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Based on the Weierstrass-Mandelbrot fractal function, multiple X-shaped fracture
models with different intersection angles were established to investigate the frac-
ture seepage characteristics under both equal and unequal inlet pressure condi-
tions. The results showed that the intersection angle of the fractures influenced the
flow contribution of each inlet branch to the rough and smooth outlet fractures, as
well as the degree of convergence at the intersection.
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Introduction

As resource extraction gradually moved to deeper levels, the study of fracture seepage
patterns in media such as rocks and coal seams became increasingly important [1-4]. However,
the deep environment and stress conditions are highly complex, with factors such as tempera-
ture, pressure, and fluid media creating a variety of intricate scenarios [5-8]. The development
of fractures is controlled by multiple factors and exhibits strong randomness, making the flu-
id-flow and particle transport between fractures even more complicated [9-12].

Extensive research has explored fracture seepage in rock media, particularly how inlet
pressure, intersection angle, and roughness affect fluid-flow at fracture intersections [13, 14].
Xie et al. [15] used 3-D printing to create intersecting fractures with different fractal dimen-
sions, quantifying pressure drop losses and competitive flow splitting. Tang et al. [16] studied
Y-shaped fractures through numerical simulations, analyzing competitive flow splitting via flu-
id streamlines. Yang et al. [17] applied the Weierstrass-Mandelbrot function model X-shaped
fractures, examining seepage characteristics under different flow modes, fractal dimensions,
and inlet pressures. However, the variable intersection angles in underground rock masses re-
quire further investigation.

This study used the Weierstrass-Mandelbrot function model X-shaped fractures and
analyzed their seepage characteristics under varying intersection angles and inlet pressures. Nu-
merical simulations were conducted for three fracture scenarios under both equal and unequal
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inlet pressures, focusing on flow contributions from the inlets to outlets with different fractal
dimensions.

Model building

This study took the commonly encountered X-shaped fractures in the field of geology
as the starting point, fig. 1, and established three different scenarios, with the intersection angles
of the fractures set at 30°, 60°, and 90°. For each scenario, 13 different inlet pressure conditions
were applied, while the outlet pressure was set to 0. The flow mode was set to convection, the
average aperture was set to 0.5 mm, the straight length was set to 100 mm. Specific parameters
are provided in tab. 1.

Table 1. Parameters of intersecting fractures

Parameters Water pressure Water pressure Water pressure ratio
of Inlet 1 [Pa] of Inlet 2 [Pa] (Inlet 1/Inlet 2)
50 50 1
100 100 1
150 150 1
200 200 1
250 250 1
) 50 100 12
Expertmenta] 100 150 23
150 200 3/4
200 250 4/5
250 200 5/4
200 150 4/3
150 100 3/2
100 50 2/1

In this study, the Weierstrass-Mandelbrot function is used to model the X-shaped frac-
ture, and the function is expressed:

W)=Y, (=" 150" 0

where b is the real number greater than 1, reflecting the degree of deviation of the curve from
a straight line, ¢, — the arbitrary phase angle, and D € (1, 2) — the fractal dimension. By select-
ing the real part (cosine function) of the function W(¢) as the fractal function, the expression is
obtained:

C@)=ReW ()= Z (1-cosh"t)/ B> 2
This function represents a fractal curve that is continuous everywhere, and non-differ-

entiable, and has a fractal dimension D. The fractal dimension D satisfies the relation:
B
Dy _ZSDSDHB (3)

where B is the constant and Dy — the Hausdorff-Besicovitch dimension. The fractal function
C(7) uses the parameter b = 1.4. A fractal curve is generated using MATLAB, and the smooth
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Outlet 2

Figure 1. Schematic diagram of intersecting fractures

and rough fractures within the intersecting fracture model are constructed. The fractal dimen-
sion of the smooth fracture is set to 1.0, while the fractal dimension of the rough fracture is set
to 1.2. The specific model is presented on fig. 2.

(a) (b) G

Figure 2. Fracture models at different angles; (a) 30°, (b) 60°, and (c) 90°

Numerical simulations of all the scenarios involved previously were carried out using
COMSOL Multiphysics 6.0. The fluid density and dynamic viscosity were set 1-10° kg/m?,
1.01-10° Pa-s.

Result and discussion
Seepage characteristics analysis under the same pressure conditions

With equal inlet pressures, the relationship between fracture flow and inlet pressure
at different angles showed an approximately linear growth trend, fig. 3. The rough (R-outlet,
fractal dimension 1.2) had lower flow than the smooth (S-outlet, fractal dimension 1.0), with a
distribution of 47.3% and 52.7%, respectively. While the intersection angle did not affect over-
all flow distribution, it influenced each inlet branch’s contribution the outlets and the degree of
convergence at the intersection.

The contribution of Inlet 1 and Inlet 2 to the two outlets is discussed below. In COM-
SOL, the size-controlled streamline method was used, with denser streamlines representing
higher velocities and sparser streamlines indicating lower velocities. This method was em-
ployed to distribute flow between the inlets. For example, at 250-250 Pa, velocity contour and
streamline plots were generated. As shown in figs. 4 and 5, when inlet pressures were the same,
an increase in the fracture intersection angle led to greater convergence in the intersection
region. At a 30° intersection angle, flow from both inlets favored the outlet with a smaller in-
tersection angle, resulting in a shorter flow path. However, at a 90° intersection angle, the flow
distribution between the two outlets became balanced, with equal flow from both inlets. At this
point, only the fractal dimension of the outlet fracture branches influenced the flow distribution.
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Figure 3. The average flow rate with inlet pressure under the same pressure conditions;
(a) 30°, (b) 60°, and (c) 90°
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Figure 4. The contribution of Figure 5. Velocity and streamline plots of intersecting fractures
each inlet flow to the flow at at different angles under the same pressure conditions

each outlet under the same
pressure conditions

Characteristics analysis under different pressure conditions

When the inlet pressures differed, the pressure ratio influenced the flow distribution
between the two inlet and two outlet flows. As shown in fig. 6, for intersection angles of 30°
or 60°, if the flow from Inlet 1 was smaller than from Inlet 2, the entire flow from Inlet 1 was
directed to the rough fracture branch (with the smaller intersection angle), resulting in a shorter
flow path. The flow from Inlet 2 predominantly entered the smooth fracture branch. As the pres-
sure ratio increased, more flow from Inlet 2 was directed to the smooth fracture branch, while
less flow entered the rough fracture branch. This suggested that as the fluid velocity increased,
the smooth fracture’s competitive flow splitting capacity strengthened. When the pressure ratio
became large enough, the entire flow from Inlet 2 went to the smooth fracture, while the major-
ity of the flow from Inlet 1 entered the rough fracture branch, with only a small portion flowing
into the smooth fracture. As the pressure ratio continued to increase, the flow into the smooth
fracture branch increased, while the flow into the rough fracture branch decreased, indicating
that the smooth fracture increasingly competed for flow from Inlet 1.

When the intersection angle was 90°, it could be seen that the flow from the branch
with the lower inlet pressure was evenly distributed between the rough fracture branch and
the smooth fracture branch. The flow from the branch with the higher inlet pressure was more
likely to enter the smooth fracture branch than the rough fracture branch. This indicated that, for
fractures with a 90° intersection angle, the flow at the rough and smooth fracture branch outlets
primarily depended on the flow distribution from the branch with the higher inlet pressure. The
smooth fracture branch, compared to the rough fracture branch, competed for and received
more flow.
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Figure 6. The contribution of each inlet flow to the flow at each outlet under
different pressure conditions; (a) 30°, (b) 60°, and (c) 90°

Conclusion

The intersection angle of the fractures did not affect the overall competitive flow
splitting ability between rough and smooth fractures but influenced the flow contribution from
each inlet branch and the degree of convergence at the intersection. With equal inlet pressures,
a larger intersection angle enhanced convergence and increased the flow distribution ratio to
both outlets. When inlet pressures differed, flow from the lower-pressure branch was entirely
directed to the outlet with a smaller intersection angle. As the pressure ratio increased, more
flow from the higher-pressure branch was directed to the smooth outlet.
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Nomenclature

@, —any phase angle, [°] D — fractal dimension, [—]
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