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Abstract: Stress sensitivity is a very important index to understand the seepage characteristics of a reservoir. In this study, dedicated experiments and theoretical arguments based on the visualization of porous media are used to assess the effects of the fracture angle, spacing, and relevant elastic parameters on the principal value of the permeability tensor. The fracture apertures at different angles show different change rates, which influence the relative permeability for different sets of fractures. Furthermore, under the same pressure condition, the fractures with different angles show different degrees of deformation so that the principal value direction of permeability rotates. This phenomenon leads to a variation in the water seepage direction in typical water-injection applications, thereby hindering the expected exploitation effect of the original well network. Overall, the research findings in this paper can be used as guidance to improve the effectiveness of water injection exploitation in the oil field industry.
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1  Introduction

The study on reservoir stress sensitivity has a long history. As early as 1957, Geertsma [1] defined the coefficient of volume compressibility of rock, which can quantitatively characterize the relationship between the changes of pore volume and pore fluid pressure. In 1993, Hubert et al. [2], according to the actual data on reservoir production, explained the anisotropic permeability and nonlinear deformation characteristics of fractures and their effects on production capacity. Regarding the characterization of stress-sensitive permeability of fractures, some scholars (Louis (1969), Snow (1969), Jones (1975), Gangi (1978), McKee et al. (1988)) put forward various empirical models [3–13]. However, in these models, the influence of fracture directivity on stress sensitivity characteristics was not taken into account.

Numerous researchers have studied the stress sensitivity characteristics of fractured reservoirs of different lithologies from different perspectives [14–38]. In 2000, Jiang et al. [14] studied the laws on the changes of hydraulic aperture and permeability with effective stress. In 2002, Qin [15], by analyzing the variation characteristics of rock permeability with the change of confining pressure, proposed using a linear combination of an exponential function to characterize the relation between confining pressure and permeability. Through experimental research, Wang et al. [16] pointed out that the deformation of the rock with pressure is very obvious when the permeability was less than 1 × 10−3 μm2, and thus a very significant fluid-solid coupling effect was generated. Liu et al. [17] found that the permeability and shear stress showed a linear relationship and that the permeability of fracture would decrease with the increase of shear load before shear action. In 2004, Zhang et al. [18] selected matrix rocks and fractured rock samples from three different layers in the Ordos Basin to conduct stress sensitivity tests. They found that matrix rocks with a higher content of rock debris between different layers showed strong deformation, while deformation of fractured rock in the same layer was greater than that of pure matrix rock samples. In 2005, Yang et al. [19] tested the stress sensitivity characteristics in the laboratory of rock samples taken from the Kela-2 gas reservoir and fitted the expression to a power function for permeability and stress. In 2006, Liang et al. [20] established a calculation model for meso-elastoplastic fracture surface deformation based on the B&S (Brown & Scholz) rough surface contact theory and found that a larger the fracture aperture typically was associated with a higher the stress sensitivity of fractured reservoirs. In 2007, Dai et al. [21] established the rock fracture judging criteria applicable to low-permeability sandstone reservoirs. The Griffith criterion was applied to tension fractures and the Mohr-Coulomb criterion was used for shear fractures. Yu et al. [22] proposed a stress sensitivity evaluation method with effective stress as the starting point. In 2008, Sun et al. [23] introduced permeability modulus to analyze the stress sensitivity characteristics of rock. Luo et al. [24], based on analyzing a large amount of experimental data, defined a new stress sensitivity evaluation index, which can easily characterize the variation between arbitrary initial permeability and the effective overburden pressure. In 2010, Du et al. [25], using the low-permeability reservoir in the Jiyuan Oilfield, conducted stress sensitivity tests on base-block rock samples and rock samples with artificially-formed fractures, and analyzed the dominant factor through experimental results. Ji et al. [26], based on the principle of micro-fracture formation, the relationship between stress and rock failure under the simultaneous action of triaxial compressive stress and tensile stress is studied. They proposed a calculation model, which can calculate parameters including fracture density, fracture aperture, fracture porosity, and fracture permeability. The directionality of vector parameters can be reflected in calculating the permeability. Zhu et al. [27] obtained the relationship between dynamic permeability and effective confining pressure through experiments, and established a two-dimensional gas-water dual-phase numerical model with artificial fractures for predicting coalbed methane production, which considers permeability changes. In 2011, Feng et al. [28], through physical simulation and theoretical derivation, established a mathematical model that included parameters such as the stress-strain relationship, fracture aperture, and fracture density. This model can quantitatively calculate the relationships among the stress field, energy, and fracture parameters. Chen et al. [29] summarized the progress in research on the experimental methods of stress sensitivity in low permeability reservoirs, fluid-solid coupling model considering pressure sensitivity, and the related deliverability equation. In 2013, Zhao et al. [30] studied the pressure sensitivity characteristics of fractured rock samples in a pure matrix, unfilling fracture, semi-filling fracture, and full-filling fracture states using the gas measurement method. In 2014, Wang et al. [31], with Keshen Gas Field taken as the background reservoir, based on the numerical method, the stress sensitive deformation law and the sensitive factors of the fractured rock medium are analyzed.

At present, there is no physical simulation experiment of fractures in different directions that can achieve fracture control. Moreover, the influence of directional fracture pressure-sensitive effect on the water injection in development has not been analyzed and reported mature. Based on the superposition principle of permeability tensor, this paper studies the directional pressure-sensitive deformation characteristics of multiple groups of fractures through physical simulation experiments with controllable fractures in different directions.The principle value and direction of permeability in porous media containing multiple groups of fractures are studied by tensor analysis theory. These conclusion is helpful for reservoir engineers to have a deep understanding of the seepage law during water injection in fractured reservoirs and provide guidance for the development of water injection in similar reservoirs.

2  Permeability Tensor Characterization

2.1 Superposition Principle

In an elastic porous seepage media containing multiple groups of fractures, the comprehensive effect of all fractures on fluid flow can be regarded as equivalent to the superposition of the effect of each group of fractures on the microelement, which conforms to the superposition principle. Assuming that two groups of fractures in different directions develop in an element, and the coordinate system xy is established in the direction of the main line between the injection and production ends as x-axis (Fig. 1), then tensor in this coordinate system is as follows:
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Figure 1: Schematic of fracture distribution in i groups

Fracture Group 1:


K→1=[kf1+2km2+kf12cos⁡2β1kf12sin⁡2β1kf12sin⁡2β1kf1+2km2−kf12cos⁡2β1]
(1)

where, 
K→1
—Permeability tensor of Group 1 fractures; 
kf1
—Group 1 fracture permeability, μm2; 
km
—Matrix permeability, μm2; β1—The Angle between Group 1 fractures and the x direction, °.

Fracture Group 2:


K→2=[kf2+2km2+kf22cos⁡2β2kf22sin⁡2β2kf22sin⁡2β2kf2+2km2−kf22cos⁡2β2]
(2)

where, 
K→2
—Permeability tensor of Group 2 fractures; 
kf2
—Group 2 fracture permeability, μm2; β2—The Angle between Group 2 fractures and the x direction [32].

The overall permeability tensor of the characteristic microelement with two groups of fractures developed simultaneously can then be expressed as


K→=K→1+K→2=[∑i=12kfi+2km2+kfi2cos⁡2βi∑i=12kfi2sin⁡2βi∑i=12kfi2sin⁡2βi∑i=12kfi+2km2−kfi2cos⁡2βi]
(3)

where, 
K→
—Permeability tensor of fracture system.

2.2 Dynamic Permeability Model for Pressure Sensitivity in Two-Dimensional Direction of Fractures

Fig. 2 shows the schematic diagram for the two groups of fractures developed in a microelement. According to the superposition principle above, the full tensor expression for equivalent permeability of pressure sensitivity in the two-dimensional direction of fractures obtained follows:


K→=[kxxkxykyxkyy]=∑i=12kfi[cos2βisin⁡βicos⁡βisin⁡βicos⁡βisin2βi]
(4)

where, kxx, kxy, kyx, kyy—Components of the permeability tensor in xx, xy, yx, yy directions, μm2; Kf —fracture permeability, which is calculated by a new pressure sensitivity equation considering fracture directivity [33].

kfi=k0i{1+1Efd0iEf(αf−αm)(1−2ν)(1+ν)d0iEf(1−2ν)(1+ν)+b0iEmΔp}3=b0i3(sin⁡βi+cos⁡βi)12d0i⋅{1+1Efd0iEf(αf−αm)(1−2ν)(1+ν)d0iEf(1−2ν)(1+ν)+b0iEmΔp}3

where, kfi—equivalent permeability of fracture group i, μm2; k0i—The permeability of group i fracture system at p0 pore fluid pressure, μm2; Em—Elastic modulus of matrix system, MPa; Ef—Elastic modulus of fracture system, MPa; ν—Poisson’s ratio; d0i—Initial fracture spacing, mm; b0i—Initial fracture spacing, mm; αm and αf are the effective stress coefficients of matrix system and fracture system respectively, 0 < αm < 1, 0 < αf < 1, and αf > αm in fractured porous media; αf = αm may occur only when fractures do not develop in porous media; Δp is the change of average pore fluid pressure, Δp = p−p0, P0 is the initial average pore fluid pressure, P is the current average pore fluid pressure, MPa; βi—the included angle between the group i fracture direction and x-axis direction.

Subscript i in Eq. (4) denotes the ith group of fractures.
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Figure 2: Schematic of fracture distribution in two groups

2.3 3D Dynamic Permeability Model for Pressure Sensitivity of Fractures

Similarly, assuming that fracture anisotropy exists in all directions, permeability tensor should be expressed in the form of a three-dimensional tensor, and the fracture dip and azimuth are denoted by α and β, respectively, with subscript i denoting the ith group of fractures. Then the three-dimensional dynamic permeability tensor model considering the pressure sensitivity effect of fracture directivity can be expressed as


K→=∑i=1Mkfi[cos2αi⋅cos2βi+sin2βisin2αi⋅cos⁡βi⋅sin⁡βicos⁡αi⋅sin⁡αi⋅cos⁡βisin2αi⋅cos⁡βi⋅sin⁡βicos2αi⋅sin2βi+cos2βi−cos⁡αi⋅sin⁡αi⋅sin⁡βicos⁡αi⋅sin⁡αi⋅cos⁡βi−cos⁡αi⋅sin⁡αi⋅sin⁡βisin2αi]
(5)

where, αi—Fracture dip angle of group i fracture, °.

Each component of the overall permeability tensor for the seepage media above containing M groups of fractures, calculating using the following system of equations:


{kxx=∑i=1Mkfi(cos2αi⋅cos2βi+sin2βi)kyy=∑i=1Mkfi(cos2αi⋅sin2βi+cos2βi)kzz=∑i=1Mkfisin2αikxy=kyx=∑i=1Mkfi(sin2αi⋅cos⁡βi⋅sin⁡βi)kxz=kzx=∑i=1Nkfi(cos⁡αi⋅sin⁡αi⋅cos⁡βi)kyz=kzy=∑i=1Nkfi(−cos⁡αi⋅sin⁡αi⋅sin⁡βi)
(6)

In the formula above, kf—denotes fracture system permeability on direction parallel to the fracture, which is calculated by a new pressure sensitivity equation considering fracture directivity [32].

kzz, kxz, kyz—Components of the permeability tensor in zz, xz, yz directions, μm2.

M—Number of fracture groups, integer.

3  Principal Value and Direction of Permeability Tensor of Multiple Groups of Fractured Media

When multiple groups of fractures develop in any typical microelement in an ultra-low permeability reservoir, the contribution of all fractures developed in the microelement to the total permeability tensor ellipse can be equivalent to the contribution of a set of corresponding fractures. However, it is generally not the same as the principal value of permeability in magnitude and direction for any group of fractures involved in the superposition. For example, when two groups of fractures are distributed in an orthogonal manner, the maximum principal value direction of permeability after superposition may be parallel to one group of fractures.

Different groups of fractures have different angles. The length and direction of the long axis and short axis of the tensor permeability ellipse under the comprehensive action of multiple fractures to be obtained by superposition principle, it is necessary to first convert the permeability tensor of each group of fractures to the same reference coordinate system xy. The corresponding components are then added, thus obtaining the permeability tensor of the media under the comprehensive action of multiple groups of fractures. The included angle β can be obtained through this tensor. Using the included angle, the tensor is converted to the fracture coordinate system, thus obtaining the principal value of permeability. As shown in Fig. 3, the x′y′ and xy coordinate systems are established along the principal value direction of permeability and the direction of the main line between the injection and production ends, respectively.

Then, the tensor in coordinate system for principal value of permeability is

K→′=[k′xx00k′yy],

and in coordinate system for macroscopic pressure gradient, it is expressed as

K→=[kxxkxykyxkyy].

The included angle is β, then, using the superposition principle, tensor-theory, and coordinate-transformation theory, transformation relation of tensor in the two coordinate systems can be obtained as follows:


{kxx=k′xx+k′yy2+k′xx−k′yy2cos⁡2β+k′xysin⁡2βkxy=k′xx−k′yy2sin⁡2β+k′xycos⁡2βkyx=k′xx−k′yy2sin⁡2β+k′xycos⁡2βkyy=k′xx+k′yy2−k′xx−k′yy2cos⁡2β−k′xysin⁡2β
(7)

In the formula above, k′—Components of the permeability tensor in x′y′, where xx, xy, yy denotes directions in coordinate systems, μm2.

Among them β can be calculated as


{β=12arctan⁡(2ky′x/2ky′x(kxx′−kxy′)(kxx′−kxy′))+π2,β≤−π4β=12arctan⁡(2kyx′/2kyx′(kxx′−kxy′)(kxx′−kxy′)),−π4≤β≤π4β=12arctan⁡(2kxy′/2kxy′(kxx′−kxy′)(kxx′−kxy′))−π2,β≥π4
(8)
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Figure 3: Relationship between the anisotropic permeability tensor at different coordinates

4  Physical Simulation Experiments on Seepage of Multiple Groups of Fractures

4.1 Experimental Objective and Experimental Device Design

Two groups of cross fracture models combined at different angles were designed and tested to measure the flow rate of each model, under different average pore fluid pressure and pressure gradient conditions. Deformation law of fracture network with different dip angles and azimuth angles and its influence on seepage field when fractures show pressure sensitivity effect were designed and analyzed.

As shown in Fig. 4, the direction of the mainstream line at the parallel injection and production end is taken as the x-axis to establish the Cartesian coordinate system. The outer boundary condition of the experimental model is the constant volume boundary, and the left boundary of the model is the injection boundary and the right boundary is the production boundary. Matrix isotropic. The experimental fluid is distilled water. Fig. 5 shows a mock-up of the physical simulation, and Fig. 6 shows the experimental flow chart.
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Figure 4: Theoretical diagram for experimental model of multiple groups of fractures
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Figure 5: Physical drawing for the experimental model of two groups of fractures
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Figure 6: Experimental flow chart

The experimental materials

Polystyrene foam board (EPS), a porous material similar to the actual reservoir core, is selected to produce fractured seepage media. The elastic parameters of EPS foam board with different densities are different. The density of the material selected in this experiment is 15 kg/m3 and the elastic modulus is 2.145 MPa. See Table 1 for other relevant parameters. Compared with the actual core, the experimental material is less difficult to make fractures, and the properties of all fractures can be guaranteed.

[image: images]

Laboratory equipment

Conventional pressure-sensitive testing devices can only indirectly reflect the deformation process of seepage media through experimental test data. In order to intuitively observe the dynamic change process of crack opening when fluid pressure changes, transparent plexiglass tank is used as the container of the experimental model (Fig. 5). The whole experimental device is mainly composed of three parts (Fig. 6). They are fluid injection system (constant pressure constant flow pump, intermediate vessel), fluid displacement system (six-way valve, fracture seepage model, back pressure valve) and measurement system (pressure gauge, electronic balance).

The modified content has been highlighted in yellow in the manuscript.

4.2 Main Experiment Contents and Experimental Procedures

Based on the optimal fracture spacing of 1.88 cm selected in the single-group fracture experiment, the same porous media material as in the physical simulation experiment of single-group fracture seepage was selected. As shown in Figs. 7a–7l, 12 types of fracture network models in total were designed for observation and measurement. The testing process mainly included the following two parts: ① under the condition with the constant pressure gradient, the pore fluid pressure was changed to measure the flow rate of the samples under different pore fluid pressures; ② the average pore fluid pressure is unchanged, and different pressure gradients are set to measure the flow rate of the samples under conditions with different pressure gradients, and the data was recorded. The primary experimental process consists primarily of the following five procedures: ① similar porous media materials that meet the experimental requirements were selected; ② several fracture networks with different fracture angles was designed and manufactured on the optimized similar porous media materials to form fractured seepage mediums, which was used as experimental models; ③ the experimental model was assembled and sealed, and the experimental facilities were successively connected according to the designed experimental procedures to form a complete test system; ④ the preparations before the test was completed: water was injected at a low speed and constant flow to achieve model exhaust saturated water, balance leveling, and pressure gauge zero calibration; ⑤ According to the designed experimental scheme, the inlet and outlet pressure were set, the data on the flow rates at the outlet end were tested and recorded, and the original experimental test data were saved and recorded.

[image: images]

Figure 7: Schematic diagram of different fracture distribution in experimental models (a) 0°–30° combination (b) 0°–60° combination (c) 0°–90° combination (d) 30°–60° combination (e) 30°–90° combination (f) 45°–15° combination (g) 45°–90° combination (h) 60°–90° combination (i) 45°–(−15°) combination (j) 60°–(−30°) combination (k) 75°–15° combination (l) 30°–(−30°) combination

4.3 Experimental Results and Analysis

The dominant propagation direction of pressure was always parallel to the direction of fracture development. Pressure that is preferred to propagate in the fracture will gradually diffuse into the surrounding matrix over production time (Fig. 8). With the development of different fracture directions, different reservoir areas are preferentially affected by pressure (Fig. 9). In terms of the corresponding actual reservoir, oil and water are distributed differently across different areas, and the initial production capacity of a producing well dramatically differs.

[image: images]

Figure 8: Different stages of fluid flowing in the model (a) Fluid does not enter the model (b) The early stage for the fluid enters the model (c) Fluid flows steadily in the model

[image: images]

Figure 9: Pressure field plan for different stages of fluid flow in the model (a) At the initial stage (b) During production (c) Steady-state

(1) Flow variation laws

The pressure gradient of the model was kept constant at 0.01 MPa/m. Figs. 10a–10e show the variation curves of the flow rate with the pore fluid pressure in the combination model of fractures at different angles. It can be seen that with the angle of a group of fractures remaining unchanged, the larger the angle of the other group of fractures, and the smaller the flow at the production end of the model. The smaller the β is, the greater the flow at the production end of the whole model.

[image: images]

Figure 10: Flow curve of models at each angle (a) One group of fractures is at 0° (b) One group of fractures is at 30° (c) One group of fractures is at 45° (d) One group of fractures is at 60° (e) One group of fractures is at 90°

When the pore fluid pressure is less than 0.025 MPa, the flow rate of the fracture model at 60°~30° is less than that at 60°~0°. However, when the average pore fluid pressure exceeds 0.025 MPa, the liquid outflow at the outlet of the 60°~30° fracture model is greater than that of the 60°~0° fracture model. This is because when the change values of pore fluid pressure are the same, the change rate of aperture of 30° fracture is greater than that of 0° fracture. Therefore, the pore fluid pressure progressively increases, and the component of permeability tensor kxx of the 30° fractures changes from the component of less than 0° to that of greater than 0° (Fig. 11). The same phenomenon also occurs to the models at 90°~10° and 90°~30°, for the same reasons as above.

Based on the above experimental results, at the same time, combined with the new pressure sensitivity equation, the calculation equation of the fracture opening change rate (the opening change produced by the fracture system under the condition of unit pore fluid pressure change) can be obtained as:

bchange=|ΔunΔp|=L0(sin⁡β+cos⁡β)d0⋅[b0Efd0Ef(αf−αm)(1−2ν)(1+ν)d0Ef(1−2ν)(1+ν)+b0Em]

Therefore, the calculation results of the rate of change of crack opening at different angles are shown in Table 2:

[image: images]

It can be concluded that under the constant volume boundary condition, the fracture aperture change rate is different with different dip angles and azimuth angles.

[image: images]

Figure 11: Variation curves of permeability tensor component when the fractures are set to 0° and 30°

(2) Principle value direction of maximum permeability

When two groups of fractures develop simultaneously in a seepage medium, under the joint action of the two groups of fractures, the long axis of the permeability tensor ellipse is always inclined to the development direction of the group of fractures with higher permeability. When the permeability values of two groups of fractures are the same, the principal direction of maximum permeability is located at the angular bisector for the included angle between the two groups of fractures (Fig. 12).

[image: images]

Figure 12: Variation curve of the principal value direction of the maximum permeability with pore fluid pressure

5  Fracture Network Anisotropic Permeability

Based on physical simulation and seepage theory analysis, numerous factors can affect the anisotropic permeability tensor. In this section, the single-factor analysis method was adopted to study the variation laws on permeability tensor of the seepage media involving two groups of fractures employing MATLAB software.

5.1 Fracture Direction

(1) Symmetrically distributed fractures

As shown in Fig. 7I, the model for when two groups of fractures are symmetrically distributed in the direction of the main streamline at the injection and production end was taken as an example. The matrix was isotropic, and the variation laws on the full tensor permeability field for the seepage medium were obtained according to the superposition principle described above.

Fig. 13 shows the variation rule of the principal value and direction of permeability when the pressure gradient was 0.01 MPa/m. As shown in the figure, when two groups of fractures are symmetrically distributed, the long-axis direction of the permeability tensor ellipse was always parallel to the x-axis. When the average pore fluid pressure changes, the length of the long axis of the permeability tensor ellipse will also change in the same direction (Fig. 13a), but the direction of the principal value remains unchanged (Fig. 13b).

[image: images]

Figure 13: Variation in the principal value of permeability when two groups of fractures are symmetrically distributed (a) Principal value of permeability (b) Principal value direction of permeability

(2) Orthogonal distributed fractures

Taking the model for the orthogonal distribution of fractures in Fig. 7c as an example, Fig. 14 shows the variation rule of the principal value and direction of permeability when the pressure gradient is 0.01 MPa/m. As is shown in the figure, when two groups of fractures are distributed in an orthogonal manner, the long axis and the short axis of the permeability tensor ellipse are the same length, seepage medium isotropic. However, with an increase in pore fluid pressure, the principal value for permeability increases, and the permeability of the seepage medium increases.

[image: images]

Figure 14: Principal permeability value when two group of fractures are orthogonally distributed

(3) Asymmetric and non-orthogonally distributed fractures

Taking the fracture model shown in Fig. 7a as an example, Fig. 15 shows the variation curve of the principal value of permeability with pore fluid pressure when the pressure gradient was 0.01 MPa/m. The figure shows that the length of the long axis of the permeability tensor ellipse changes with the change of the average pore fluid pressure in the same direction (Fig. 15a). And the principal value direction of permeability rotates by 2.04° (Fig. 15b). This is due to the different deformation rates of the two groups of fractures.

[image: images]

Figure 15: Variation in the principal values of permeability when the two groups of fractures are obliquely distributed (a) Principal value of permeability (b) Principal direction of permeability

5.2 Fracture Spacing

Taking the fracture distribution pattern shown in Fig. 7f as an example, research was conducted on the variation laws of the permeability tensor under the conditions of equal and unequal fracture spacing, respectively.

(1) Equal fracture spacings

In the model, the angles of the two groups of fractures were 45° and 15°, respectively; the fracture spacing was 20 mm, and the number of fractures in the two groups were also different. Fig. 14 shows the variation rule of the principal value and direction of permeability when the pressure gradient is 0.01 MPa/m. The length of the long axis of the permeability tensor ellipse changes with the change of the average pore fluid pressure in the same direction (Fig. 16a), and the permeability of the media increases as well. Furthermore, the principal value direction also deflects, the initial value of β is 30.37° (0.005 MPa). When the average pore fluid pressure increases from 0.005 to 0.030 MPa, β changes to 31.50° after the principal value direction of permeability is rotated by 1.13° (Fig. 16b).

[image: images]

Figure 16: Variation in the principal value of permeability for two groups of fractures with equal spacing (a) Principal value of permeability (b) Principal direction of permeability

(2) Unequal fracture spacings with same number of fractures

The next model used two groups of fracture that had uneqal fracture spaces with the same number of fractures within each group, with the angles of the groups of fractures at 45° and 15°. As shown in Fig. 17, when the pressure gradient was 0.01 MPa/m, the length of the long axis of the permeability tensor ellipse changes with the change of the average pore fluid pressure in the same direction (Fig. 17a), the initial value of β is 30.03° (pore fluid pressure = 0.005 MPa) and final value of β is 30.13° (pore fluid pressure = 0.030 MPa) with a change of 0.1° (Fig. 17b). Thus, there is essentially no rotation.

[image: images]

Figure 17: Variation of principal value of permeability for two group of fractures with unequal spacing (the numbers of fractures are the same) (a) Principal value of permeability (b) Principal direction of permeability

(3) Unequal fracture spacings with varying number of fractures

Two contrast models were set: contrast model I consisting of two groups with a 45° fracture angle with a spacing of 10 mm and the second at 15° and 20 mm; contrast model II consisting of two groups with at 45° and 20 mm and the second at 15° and 10 mm spacing.

[image: images]

Figure 18: Variation in principal value of permeability for two groups of fractures with unequal spacing (a) Principal value of permeability (d45 < d15) (b) Principal direction of permeability (d45 < d15) (c) Principal value of permeability (d45 > d15) (d) Principal direction of permeability (d45 > d15)

The linear densities of the two groups of fractures in the model are different. As shown in Fig. 18 (where d15 and d45 in the figure denote the spacing of fractures at 15° and 45°, respectively), the principal value of permeability increases when the pressure gradient was 0.01 MPa/m with an increase of pore fluid pressure. Compared to Model I, the principal value direction of permeability rotates from 32.53° to 38.13°, and the principal value direction gradually approaches 45°. Compared to Model II, β goes from 28.51° to 24.79°, and the principal value direction gradually approaches 15°. This indicates that the direction of the principal value of the tensor always inclines towards fractures with higher fracture permeability.

According to the analysis results from the three cases above, when the numbers of fractures at different angles in the microelement are equal, the deformation rates between the two groups of fractures show a smaller difference, and the principal value direction for permeability of fractured media does not rotate easily. The degree of deformation of the fractures with equal spacing at different angles show a relatively significant difference, and the direction of the principal value of the tensor in fractured media rotates, but at a smaller angle. When the two groups of fractures are different in both spacing between the fractures and the number of fractures, the degree of deformation between the two sets of fractures shows a significant difference. The principal direction of permeability of the fractured media could easily be changed during the water injection process.

5.3 Effect of Fractures Elasticity Parameters on the Fractures Permeability Principal Values

Taking the fracture distribution pattern shown in Fig. 6d as an example, the variation laws of the permeability tensor of the two groups of fractures with the same and different elasticity modulus at varying angles were studied, respectively.

(1) Constant elasticity modulus

It was assumed that the elastic modulus values of the fractures at 60° and 30° were both 0.2 MPa, and the other parameters (spacing, number of fractures in a group) of the two groups of fractures were set the same. As is shown in Fig. 19, when the pressure gradient was 0.01 MPa/m, the length of the long axis of the permeability tensor ellipse changes with the change of the average pore fluid pressure in the same direction (Fig. 19a). The initial value of β is 45.08° (pore fluid pressure = 0.005 MPa) and final value of β is 45.3° (pore fluid pressure = 0.030 MPa) (Fig. 19b), essentially no rotation occurring.

[image: images]

Figure 19: Variation in the principal values of permeability for the two groups of fractures with the same elastic modulus (a) Principal value of permeability (b) Principal direction of permeability

(2) Varying elastic moduli

It was assumed that the elastic modulus of fractures at 60° was 0.5 MPa, and that of the fractures at 30° was 0.2 MPa. The other parameters for the two groups of fractures were kept constant. As shown in Fig. 20, when the pressure gradient was 0.01 MPa/m, the length of the long axis of the permeability tensor ellipse changes with the change of the average pore fluid pressure in the same direction (Fig. 20a), and the principal value direction rotates by 4.72° (Fig. 20b). The variation in the principal value direction is far greater than when the two groups of fractures have the same elastic modulus. This is because of the difference in elastic modulus, which influences the difference in the aperture variation between the two groups of fractures at different angles.

[image: images]

Figure 20: Two group of fractures permeability principal values with different elastic modulus (a) Principal value of permeability (b) Principal direction of permeability

Based on the research results, when the two groups of fractures have the same and different elastic moduli, the closer the elastic parameters, the closer the deformation degrees of the two groups of fractures. Furthermore, principal direction of fracture medium permeability tensor is less likely to rotate during the water-injection process.

6  Conclusions

For the first time, the fracture deformation mechanism of several groups of fractures is clarified by physical simulation of similar porous media based on fracture control. The main influencing factors of permeability tensor are analyzed. Then the following conclusions and understandings have been reached:

(1) Physical simulation experiments were conducted on the permeability of several groups of fractures in different directions at constant volumes. The 12 types of experimental models with different fracture angles were designed to study the seepage characteristics when two groups of pressure-sensitive fractures were included in the characteristic elements. Regarding the water-injection reservoir, during the early stage of water injection, pressure always prefers to propagate in the direction of fracture development. With the continued development of the fractures, the matrix surrounding fractures is gradually utilized. For different directions of fracture development, the areas affected by water injection vary, affecting the initial production capacity of a producing significantly. The directional pressure sensitivity effect of fractures can further influence such differences.

(2) When the two groups of fractures had different variation rates of fracture aperture changes in the fluid pressure resulted in relative magnitudes of fracture permeability changes. When the fluid pressure varies widely enough, the permeability of the fracture with small permeability and large aperture change rate under the initial condition will be greater than that of the fracture with large permeability and small aperture change rate under the initial condition. In the physical simulation experiment at a constant volume for multiple groups of fractures, when the pore fluid pressure was less than 0.025 MPa, the flow rate of the fracture models at 60°~30° was less than that at 60°~0°. However, when the pore fluid pressure exceeds 0.025 MPa, the liquid outflow at the outlet of the 60°~30° fracture model is greater than that of the 60°~0° fracture model. This is caused by the rate of change of permeability for fractures at 30° being much greater than that at 0°.

(3) When two groups of fractures simultaneously developed in the seepage medium, under the joint action of the two groups, when the fluid pressure changes, the long axis of the permeability tensor ellipse always tends to the direction of the development of the group of fractures with higher permeability. However, when the permeabilities of the two groups of fractures are the same, the long axis of the permeability tensor ellipse is located on the angular bisector of the angle between the two groups of fractures.

(4) When the two groups of fractures were symmetrically distributed along the direction of the linear connection between the injection end and the production end, the direction of the maximum principal value direction of permeability was always parallel to the direction of the linear connection between the injection end and the production end (the positive direction is from the injection end to the production end). When the fluid pressure changes, the fractured percolation medium will be deformed, which will lead to the change of the percolation ability of the medium, but the main direction of permeability will not change. When the two groups of fractures were distributed in an orthogonal manner, the maximum and minimum principal permeability values were equal, and the seepage media presented isotropic permeability. When the two groups of fractures were distributed obliquely, The magnitude of the principal value (the length of the permeability tensor ellipse) changes with the fluid pressure, and the direction of the value changes is the same. Due to different deformation rates of the two groups of fractures, the principal value direction of permeability rotated. During reservoir water injection, the principal value direction of permeability can change, leading to a change in the flow direction of the injected water.

(5) Under a constant volume boundary condition, when two groups of fractures in different directions have the same spacing, the principal value and direction of permeability changed with increased pore fluid pressure. When the two groups of fractures at different angles had different spacing with the same number of fractures in each group, with an increase in pore fluid pressure, the principal value of permeability increased, while the principal value direction remained unchanged.

(6) When the elastic moduli of two groups of fractures at different angles were constant, with the fluid pressure changes, the value size of the principal value has changed, while the principal value direction essentially remained constant. However, when the elastic moduli of two groups of fractures differed, the pore fluid pressure increasing, principal value of permeability increased, and the principal value rotated significantly. This indicated that different elastic moduli increased the difference in the aperture variation between two groups of fractures at different angles.

(7) The seepage law of fractured reservoir is complex. Moreover, with fracture directional stress-sensitive effect on permeability, the seepage law becomes more complicated. The direction of injected fluid flow through the reservoir is also more difficult to predict. The research of this thesis is helpful to analyze and control the flow direction and flow law of fluid in the percolation unit with multiple groups of fractures. The experimental method is innovative compared with the previous research. The law analysis is carried out from the principal value and principal value direction of permeability tensor, which is more scientific and clear. It can provide some theoretical support for efficient production and development of fractured reservoirs.
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Table 1: Main physical parameters of similar porous media materials

Density p Compression Poisson’s Modulus of Matrix Matrix
(kg/m®) coefficient C;,  ratio v elasticity E,, ~ porosity  permeability

(10 kPa ) (MPa) G (%) (107 pm?)
15 9.8 0.11 2.145 5 400
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Table 2: Fracture aperture change rate

Crack angle (°) Opening change rate (n/MPa)

0 0.00093
10 0.00108
20 0.00120
30 0.00127
45 0.00132
60 0.00127
70 0.00120
80 0.00108

90 0.00093
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