fracture permeability and bedding plane permeability is calculated according to the fracture/bedding plane aperture (w) as kf=w2/12; q is the source term and S is the storage coefficient estimated as [45]:

Sm=ϕmcw+(1−α)(α−ϕm)cr(3)

Sf=cw+1Knw(4)

in which ϕm is porosity of rock matrix; cw is fluid compressibility; cr=3(1−2v)/E is rock matrix compressibility, and E is Young’s modulus and v is Poisson’s ratio of the rock matrix; Kn represents the normal stiffness of bedding planes.

2.2 Cohesive Zone Model and Frictional Slip Model

The key to hydraulic fracturing modeling in layered rock lies in capturing the crack initiation, propagation, branch and coalesce, as well as calculating the tensile failure and frictional slip of bedding planes. Zero-thickness cohesive elements proposed by Barenblatt [46] are generated between the matrix triangular elements to represent the hydraulic fractures and bedding planes. The crack path is determined using pre-defined cohesive interface elements. As shown in Fig. 1, the cohesive traction of the hydraulic fracture is determined by the interface separation by following a linear softening law [47]:

td=t¯u(uN+β2κuT)(5)

with

ueq=uN2+β2κ2uT2(6)

t¯={L1(ueq)=k0ueq,for loading ueq≤u0L2(ueq)=ftuc−uequc−u0,for loading ueq≥u0L3(ueq)=tmaxumaxueq,for unloading/reloading(7)

where td is traction of the cohesive interface; t¯ is equivalent traction; u is the maximum historical interface opening; ueq is equivalent opening; uN is interface normal displacement and uT is interface shear displacement; β denotes the ratio between the tensile stress and shear stress; κ represents the fracture energy ratio in Mode I and Mode II; As shown in Fig. 1, ft is the uniaxial tensile stress; k0 as the penalty parameters is generally chosen to be a high value to enforce the convergence of the numerical simulation and the accuracy of the modeling results [48]; u0=ft/k0 is fracture threshold opening, which means when the fracture opening is less than u0, the fracture experiences an elastic deformation; when the displacement is more than the ultimate opening (uc=u0+2Gf/ft), the interface is totally damaged with zero cohesion; Gf is fracture energy in Mode I; umax is the is the maximum separation during the loading/unloading processes. umax should be recalculated after each hydro-mechanical coupling for the condition umax>u0 and tmax=L2(umax).
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Figure 1: Linear softening law for cohesive zero-thickness interface element

The frictional slip behavior of the bedding planes under normal compressive loading is controlled by classical Coulomb’s friction law as given in [49]:

f=‖tTf‖−|μ.tNc|{=0,slipping<0,sticking(8)

where tNc and tTf is the normal and shear traction, respectively; μ is the interface friction coefficient. When the normal displacement of the interface is larger than zero, the interface is totally damaged, and the traction is zero. If the bedding planes is under the compressive load, the compressive traction is a positive value. The normal traction of the bedding interface can be calculated based on the Karush-Kuhn-Tucker law [49]:

uN≥0,tNc≤0,uN.tNc=0(9)

Before the sliding of the interface element, the shear traction is tTf=KsuT with Ks representing the shear stiffness. Once the shear resistance reaches a given peak value, a nonlinear relationship is used to express the variation of the shear strength. The judgment law for the stick-slip condition of the bedding planes can be rewritten as:

λ˙≥0,f≤0,λ˙ . f=0(10)

in which λ˙ is frictional slip multiplier, representing the shear plastic strain increment of the bedding planes (γ˙slip=λ˙tTf/‖tTf‖). Slip occurs when the shear stress and frictional slip multiplier satisfying f=0 and λ˙>0, as well as the stick condition is associated with f<0 and λ˙=0.

2.3 Aperture Variation

As indicated in Eq. (2), the permeability of the discontinuous surface (hydraulic fractures and bedding planes) is related to the hydraulic aperture. The generation of hydraulic fractures is considered as tensile failure, thus, the aperture of the hydraulic fracture is equal to the positive normal displacement jump across the damaged interface elements [48]:

whydraulic=uN(11)

For the bedding planes under normal compressive loading, the aperture variation of bedding planes is calculated based on the bedding normal and shear deformation. Fang et al. [50] also proposed that the natural fracture permeability depends on the slip rate and surface asperities. Therefore, the total aperture for bedding planes is expressed as [51,52]:

wbedding=wr+(w0−wr)exp⁡(−ξtNc)+Δwdilation(12)

Δwdilation=ΔuTtan⁡φ(13)

where wr is residual aperture; w0 is initial aperture under zero stress; ξ is tstress-aperture correlation coefficient that equals to 1/[Kn(w0−wr)] and φ is dilation angle. It is noted that the dilation-induced aperture is only considered in contact conditions. Once the bedding planes suffer tensile failure, the aperture is calculated as follows:

wbedding=w0+uN(14)

2.4 The Basic Theory of UP-IEM

UP-IEM simplifies the hydraulic fracturing in inherently laminated rocks in a 2D domain into a 1D problem. As shown in Fig. 2, the intrinsic hydraulic properties of the rock matrix are assigned to the 1D pipes based on the discretization the finite volume theory, in which the pipes are the edges the triangular elements. The bedding planes share the same edge with the triangular elements and are established using zero-thickness interface elements. In addition, the interface elements are generated in the whole domain to model the bedding planes and possible hydraulic fractures by assigning different mechanical properties. For fluid flow, the detailed pipe equivalent coefficients were explained by Yan et al. [53]. This conceptualization is based on precise geometry and material information of the fracture network and rock matrix rather than simplified flow channels. The crack initiation and propagation are controlled by cohesive zone model. In UP-IEM, the unified pipe network method (UPM) and the interface element (IE) are coupled to solve the hydro-mechanical coupled fracture propagation problem. UP-IEM solves hydraulic fracturing in a partitioned coupling way by a semi-explicit integration scheme. The fluid is considered an external force on the mechanical elements to calculate the effective stress. The fluid pressure and mechanical displacement are calculated respectively using UPM and FEM.

[image: images]

Figure 2: Conception graph of 1D flow pipes in layered rock

3  Model Validation

UP-IEM has a unique advantage in simulating multi-field coupling and crack propagation in porous fractured medium [53–55]. This section aims to validate the accuracy and reliability of this method in modeling the interaction form of hydraulic fracture and single bedding. The numerical results are compared with experimental results published in [11]. As shown in Fig. 3, the size of the hydro stone sample is 300 mm × 300 mm with a pre-existing bedding plane oriented at 60° (tests named as CT4, CT8, and CT21). The fracturing fluid is injected into the block-shaped specimen along the perforation under a constant flow rate Q = 8.2 × 10−7 m3/s. The material parameters are the following: Young’s modulus is 10 GPa, Poisson’s ratio is 0.2, initial porosity is 0.22, intrinsic permeability is 1 × 10−17 m2, the tensile strength is 3.1 MPa, the fracture energy is 100 N/m, the fluid viscosity is 0.001 Pa.s. The friction coefficient of the bedding plane is 0.7 and the bedding plane is regarded as non-cohesive. The hydro stone sample is a kind of quasi-brittle materials, thus the scaling parameter β and κ is defined to be 1.0 [56,57]. When the penalty parameters k0=1000E, the results will be more reliable [58]. To ensure the bedding planes are more prone to be damaged than the rock matrix, the stiffness of the bedding plane is Kn=k0/10 [59].

[image: images]

Figure 3: Numerical test schematic model plotted according to experiments of Blanton [11]

Fig. 4 presents the experimental results observed in Blanton’s tests on hydrostone. For experimental tests, CT4, CT8, and CT21 differ in the amount of applied differential stress. They were chosen because they reproduced three types of interactions: crossing, arrest, and opening (see Fig. 4). In the case of CT4, the maximum horizontal stress is 12 MPa and the minimum horizontal stress is 10 MPa, respectively. Fig. 5a shows that the lower part of the bedding plane opens and even propagates because the fluid pressure is greater than the normal compressive (closing) load acting on the bedding plane. However, the upper part of the bedding plane remains partially closed. In the case of CT21, the maximum horizontal stress is 14 MPa and the minimum horizontal stress is 5 MPa, respectively. As observed in Fig. 5b, the fracturing fluid penetrates into the bedding plane due to slippage, and then the hydraulic fracture was arrested. In the case of CT8, the maximum horizontal stress is 20 MPa and the minimum horizontal stress is 5 MPa, respectively. As shown in Fig. 5c, the hydraulic fracture crosses the bedding plane because the bedding plane always keeps a closed situation under the action of high horizontal stress. These observations demonstrate that the numerical results are in good agreement with the laboratory tests. The fluid flow patterns accurately describe the hydraulic fracture propagation path.

[image: images]

Figure 4: Interaction form of hydraulic fracture and bedding plane observed for different combinations of differential stress and approach angle, plotted according to experimental results of Blanton [11]
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Figure 5: Interaction between hydraulic fracture (HF) and single bedding plane (BP): fluid pressure distribution and fracture propagation path for the case CT4, CT21 and CT8

4  Numerical Results and Analysis

4.1 Model Setup

Generally, the bedding planes develop well in shale oil, and the thickness of the lamina ranges from millimeters to meters (see Fig. 6a). In this study, a numerical model with dimensions of 1 m × 1 m considering high-density bedding planes is established, as shown in Fig. 7. The spacing of the bedding planes is 10 mm. The vertical displacements are fixed on the bottom edges. The horizontal stress (σh) and vertical stress (σv) are loaded on the lateral and top edges, respectively. All four edges of the model are regarded as impermeable boundaries with no flow. The fracturing fluid is injected into the layered shale under a constant flow rate. The injection wellbore is simulated as a point in the middle of the domain considering its relatively small size. The material parameters of the rock matrix, bedding planes and fracturing fluid are given in Table 1. As shown in Fig. 6b, the bedding plane surface is rough, and the bedding planes are unsealed, so the mechanical aperture and shearing dilation induced aperture of the bedding planes cannot be ignored. The dilation angle is defined as 5° [60]. In the current simulation, interface elements are inserted throughout the model domain. Additionally, the cohesive zone model is assigned to all interface elements except for those representing the bedding planes.

[image: images]

Figure 6: Structural characteristics of shale specimen: (a) thick black shale with beddings replotted according to the sample in [3]; (b) and (c) rough surface of the bedding plane replotted according to the scanning results in [61]
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Figure 7: Diagram of a numerical model for hydraulic fracturing in shale with high-density bedding planes

[image: images]

4.2 Effect of Differential Stress

For shale reservoirs with different stress regimes, timing, burial depths, and genetic mechanisms, the bedding planes may present as sealed or unsealed. Previous studies mostly assume the bedding planes are sealed and neglect the initial opening, as shown in Fig. 6. In this section, two sets of cases are conducted to compare hydraulic fracturing behavior in sealed and unsealed bedding planes. The vertical stress is 10 MPa, and the horizontal stresses are 4, 6, 8, and 10 MPa, respectively. Unlike the unsealed bedding planes acting as a fluid flow path, sealed bedding planes no longer provide seepage channel [62]. Nevertheless, the mechanical strength of these two kinds of interface is both weaker than the rock matrix, causing the bedding planes easier to be reactivated and further influencing the formation of hydraulic fracture networks.

Fig. 8 shows the pore pressure distribution for unsealed and sealed bedding planes under different stress regime. It is observed that a single main hydraulic fracture forms more easily under high differential stress. However, influenced by the initial opening of the unsealed bedding planes, the injection fluid tends to penetrate to theses discontinuities, inducing tensile failure or frictional slip and generating a larger fracturing area. A notable difference in the hydraulic fracturing path is observed when the differential stress is 2 MPa. Hydraulic fracture propagates toward the vertical stress direction and crosses the sealed bedding planes. In contrast, three layers of unsealed bedding planes are activated, and their opening increases with continuous fluid injection. When the horizontal stress equals to the vertical stress, the hydraulic fracture initiates and propagates along the bedding planes. Fig. 8 indicates the increased stress difference results in a greater resistance of bedding planes to hydraulic fracturing. Fig. 9 presents the variation in injection pressure. The crack initiation pressure, which is the maximum pressure required to fracture the rock, increases with the increasing horizontal stress. A pressure drop occurs after the rock fractures. It is noted from Figs. 8a and 8b that the injection pressure is almost the same when only one single fracture is formed. However, a larger injection pressure is needed after the crack initiation to keep the bedding planes open under the influence of a larger horizontal stress. For the same horizontal stress and vertical stress, although the hydraulic fracture propagates along the bedding planes in both cases, the existence of the initial opening facilitates the flow and causes a lower injection pressure.

[image: images]
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Figure 8: Pore pressure distribution for unsealed and sealed bedding planes under different in-situ stress

[image: images]

Figure 9: Injection pressure for unsealed and sealed bedding planes under different in-situ stress

4.3 Effect of Bedding Planes Permeability

As described in the previous section, the hydraulic fracture propagation behavior is influenced by the seal characteristics of the bedding planes to a certain extent. Figs. 6b and 6c also show that the geometry of the bedding planes, which affects their permeability, varies significantly. This permeability influences the fluid flow process. Considering the unsealed bedding planes, the aim of this section is to investigate the effect of bedding plane permeability on the hydraulic fracturing pattern, fluid flow pattern, and injection pressure. As stated in Eq. (2), the permeability is directly connected to the aperture of the bedding planes. Therefore, the residual aperture in this study is selected as 170, 400, 600, and 800 μm, respectively. The vertical stress is 10 MPa, and the differential stress is 4 MPa.

Fig. 10 presents the fluid flow patterns and corresponding crack patterns. When the bedding plane aperture is 170 μm, the hydraulic fracture crosses the bedding plane, forming a single main fracture. The hydraulic fracture pattern resembles that of a rock without a bedding plane. Additionally, as seen in Figs. 10c and 10d, an increase in permeability leads to a smaller fracturing area due to fluid penetration into the bedding planes. The compressive load of the pore pressure on the rock mass skeleton makes the hydraulic fracture crossing the bedding planes difficult. A better hydraulic fracturing effect is achieved when the bedding plane permeability is low. Fracturing fluid seepage into the bedding planes slows shale fracturing. As shown in Fig. 11, a lower permeability corresponds to a higher fracture initiation pressure. This is because that the hydraulic fracture tends to cross the low-permeable bedding plane, and a higher injection pressure is necessary to break the host rock than to induce the failure of the bedding planes. However, it is interesting to note that the continuous injection pressure for high-permeable bedding planes is larger than that for low-permeable bedding planes. When the bedding plane aperture is 400, 600, and 800 μm, the injection pressure required to open the bedding planes still exceeds the vertical stress.

[image: images]

Figure 10: Effect of bedding plane permeability: Pore pressure distribution

[image: images]

Figure 11: Effect of bedding plane permeability: Injection pressure

4.4 Effect of Bedding Plane Spacing

Previous research has shown that the thickness of bedding planes in typical shale oil reservoirs ranges from 0.01 to 1 m. Although discussions have addressed the interaction modes between hydraulic fractures and bedding planes, the influence of bedding plane spacing has generally been overlooked. Therefore, further investigation of this effect is carried out through hydraulic fracturing simulations with bedding plane spacings of 10, 20, 50, and 100 mm. The vertical stress is set at 10 MPa, and the horizontal stress is set at 8 MPa.

Hydraulic fracturing path corresponding to the fluid pressure distribution for different bedding plane spacings are depicted in Fig. 12. It is observed that hydraulic fractures are easily arrested at spacings of 10 and 20 mm, while a fishbone-like fracture pattern with open bedding planes forms at spacings of 50 and 100 mm. It has been determined that hydraulic fractures are more likely to cross bedding planes as their spacing increases. Additionally, the number of bedding plane layers that the hydraulic fracture crosses also increase. Breaking rock containing high-density bedding planes is challenging. The high compressibility of the bedding planes leads to local stress concentrations, requiring higher pump pressures to assist the hydraulic fracture in crossing the bedding planes. As the bedding plane spacing decreases, the effects of interbedding fracture coalescence become more pronounced. Fig. 13 presents the evolution of injection pressure for different bedding plane spacings, noting that once the single main fracture crosses the bedding planes, the required continuous injection pressure decreases. However, higher injection pressure is needed to counteract the confining stress and keep the bedding planes open.

[image: images]

Figure 12: Effect of bedding plane spacing: Pore pressure distribution

[image: images]

Figure 13: Effect of bedding plane spacing: Injection pressure

A serious of additional fracturing analyses with bedding plane apertures of 400 and 800 μm are conducted as the supplement of the above-mentioned models. The fluid pressure distribution and hydraulic fracture patterns are shown in Fig. 14. When the bedding plane aperture is 800 μm, the hydraulic fractures initiate and propagate parallel to the bedding planes in the three cases (Figs. 14d–14f). Consequently, for high-density and high-permeable bedding planes, the hydraulic fracture is more likely to be arrested and develops along the bedding plane direction.

[image: images]

Figure 14: Pore pressure distribution for different bedding plane spacing and bedding plane permeability

4.5 Effect of Friction Coefficient

Fluid injection-induced bedding plane slipping and opening can significantly affect the permeability of the bedding planes and the redistribution of local stress. Moreover, activation occurrence depends strongly on the frictional characteristics of the bedding planes, as the friction coefficient influences their shear capacity and, thus, the interaction between hydraulic fractures and bedding planes. In this comparative analysis, the vertical stress is 10 MPa, and the horizontal stress is 6 MPa. The friction coefficients are defined as 0.1, 0.3, 0.6, and 0.9, respectively.

Fig. 15 shows that the hydraulically-induced fracture tends to cross the bedding planes for larger friction coefficients, and the bedding planes behave more similarly to cemented bedding planes. A high friction coefficient allows the bedding planes to support substantial shear stresses, transferring loads across the crack faces, enabling the hydraulic fracture to cross the discontinuities and continue to propagate. Conversely, with low friction coefficients, tensile failure and shear slippage of the bedding planes are more likely to occur, and the fluid-induced fracture is then arrested. The fracture-induced stresses are not transmitted to the other side of the bedding plane. The decline in the friction coefficient is not conducive to generating the main penetrating hydraulic fracture. As observed in Fig. 16, the injection pressure before the fracture initiation pressure point remains similar for all cases. After this point, the injection pressure exhibits the analogous trend, dropping noticeably when the friction coefficient is large. However, the injection pressure required to keep the bedding planes open increases as the friction coefficient decreases.
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Figure 15: Effect of friction coefficient: Pore pressure distribution
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Figure 16: Effect of friction coefficient: Injection pressure

4.6 Effect of Injection Flowrate

According to the above-mentioned results, it has been found that high-density bedding planes negatively affect hydraulic fracturing compared to intact rock and low-density bedding planes under the same material parameters and injection scheme. In order to address whether increasing the injection flow rate can effectively improve hydraulic fracturing, the chosen injection flow rates are 100, 200, 400, and 600 mm3/s. The vertical stress is maintained at 10 MPa, and the horizontal stress is fixed at 6 MPa. Other parameters remain as listed in Table 1.

Fig. 17 provides four representative cases of hydraulic fracturing at different injection flow rates. At a flow rate of 100 mm3/s, the hydraulic fracture will be arrested at the bedding planes. However, increasing the injection flow rate promotes hydraulic fracture propagation perpendicular to the bedding planes toward the vertical stress direction. When the flow rate is sufficient, the main fracture crosses the bedding planes with the bedding planes opened. Consequently, increasing the injection flow rate can be regarded as an efficient method to enhance energy production in shale oil reservoirs with high-density bedding planes.

[image: images]

Figure 17: Effect of injection flow rate: Pore pressure distribution

5  Conclusions

This study develops hydraulic fracturing model in high-density layered shale in the framework of UP-IEM. This model could effectively solve fluid flow in the porous fractured medium and takes into account tensile failure and frictional slip of the bedding planes. The reliability and accuracy of UP-IEM to simulate the interaction mode of hydraulic fracture and bedding plane are validated using experimental results in other published papers. The hydraulic fracturing patterns include three modes in this study: a single main fracture crossing the bedding planes and expanding vertically, crack initiation and development along the surface of the bedding planes, crack expanding vertically and then coalescing with closed or open bedding planes. The hydraulic fracturing behavior in sealed and open bedding planes is investigated. Moreover, the effects of stress regime, bedding plane permeability, spacing, and friction coefficient are discussed.

Compared with the unsealed bedding planes, hydraulic fracture is easier to damage the intact rock and form one crack penetrating through sealed bedding planes under high differential stress. As the same stress regime, the increase in bedding plane permeability promotes hydraulic fracturing development along the bedding planes with a larger injection pressure to keep the bedding planes open. A decline in the friction coefficient is not conducive to generating the main penetrating hydraulic fracture. It is noted that shale with high-density bedding planes has a poor fracturing effect, as the crack is easier to initiate and coalescence with the bedding planes. Additionally, an increase in bedding density results in a smaller fracturing area. Injection fluid seepage into the bedding planes slows down shale fracturing. According to the numerical results, it is recommended that an appropriate fracturing scheme be applied to promote the production of shale oil in the shale reservoir, such as increasing the injection flow rate, choosing alternative fracturing fluids, implementing multi-well fracturing, etc. In future studies, the fracturing effect of alternative fracturing methods will be discussed.
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Table 1: Material properties of the layered shale

Components Parameters Value
Rock matrix Young’s modulus (GPa) 20
Poisson’s ratio (—) 0.22
Biot coefficient (—) 0.5
Initial porosity (—) 0.02
Intrinsic permeability (m?) I x 107"
Fracture energy (N/m) 51
Tensile strength (MPa) 2
Bedding plane Normal stiffness (GPa/m) 200
Shear stiffness (GPa/m) 200
Friction coefficient (—) 0.6
Dilation angle (°) 5
Initial bedding planes aperture (m) 1.7 x 10°¢
Residual bedding planes aperture (m) 1.7 x 1077
Fluid Density (kg/m?) 1000
Viscosity (Pa.s) 0.001
Compressibility (Pa™") 4.5 x 1071
Flowrate (m?/s) 1 x 1077
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