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Abstract

Research on the seepage characteristics of rock fracture networks remains a challenge in hydraulic engineering design and
construction. In order to establish a theoretical model that can describe the seepage characteristics of complex fracture net-
work, based on the equivalent seepage resistance model, considering the local pressure drop loss effect at the intersection
of fractures, and the equivalent local loss resistance model (E-loss model) is established. To verify the applicability of the
theoretical model, two kinds of quadrilateral and hexagonal columnar jointed rock mass fracture networks are established
with transparent polymethyl methacrylate (PMMA) plates as test objects. Through physical model tests, the influence of
the water pressure drop conditions on fracture flow is explored. The results indicate that the theoretical model suitably
reflects the experimental results under laminar flow conditions at a low Reynolds number. General-purpose computational
fluid dynamics (CFD) code FLUENT is applied to analyze the mesoscale flow state in the fracture network, and the internal
streamline and velocity vector characteristics are obtained. The results show that with the sudden decrease of fracture width
in the fracture network, there is an obvious eddy current blocking effect, which is consistent with the analysis results of the
theoretical model.

Keywords Fracture network - Seepage characteristics - Seepage resistance - Equivalent local loss resistance - Model test -
CFD

Introduction

Understanding the hydraulic characteristics of fractured

rock masses plays an important role in oil exploitation,
hydropower engineering, pollutant control engineering,
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fracture network flow at the laboratory scale constitutes the
basis of understanding flow through a real complex fracture
rock mass network (Baghbanan and Jing, 2007; Takahashi
et al. 2013; Wang et al. 2014; Shang et al. 2019).
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The basic forms of fracture networks include single
fractures and cross fractures. Different scholars have per-
formed much research on single-fracture seepage through
theoretical analysis, numerical calculation, and experimen-
tal exploration (Lomize, 1951; Louis 1969; Skjetne et al.
1999; Berkowitz 2002; Scesi and Gattinoni 2007). In regard
to fracture seepage, when the Reynolds number is low, the
flow and pressure gradient generally conform to the lin-
ear cubic law; with increasing Reynolds number, the flow
rate and pressure gradient gradually deviate from the lin-
ear relationship, and the resultant nonlinear characteristics
can be described with the Forchheimer equation (Whitaker
1996; Konzuk and Kueper 2004; Qian et al. 2011; Kong
etal. 2018). Su (1997) and Hu et al. (2005) studied the local
flow state in cross fractures. According to the fluid momen-
tum equation and considering the velocity head, the local
head loss equation of a cross fracture with an undetermined
coefficient was derived. Johnson et al. (2006) observed the
morphology of dyed fluid flow through rough cross-fracture
model tests and concluded that rough cross fractures greatly
increase the mixing of fluid at fracture intersections. Zhu
et al. (2013) pointed out that due to the intersection and
deflection of fluids in cross fractures, the actual pressure
drop at both ends of the fracture, which was larger than the
theoretical pressure drop, was defined as the excess pressure
drop loss, and the excess pressure drop loss coefficient { was
proposed to quantify the degree of pressure loss.

At present, discrete fracture networks (DFNs) are widely
applied in the study of fracture network seepage and attain
a good application effect in solving large-scale engineering
problems, but research on fracture network seepage is rela-
tively limited at the mesoscale (Kulatilake and Panda, 2000;
Chen et al. 2008; Klimczak et al. 2010; Wu and Kulatilake
2012; Zhang et al. 2012). Through the study of the flow dis-
tribution in a fracture network, it has been found that fluid
flow mainly occurs in long fractures parallel to the direction
of fluid flow or hydraulic gradient, especially in those frac-
tures intersecting with the entrance and exit boundaries of
the model, thus forming the dominant flow path in fracture
network seepage (Liu et al. 2015; Yu et al. 2017). Research
on the seepage characteristics of fracture networks with
regular geometries, represented by basalt columnar jointed
rock masses, has become a new research topic of heightened
interest. Researchers have mainly studied this topic through
the physical model test method. The corresponding theoreti-
cal model has seldom considered the nonlinear seepage char-
acteristics of cross fractures, so it does not suitably quantify
the loss value (Zou et al. 2013; Niu et al. 2020). Based on
the research of the above scholars, at present, scholars do
not fully understand the phenomenon of energy loss caused
by head loss, have not formed a theoretical model that can
describe the head loss in complex fracture network, and lack
of understanding of the meso mechanism of head loss effect.
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To further study the influence of the local head loss on the
seepage characteristics of the fracture network, the fracture
network has been simulated as an electric circuit network
(Kong et al. 2018). Considering the local pressure drop loss
effect at the intersection of fractures, an equivalent local loss
resistance model is established based on the equivalent seep-
age resistance model. Moreover, aiming at the common cross-
section forms of columnar joints, physical models of quadri-
lateral and hexagonal fracture networks are established, and
seepage tests under different pressure drop conditions are car-
ried out based on these physical models. Finally, the test results
are compared to theoretical calculation results. With the use
of general-purpose CFD software FLUENT, the microscale
flow state in the fracture network is analyzed, and streamline
and velocity vector characteristics of the fracture network
are obtained. Hence, a comprehensive analysis of the seep-
age characteristics of a complex fracture network considering
local loss is realized.

Methodology

The research method is divided into three parts, and the techni-
cal roadmap of this study is shown in Fig. 1.

Equivalent circuit characteristics of the fracture
network

The fracture network is composed of a limited number of sin-
gle fractures, and the most basic connection modes are the
two modes shown in Fig. 2. The seepage law of smooth single
fracture conforms to the cubic law, in which the volumetric
flow ¢ through the fracture can be expressed as:

3
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9= (1)

Theoretical and experimental study on the
local head loss effect of complex rock
fracture networks

CFD numerical
simulation

Theoretical model Physical model
establishment experiments

—  Results comparison «———  Results comparison J

l

Results analysis

Fig. 1 The technology roadmap of the work



Arab J Geosci (2021) 14: 2593

Page3of 14 2593

Fig. 2 Different connection
modes of fractures: a parallel
connection mode of fractures,

b series connection mode of
fractures
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where p is the density of the fluid, g is the acceleration of
gravity, w is the thickness of the fracture, e is the opening
of the fracture, y is the dynamic viscosity coefficient of the
fluid, and J is the hydraulic gradient along the flow direction.

The parallel connection mode of fractures can be sim-
plified, as shown in Fig. 2a, and the total fracture flow is
equal to the sum of the flow through the two connected

fractures:
wel AP, we, AP,
12uC, AL 12uC, AL

Q

q;=4q1+q, = 2)
where g, is the total fracture flow, g, and g, are the flow
amounts through the two fractures, AP, and AP, are the
pressure drops in the two fractures, C, and C, are the rough-
ness correction coefficients of the two fractures, AL is the
lengths of the fractures, e, and e, are the widths of the two
fractures, and w is the thickness of the fracture.

Correspondingly, the series connection mode of frac-
tures is shown in Fig. 2b, and the total pressure drop of
the connected fractures is equal to the sum of the pressure
drop of each fracture:

12uC5AL, 12uC,AL,

AP = AP3+AP4 = 3 Q3+ 3 qs (3)

we ,5 we 4

Comparing Egs. (2) and (3), it is observed that a com-
mon 12uCAL/we? term occurs in both equations. Tao and
Liu (2012) defined this term as the equivalent seepage
resistance Ry, so the seepage characteristics of a given frac-
ture network are equivalent to the current characteristics of

~
=)
~

a circuit. Zhu et al. (2013) found that the calculated value
of the total pressure drop attributed to an abrupt change in
the fracture width within a fracture network is smaller than
the test value and defined the loss difference as the excess
water pressure drop loss. This phenomenon is caused
by the following two factors: one factor is the change in
velocity due to the abrupt change in fracture width, and
the other factor is the change in the fluid flow state due to
the abrupt change in fracture width. The loss coefficient of
the excess water pressure drop ¢ is defined as:

—_

C
{=—p = “
where AP is the measured water pressure drop and AP,
is the calculated water pressure drop. The dimensionless
expression of the water pressure drop AP is Ap. Substitut-
ing this dimensionless expression in Eq. (3), the following
is obtained:

24e§L 1 1

= JE— + —
¢ ApRe (eg ei) )]
Re = pvL/u (6)

where p is the fluid density and p is the dynamic viscosity
coefficient, Re is the Reynolds number and v is the charac-
teristic velocity of the flow field.

There are two types of fracture connections: gap width
contraction and gap width expansion. Along the flow direc-
tion, the excess water pressure drop under the condition of
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gap width expansion can be ignored, and the relationship
between Ap and Re is as follows (Zhu et al. 2013):

Ap = 0.6 + 14.14/[Re(e, /2L)],Re < Rec) @)

where Rec is the critical Reynolds number. In addition,
the dip angle is also an inherent property of fractures, and
experimental research has shown that in most cases, the loss
attributed to the excess water pressure drop caused by the
fracture dip angle can be expressed based on the increase in
fracture flow distance.

Establishment of the E-loss model of the fracture
network

The most basic form of the mixed connection mode of a
single-inlet fracture network is the single-inlet series parallel
hybrid connection mode, as shown in Fig. 3.

Under this connection mode, without considering the loss
attributed to the excess water pressure drop at the contrac-
tion position of the gap width, the total flow g; of the frac-
ture is as follows:

12uC,C5L 12uC\L

3 3 3
we; Crtwe, Cs we;

q,=AP/R; = AP/( (®)

where R; is the total seepage resistance of the fracture.

It is difficult to consider the head loss based on the loss
coefficient of the excess water pressure drop. Therefore, in
previous research work, scholars have applied a simplified
method to consider only the water pressure loss along the
dominant seepage path. At e, < <e5, the simplified method
is more reasonable, but when e, approaches e;, the simpli-
fied method is not applicable (Sang et al. 2016).

To consider the head loss in the fracture network under
the different fracture modes more accurately, the loss is
defined as the equivalent local loss resistance R,. As shown
in Fig. 2b, the equivalent local loss resistance R, can be
expressed as:

T %k @
mp o« 7 é’éc}; %
7 77 ;

Rock

L L

Fig.3 Single-inlet series parallel hybrid connection mode
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where Rz and Ry, denote the seepage resistance values of the
two fractures connected in series. Substituting Eq. (9) into
Eq. (7), R, can be expressed as:

R Z(O.6Re(e3 /L) +28.28

- 1D(R R
A+ ey TR (19)

Based on the above equation, the key to model appli-
cation to mixed joint fractures, as shown in Fig. 3, is
to determine the Reynolds number of each fracture. To
facilitate analysis, the ratio of the Reynolds number of the
branch fractures (fractures @ and ®) to that of the main
fractures (fracture @) is defined as the Reynolds number
distribution coefficient a:

Re;

= 11
0= (1)

Combining Egs. (9), (10), and (11), the equivalent local
loss resistance R, of the fracture branch @ and the equiva-
lent local loss resistance R 5 of the fracture branch ® can
be obtained as follows:

_0.6e,Re/L[(e3/e;)’ + 1]+ 28.28
2 24[1 + (e, /€,)°]

— DRy + Rpy)
(12)

0.6e5Re/L[(e,/e;)* + 1] +28.28
24[1 + (e5/e,)’]

— DRy + Rp3)

13)
The total flow through the fracture network and the flow
through each branch can be expressed as follows:

Ry + Rpp)(R3 + Ryp3)
Ryo+Rpp+Rs+Rps

X3 =

q; = AP/R; = AP/(Ry + (14)

9r=q; " *,q3=4; " a3 (15)

The most basic form of the mixed-connection mode
of a fracture network with dual inlets is the cross-shaped
fracture formed by the intersection of two fractures, as
shown in Fig. 4.

Tian (1986) divided the water flow in a cross fracture
into three streams through dye tracer tests: the a stream
from the narrow fracture passing through the intersection
to the wide fracture; the § stream from the wide fracture
passing through the intersection to the narrow fracture, and
the third stream from the wide fracture passing through the
intersection to the wide fracture. Among these three flows,
only the § flow passes through the contraction joint, so
only the equivalent local loss resistance caused by the f
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Fig.4 Dual-inlet series parallel hybrid connection mode
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flow should be considered. According to the E-loss model,

the total discharge of cross fractures is as follows:
(Re1 + Rp2)(Rey + Ry + Ry)

2Ry - Rpy(Rpy +Rpy +R) +RY - R,

q;=P/R';+R")) = (16)

In the above equation, R’f and R"f are the equivalent
seepage resistance values of the left and right sides,
respectively, of the o point, and R, is the equivalent local
loss resistance caused by the f flow.

Fig.5 Fracture network model:
a quadrilateral fracture network
model, b hexagonal fracture
network model

Through the above analysis, with the E-loss model, the
seepage problem of a complex parallel connection frac-
ture network can be decomposed into an equivalent circuit
problem including multiple equivalent seepage resistance
and equivalent local loss resistance values, and the flow
distribution in each fracture of the fracture network can be
obtained by an iterative method. The physical meaning is
clear, and the calculation accuracy is high.

Scheme and method of the physical model test

Combined with the research on the seepage characteris-
tics of fracture networks in columnar jointed rock masses,
physical models of quadrilateral fracture networks and
hexagonal fracture networks are established to study the
local head loss effect in complex fracture networks. In this
paper, quadrilateral and hexagonal fracture networks are
designed and manufactured with smooth plexiglass as the
main material, as shown in Fig. 5. The whole test device
consists of three parts: a fixed water head device (respon-
sible for providing a controllable and stable fixed water
head), a fracture network model (the main test area), and a
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pressure measuring device (responsible for measuring the
water head at each outlet of the fracture network).
The physical model test is divided into four steps:

: Connect the reserved holes of the fracture network
model to the corresponding positions with rubber pipes
and assess the sealing effect of the whole model.

: Lift the constant-head water tank to a suitable height,
rotate the ball valve to adjust the water head, ensure that
there are no bubbles in the model, and record the water
head at the inlet and outlet ends after the flow rate has
stabilized.

: Measure the outflow amount at the three outlets and
determine the average value of three measurements for
each group.

: Gradually raise the constant-head device through the
automatic lifting device and repeat the second and third
steps to obtain the flow distribution at each outlet of the
fracture network under different pressure drops.

Establishment of the numerical model

Computational fluid dynamics (CFD) has been widely
applied to calculate the flow around single or multiple pipes
within a large Reynolds number range (Lam et al. 2008).
CFD software FLUENT based on the finite volume method
is used to solve the corresponding Navier Stokes equations.
The mass conservation equation or continuity equation in
the fluid domain without a confluence source is as follows
(Zhang et al. 2021):
% + V(pv) =0 an
where p is the density of the liquid, ¢ is the time, and V is the
velocity vector.

The law of momentum conservation represents the change
in force in the fluid domain, and the momentum equation is
expressed as follows:

Fig.6 Three-dimensional
models: a quadrilateral fracture
network model, b hexagonal
fracture network model
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where p is the static pressure, 7 is the stress tensor, and g
and F are the gravitational body force and external body
force, respectively.

In this paper, a three-dimensional model is established
according to the actual model size. Three-dimensional mod-
eling diagrams of the fluid domain of the above two fracture
networks are shown in Fig. 6. The model is subsequently
meshed. Due to the complexity of the model, an unstruc-
tured mesh is adopted, which mainly comprises tetrahedra,
thus accelerating the convergence process of the solver. The
two fracture network models are composed of 450,000 and
400,000 elements. After modeling, they are imported into
the Fluent solver for calculation.

The k-& model is chosen as the turbulence model in the
solver. The k-¢ model was first put forward in the 1970s.
It is a semiempirical equation established by W.P. Jones
and B.K. Lauder considering experimental phenomena.
The k-¢ model is a two-equation turbulence model. The
advantage of this model is that it improves the mixing
length model and avoids the algebraic expression of the
turbulent length in complex flow, so it achieves a good
calculation effect and good stability and economy. In the
pressure velocity coupling method, the pressure implicit
with splitting of operators (PISO) algorithm, which yields
obvious advantages in solving transient problems, is
adopted. The method performs two additional corrections,
namely, adjacency correction and skew correction, which
makes the calculation process more efficient. The gradient
term is based on the least-square method of the elemental
volume, and the pressure interpolation scheme is based on
the volume force weighting scheme. The wall adopts the
assumption of fixed nonslip boundary. In terms of water
head, it is set as a fixed pressure head according to the test
conditions, and the outlet boundary is set as atmospheric
pressure boundary.

0100 ()

(b)
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Results and discussion

Experimental results and analysis
of the quadrilateral fracture network

The outlet flow (g,,, g;, and ¢, at the three outlets (a, b, and
c, respectively) of the quadrilateral fracture network under
different pressure drop conditions and the total discharge g,
are listed in Table 1.

Based on the experimental phenomena, it is observed
that with increasing water pressure, the Reynolds number
of the flow through each fracture gradually increases, and the
main flow form in the fracture network changes from lami-
nar flow to turbulent flow. Under a low pressure, the flow
in the system mainly occurs in the stable laminar state, and
the flow rate and total flow rate at each outlet are approxi-
mately linear with the water pressure drop. With increasing
water pressure, the flow rate and water pressure drop attain
a nonlinear corresponding relationship. In addition, due to
the different water carrying capacities of each fracture in the
fracture network system, the corresponding water pressure
drop associated with each fracture flow regime is different,
and the flow regime at each outlet changes to turbulent flow
with decreasing gap width.

With increasing water pressure, the proportion of flow at
outlet a slightly increases, the proportion of flow at outlet
b notably decreases, and the proportion of flow at outlet ¢
increases significantly. The evolution of the flow rate can
be divided into the following three stages: @ at the laminar
flow stage of the fracture network, when the pressure drop
is small (smaller than 250 Pa), all single fractures occur
in the laminar flow state, the seepage characteristics of the
fracture network are only affected by the head loss at each
node, and the flow rate at each fracture outlet remains almost
constant. @ At the turbulent development stage of the frac-
ture network, with increasing water pressure drop, the flow

state in the fracture network part with a larger gap width first
develops to turbulent flow, and the resistance of the fluid
further increases. However, the flow state in the fractures
with smaller gap widths is laminar flow, which leads to a
decrease in the proportion of flow in the fractures with larger
gap widths. The corresponding test results indicate that the
proportion of fracture flow at outlet ¢ greatly increases. ® In
the turbulent phase of the fracture network, when the water
pressure drop is large enough (larger than 613 Pa), the main
flow through the fractures of the fracture network enters the
turbulent state. Subsequently, the fluid in each fracture is
affected by turbulence, and the resistance increases. The fur-
ther diversion effect caused by the turbulence in the large-
width fractures weakens, and the proportion of flow at each
outlet fracture tends to remain stable.

The numbered quadrilateral fracture network model is
shown in Fig. 7a, and the results of the dyed tracer test are
shown in Fig. 7b. The calculation results of the water flow
through each fracture with the E-loss model proposed above
are listed in Table 2.

The tracer test reveals the water flow direction in the frac-
ture network, and it is observed that the fluid in fracture 2
flows into fractures 7 and 9 through fractures 5 and 6. The
fluid in fractures 7 and 9 then flows into fracture 14 through
fractures 11 and 12, respectively. Moreover, the water veloc-
ity in transverse fractures 5, 6, and 11 is lower than that in
longitudinal fractures 1, 2, 7, and 8. Table 2 provides the
flow rate in each fracture calculated with the E-loss model.
Based on the calculation results, it is found that the model
reflects the results of the tracer test and verifies the rational-
ity of the basic assumptions of the model.

Furthermore, the experimental results of the total dis-
charge of the quadrilateral fracture network under the dif-
ferent pressure drop conditions, the calculation results of
the local cubic law and the calculation results of the E-loss
model are comprehensively shown in Fig. 8.

Table 1 Test results of the

outlet flow of the quadilateral AP/Pa g /mL-s™! al% gy/mL-s™! bl% g /mL-s™! /% gymL-s~!

fracture network 50 4.75 283 10.15 60.4 1.9 113 16.8
102 9.51 29.1 19.23 58.9 3.92 12.0 32.66
157 13.75 29.2 27.45 58.4 5.84 12.4 47.04
250 21.13 29.9 39.56 56.1 9.87 14.0 70.56
335 26.01 29.7 44.26 50.6 17.23 19.7 87.5
478 38.56 322 58.47 48.8 2275 19.0 119.78
613 43.54 32.1 62.71 46.3 29.23 21.6 135.48
793 4745 31.8 66.79 44.8 34.78 23.4 149.02
1186 54.26 32.8 74.15 44.8 37.11 224 165.52
1499 62.03 329 84.30 44.7 42.41 224 188.74
1744 66.79 32.8 90.56 445 46.02 227 203.37
1960 68.90 329 92.95 44.4 47.67 227 209.52
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Fig.7 Experimental results

of the quadrilateral fracture o
network: a fracture network
number, b results of the dyed
tracer test
1 2
4 5
7 8
10 11
13 14
I L I L
U L]
a b
(a) (b)
Table? Flow calculation of the AP/Pa  Flow value g/mL-s~!
quadrilateral fracture network
1 2 3 5 6 7 8 9 11 12 13 14 15
50 505 103 195 072 223 577 733 418 0.72 223 505 103 195
102 102 197 4 1.85 499 12 129 899 182 513 102 198 3.86
157 15 28 6.11 3.17 741 182 174 135 3.05 815 15 28.6 5.37
250 233 41 9.88 559 114 289 24 212 537 137 233 431 175
335 31 515 134 7.69 147 387 292 281 758 19.1 31 55.8  9.03
478 44 67.6 195 11 19.6 55 37 39.1 114 282 44 76.5 11
613 564 814 254 139 238 704 437 492 15 369 564 956 123
793 73 97.7 334 177 29 90.7 51.1 624 20.1 488 73 120  13.6
1186 109 127 511 26 39.8 135 614 908 318 756 109 169 153
1499 139 151 657 30 463 169 749 112 413 959 139 212 16.1
1744 162 165 778 343 5211 197 788 130 477 114 162 240 162
1960 184 180 87.8 369 552 221 876 143 538 126 184 268 16.7

Figure 8 shows that when the water pressure drop Ap is
small, the outlet flow calculated with the local cubic law is
larger than the test value because the excessive water pres-
sure drop loss at the fracture intersections is not considered,
and the flow calculated with the method proposed in this
paper is closer to the test data, thus verifying the applica-
bility of the E-loss model. With increasing fracture water
pressure drop, turbulent flow occurs in some fractures of
the fracture network, but the basic assumption of the E-loss
model is that fracture flow conforms to linear Darcy flow.
Therefore, the calculation results based on this model gradu-
ally deviate from the test data, but they are still closer to the
test values than those obtained with the cubic law, which
achieves a certain correction effect. The process can be
observed more intuitively with the total fracture discharge

@ Springer

diagram. When the water pressure drop is larger than 613 Pa,

the nonlinear characteristics of the overall fracture discharge
rapidly increase. The boundary is defined as the laminar
turbulent boundary (L-T line). When the pressure drop Ap
is located below the L-T line, the experimental and theoreti-
cal values exhibit a higher fitting value. When the Reynolds
number in each fracture of the fracture network continues
to rise, the resultant turbulent flow exhibits nonlinear char-
acteristics, and the calculated values of the seepage model
based on the local cubic law deviate, so the turbulent flow
theory should be considered to describe the deep flow char-
acteristics of the fracture network, i.e., the characteristics
above the L-T line.
By observing the relationship between the flow rate and
the water pressure drop at each outlet, it is found that when
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the water pressure drop exceeds 250 Pa and less than 600 Pa,
the actual flow rate at outlets a and b is lower than the theo-
retical calculation results based on the E-loss model, How-
ever, the flow value at outlet ¢ even exceeding the calculation
value obtained with the local cubic law, which is further
verified: when the water pressure drop is larger than 250 Pa
and some turbulent fracture fluid flow occurs, the resistance
of the fluid in the turbulent region increases, and the fluid
in the large-gap width fractures is further distributed into
the small-gap width fractures. Therefore, the flow at outlet
c increases, and the flow rate is higher than the calculated
value obtained with the cubic law. However, with increas-
ing pressure drop, when the water pressure drop is larger
than 600 Pa, the fluid flow in the small-gap width fractures
gradually transitions into turbulent flow, and the influence
of turbulence effect in large-gap width fractures on the flow
of small-gap width fractures is reduced, which results in
a lower flow rate at outlet c than that calculated with the
cubic law but still higher than that calculated with the E-loss
model.

Above the L-T line, with increasing water pressure
drop, the flow in each fracture of the fracture network
gradually transitions to the turbulent flow state. With the
use of the research method of Qian (Qian et al. 2011), the
Forchheimer equation is adopted to fit the outlet flow and
total flow. The fitting results reveal that the determina-
tion coefficient R* of the discharge at each outlet and the
total discharge is higher than 0.99, which suggests that
the seepage characteristics of the fracture network can be
described with the Forchheimer equation under turbulent
flow conditions.

Flow value q (ml-s™")

Experimental results and analysis of the hexagonal
fracture network

The same analysis method is used to analyze the experi-
mental results of the hexagonal fracture network, and the
outlet flow (g, g,, and qf) at the three outlets (d, e, and f,
respectively) of the hexagonal fracture network under the
different pressure drop conditions and the total discharge g,
are listed in Table 3.

The numbered hexagonal fracture network model is
shown in Fig. 9a, and the results of the dyed tracer test are
shown in Fig. 9b. The calculation results of fracture water
flow by using the E-loss model proposed above are provided
in Table 4.

According to the test data in Table 4, the flow evolution
in the hexagonal fracture network is similar to that in the
quadrilateral fracture network: the flow rate at each outlet is
different, and the flow rate in the fractures with a larger gap
width is higher. With increasing water pressure drop, the
flow rate at the three outlets changes, the flow rate at outlet d
slightly fluctuates, the flow rate at outlet d fluctuates slightly,
the flow rate at outlet e decreases notably, and the flow rate
at outlet f significantly increases. This also demonstrates that
there are three stages in the hexagonal fracture network: the
laminar flow stage, turbulent flow development stage and
turbulent flow stage. In addition, the tracer test reveals that
the dominant flow effect is obvious in the hexagonal fracture
network.

The experimental results of the flow rate of the hexagonal
fracture network under the different pressure drop condi-
tions, the calculation results of the local cubic law and the

@ Springer
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Table 3 Test results of outlet

low of hexagonal fracture AP/Pa gg/mL-s™! d1% g /mL-s~! el% g/mL-s™! 1% gy/mL-s™!

network 100 8.01 27.5 17.78 61.0 3.35 115 29.14
150 11.12 272 24.67 60.5 5.02 123 40.81
198 15.21 28.7 31.11 58.7 6.68 12.6 53.00
245 18.89 29.0 37.98 58.3 8.31 127 65.18
392 26.58 31.1 45.89 53.6 13.10 153 85.57
498 31.71 32.5 49.86 51.2 15.86 163 97.43
615 36.32 34.1 5221 49.1 17.89 16.8 106.42
891 40.15 34.7 54.33 47.0 21.12 183 115.60
1215 45.23 35.3 56.21 438 26.81 20.9 128.25
1607 48.89 35.0 57.67 41.3 33.06 23.7 139.62
1813 50.50 34.8 58.89 40.6 35.62 24.6 145.01
2018 51.22 34.3 61.34 41.1 36.70 24.6 149.26

Fig.9 Experimental results of
the hexagonal fracture network: ()]
a fracture network number, b
results of the dyed tracer test
3
7
13
14 15 16
‘ I o I ‘
— L] L=
d e f

(a)

calculation results of the E-loss model are comprehensively
shown in Fig. 10.

Figure 10 shows that the E-loss model basically
reflects the water flow evolution in the fracture network
under laminar flow conditions (below the L-T line). The
flow rate at each outlet and the total flow rate under tur-
bulent flow condition can be fitted with the Forchheimer
equation, and the coefficient of determination R? of the
fitting results is higher than 0.99. Combined with the
fitting results of the quadrilateral fracture network, the
quadratic fitting equation suitably describes the seepage

@ Springer

(b)

characteristics of the fracture network at the turbulent
stage.

Analysis of the numerical simulation results

The vector graph directly shows the direction and size of
a given vector (such as the velocity) in two-dimensional
or three-dimensional space. The velocity vector diagram
is an effective means to reflect the velocity change, vorti-
ces, reflux conditions, etc. It is one of the most commonly
adopted maps in flow field analysis. By default, the vector
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Table 4 Flow calculation

AP/Pa  Flow value g/mL-s~!
results of the hexagonal fracture
network 1 2 3 5 6 8 9 11 12 14 15 16
100 838 22 264 106 114 19 14 104 992 852 204 4.11
150 124 296 4.02 14 156 264 19.6 144 135 12 27.9 6.12
198 16.1 359 537 169 19 33 244 18 164 15 344 7.94
245 19.6 414 6.69 193 221 388 288 21.1 192 178 402 9.65
392 298 557 108 252 306 55 414 292 267 258 56 14.6
498 367 646 13.8 294 353 66 49.1 357 31 304 66.7 18.1
615 439 733 171 328 405 766 576 41.1 36 356 77.1 216
891 59.5 903 246 398 505 992 751 531 459 462 99 29.2
1215 76.1 104 332 45 594 121 926 644 549 568 119 37.7
1607 944 122 433 516 702 146 113 715 67 684 145 46.4
1813 103 129 485 528 765 156 125 819 746 743 157 50.4
2018 112 136 535 588 769 170 130 912 75 793 166 55.3
Fig. 10 Comparison diagram of 30009 4 P-1.0144%-14.403g (R>=0.995) 30007 o b 8494280973 (RP=0.993)
the test results and theoretical 200 21009
calculation results & 2400 £ 24007 0
& 2100 & 2100{
& 1800 g 1800] o
© 1500 o 1s00{ ¢
2 1200 Z 1200{ o
g 900 A ——Cubic law E 900 ——Cubic law
600+ L 600+ Salles sivini
300 Forchheimr law 300 Forchheimr law
0 . . . . . 0 . . . . . . .
0 50 100 150 200 250 0 100 200 300 400 500 600 700
Flow value q (ml-s™) Flow value q (ml-s™")
3000 f P=0.4494%+31.993¢ (R?=0.994) 30004 total 2 %
27001 044947431993 (R, 27001 O aﬂ | P0.117q7-4.947q (R*=0.994)
= 24004 T 24004
& 2100 A, 2100 4
@ 1800 g 1800+ o
'; 1500 g 15004 ?
7 12007 Z 12004 o0
8 900 — Cubic law g 900 [ . —— Cubic law
& 600] ° ;x:)eninemalvalue & sool.gf_ A _ LTI e Experimentl value
s -] 0ss model e [£-]0ss model
3001 Forchheimr law 300+ Forchheirur law
0 . . . . . . 0 O ——
0 20 40 60 80 100 120 0 110 220 330 440 550 660 770 880 990 1100

Flow velocity q (ml-s™")

is drawn at the center of each grid cell, the direction of the
vector is indicated with an arrow, and the size of the vector
is indicated by the length and color of the arrow. Differ-
ent colored lines are applied to represent the trajectory
of particles and visualize the flow of massless particles
in the computational domain. The user may specify the
surface from which the particles are released. By describ-
ing the streamline diagram and velocity vector diagram
of the two models under turbulent conditions, the motion
state of the fluid and the distribution of the velocity field
in the fluid domain in response to a sudden change in the
gap width can be clearly defined. Velocity vector distribu-
tion diagrams of the quadrilateral and hexagonal models

Flow value q (ml-s™)

under the condition of 150 Pa are shown in Figs. 11 and
12, respectively. In both models, three fracture junctions
(gap width mutation) are selected, the symmetrical cross
sections along the thickness direction are cut to obtain
the mesoscale streamline diagram in the plane, and the
streamline diagram is displayed on both sides of the vec-
tor diagram.

In the velocity vector diagram and streamline diagram of
the fracture network, the flow direction and velocity distri-
bution of water flow in the two fracture networks are clearly
reflected under the same pressure inlet gradient. Under the
action of a pressure entrance, an entrance with a larger frac-
ture aperture obtains a higher initial velocity. Choosing the

@ Springer
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quadrilateral fracture network as an example, the flow veloc-
ity at the middle entrance is high, and at the fracture cross
junction, due to the contraction effect of the gap width, the
flow is diverted to a low-pressure area under the constraint
of the wall. This diverted fluid collides with the low-velocity
fluid occurring in the horizontal fracture, as shown in areas

Fig. 11 Velocity vector
diagram and mesoscale stream-
line diagram of the quadrilateral
fracture network: a frature gap
width contraction zone, b fra-
ture gap width expansion zone,
¢ frature gap width contraction
zone

. 1.678e-001

1.259e-001

Fig. 12 Velocity vector
diagram and mesoscale stream-
line diagram of the hexagonal
fracture network: a frature

gap width contraction zone, b
frature gap width contraction
zone, c frature gap width expan-
sion zone

I 1.038e+000

7.789e-001

H 5.1926-001

‘L:Q\N

0.000e+000
[m s?-1]

@ Springer

aand cin Figs. 11 and 12. Based on the streamline diagram,
it is found that vortices are generated at the cross fractures,
and the velocity vector diagram shows a complex disordered
flow behavior, which is the mesoscopic impact of the seep-
age resistance effect in response to the abrupt change in gap
width via contraction.
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Compared with the previous research results, the E-loss
model proposed in this paper has a wider scope of applica-
tion. The concept of equivalent seepage resistance is added
to the research results of Zhu et al. Therefore, the complex
flow diversion problem of fracture network can be trans-
formed into the series parallel problem of resistance, which
expands the application scope of this method; In the applica-
tion of columnar jointed rock mass, if the change of equiv-
alent seepage resistance caused by the change of fracture
opening is ignored, the E-loss model will degenerate into
the model proposed by Kong et al. In conclusion, the E-loss
model is an improvement of the existing model, and can
better reflect the seepage process of complex joint network
represented by columnar jointed rock mass.

Conclusion

To investigate the characteristics of nonlinear flow in frac-
ture networks, three aspects of theoretical models, physical
model tests and numerical simulations are studied in this

paper.

1. An E-loss model which can be used to calculate the flow
of each fracture in the fracture network is established,
the physical meaning of the model is clear and the cal-
culation process is simple.

2. The physical model test results show that the water
pressure drop is highly nonlinear with the flow rate in
the fracture networks. The fracture connection mode
exerts an important influence on the fracture hydraulic
characteristics, which leads to a greater inertial energy
loss. The test results show that the E-loss model bet-
ter reflects the flow diversion occurring in the fracture
network under a small water pressure drop, and the cal-
culated values of the model are in good agreement with
the measured values. With increasing water pressure
drop, the Forchheimer equation adequately describes
the observed nonlinear flow behavior in the fracture
networks.

3. The numerical simulation results reveal that the domi-
nant flow effect is obvious in the two fracture networks.
In response to a sudden decrease in fracture width in
the fracture network, there is an obvious eddy current
blocking effect. This effect is the external impact of the
local loss resistance under mesoscale conditions, and the
mesoscale water flow state is consistent with the analysis
results of the theoretical model.

In seepage analysis of fractured rock mass engineering,
attention should be paid to the influences of the fracture
connection mode and nonlinear seepage on the fracture

hydraulic characteristics. In addition, under the existing
theory, because the nonlinear flow effect and local head loss
effect are ignored, the water inflow predicted with the linear
Darcy equation under a high water pressure at great buried
depths may be overestimated.
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