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Understanding the complex flow behavior along a rough rock fracture under high-temperature, high-
stress, and high-seepage pressure (HTHM) coupling conditions is of great significance for optimizing deep
resource extraction. This study investigates the complex flow behavior of a single rock fracture under
coupled HTHM conditions using a self-developed multi-field coupling experimental system, considering
real-time high temperatures (20-90 °C), confining pressures (30-120 MPa), and seepage pressures (5-
60 MPa). Experimental results show that as confining pressure increases, two typical nonlinear flow
behaviors are observed, which are Forchheimer flow and low-velocity nonlinear flow. The increase in
temperature and decrease in roughness significantly promote the fluid flow and enhance the nonlinear
relationship between the volumetric flow rate and the hydraulic gradient at lower confining pressures
(30 MPa). However, the change in temperature and fracture surface roughness does not affect the non-
linear type of fluid flow. Under a given hydraulic gradient, the influence of temperature and fracture
roughness on the volumetric flow rate varies with changes in confining pressure. Additionally, this study
considers both the viscous and inertial terms, and a modified Forchheimer equation is proposed using
two parameters: the contact area ratio and the thermal expansion coefficient of the rock. The proposed
model can effectively predict the nonlinear flow behavior of fluid along rough fractured rocks under vary-
ing temperatures and surface roughness. The experimental results and the proposed model provide valu-
able data and theoretical guidance for deep oil and gas exploration as well as hydraulic fracturing design.
© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With the rapid development of global oil and gas industries,
petroleum exploration has progressively extended into deep
(4500-6000 m) and ultra-deep (>6000 m) formations, which are
regarded as critical frontiers for future energy development [1,2].
In China, substantial hydrocarbon resources have been continu-
ously discovered in deep and ultra-deep carbonate reservoirs
within the Tarim Basin, Sichuan Basin, and Ordos Basin [3]. Accord-
ing to the evaluation of China’s oil and gas resources, the estimated
deep and ultra-deep oil and gas resources amount to 67.1 billion
tons of oil equivalent, accounting for 34% of China’s total oil and
gas resources [4]. The exploration and development of deep and
ultra-deep oil and gas reservoirs play a crucial role in expanding
reserves and ensuring energy security. As shown in Fig. 1, deep
reservoirs are characterized by high temperatures (>100 °C, high
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in-situ stresses (>100 MPa), and high pressures (>50 MPa), with
well-developed fracture networks [5]. Fluid flow behavior in reser-
voir fractures exhibits significant nonlinearity, yet its underlying
mechanisms remain unclear, significantly increasing the develop-
ment difficulty and cost of deep and ultra-deep oil and gas reser-
voirs [6]. Compared to the rock matrix, fluid flow behavior in
rock fractures is more sensitive to temperature variations, in-situ
stress states, and seepage pressure changes [7]. Fractures exhibit
higher hydraulic conductivity and serve as the primary pathways
for oil and gas storage and migration, directly influencing oil pro-
duction efficiency. Therefore, a thorough understanding of fluid
flow behavior in rough rock fractures under HTHM conditions is
of great theoretical and practical significance for the efficient
development of deep and ultra-deep large-scale oil and gas fields.

Existing studies have extensively investigated the effects of
individual factors such as confining pressure, seepage pressure,
and temperature on fluid flow behavior in fractures. Seepage
experiments on rough single fractures under varying confining
pressures have been conducted to analyze the relationship
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(c) Fluid flow in a single rough rock
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(a) Schematic diagram of key stratigraphy in Tarim Basin (b) Fractures in deep and ultra-deep stratigraphy

Note: Quaternary, Neogene, Paleogene, Cretaceous, Jurassic, Triassic, Permian, Carboniferous, Devonian, Silurian,
Ordovician, Cambrian, and Sinian are labelled with Q, N, E, K, J, T, P, C, D, S, O, €, and Z, respectively.

Fig. 1. Main stratigraphic distribution characteristics of the Tarim Basin.

between fracture aperture, hydraulic conductivity, and confining
pressure. These studies have demonstrated that confining pressure
directly reduces fracture aperture, thereby decreasing the fluid
transport capacity within fractured rocks [8,9]. Seepage pressure
is a critical factor influencing changes in fluid flow behavior. At
low seepage pressure, fluid flow predominantly follows Darcy’s
law, exhibiting linear flow characteristics [10]. As seepage pressure
increases, a nonlinear relationship between hydraulic gradient and
volumetric flow rate emerges. Notably, elevated seepage pressure
also affects fluid-solid interactions within the fracture, inducing
phenomena such as shear slip and localized turbulence [11]. The
increase in temperature not only alters the physical properties of
the fluid but also induces thermal expansion of the rock matrix
and redistribution of thermal stress, consequently influencing flow
behavior in the reservoir. In addition to these factors, extensive
experimental and numerical studies have demonstrated the signif-
icant impact of fracture roughness on fluid flow behavior. The
greater the roughness, the more significant the fluctuation of the
fracture surface, resulting in tortuous flow paths, reduced connec-
tivity of flow channels, and a transition from linear to nonlinear
flow [12]. Researchers have introduced various roughness parame-
ters, including the joint roughness coefficient (JRC) [13], fractal
dimension [14], relative roughness [15], average roughness of a
profile [16], tortuosity [17], and contact ratio [18]. Based on these
parameters, studies have examined flow behavior in rough rock
fractures under different roughness conditions [19,20].

Based on extensive experimental research, it has been well rec-
ognized that the linear Darcy’s law is insufficient to describe the
nonlinear flow behavior of fluids in natural rock fractures [21].
The essence of nonlinear flow lies in the nonlinear relationship
between fluid velocity and hydraulic gradient. Such nonlinearity
typically arises from inertial effects at high flow velocities, distur-
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bances caused by fracture surface roughness, and stress-induced
fracture deformations. Among the various models developed to
describe nonlinear fluid flow behavior, the cubic law and the
Forchheimer equation are widely used to characterize non-Darcy
flow in fractured media [22]. The cubic law is a fundamental equa-
tion used to describe fluid flow in fractures. It assumes that an
incompressible Newtonian fluid flows steadily between two paral-
lel plates, with the flow direction parallel to the plates. Although
the cubic law neglects nonlinear fluid behavior and complex
boundary conditions, it offers a straightforward formula for esti-
mating volumetric flow rate. It remains relatively accurate in
describing fracture flow under laminar conditions, and is therefore
widely applied in groundwater flow analysis [23]. The Forchheimer
equation, on the other hand, incorporates a quadratic velocity term
into the classical Darcy’s law to account for inertial effects at high
flow rates, enabling a more accurate description of nonlinear flow
behavior. Schrauf and Evans validated the theoretical applicability
of the Forchheimer equation for fluid flow in fractured media
through dimensional analysis [24]. Notably, the nonlinear coeffi-
cient in the Forchheimer equation is highly dependent on the
geometrical characteristics of the fracture surface. As a result,
modeling fluid flow in fractured rocks often focuses on the accurate
determination of this nonlinear coefficient. In addition, several
other models, such as the Darcy-Weisbach and Darcy-Forch-
heimer equations, have been proposed under different flow condi-
tions and physical assumptions to further characterize nonlinear
flow behavior [25]. However, the application of these models typ-
ically requires extensive experimental calibration under specific
conditions, which significantly limits their practical implementa-
tion in engineering contexts.

As energy extraction progressively extends into the Earth’s deep
subsurface, the flow behavior of fluids in rock fractures under
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thermo-hydro-mechanical (THM) coupling has attracted wide-
spread attention. As shown in Table 1, several researchers have
recently conducted experimental and theoretical studies on the
flow behavior of fractured rock in a coupled THM environment.
These studies have clarified that the coupled THM processes play
a combined role in the flow behavior of fractured rocks. As shown
in Fig. 1c, on the one hand, an increase in temperature reduces the
dynamic viscosity of the fluid, decreases the fluid flow resistance,
and modifies the flow behavior [26]. On the other hand, tempera-
ture increases cause thermal expansion and thermal stress in the
rock, which alters the stress field and, in turn, affects the aperture
of fractures and the flow path of fluids. Variations in the stress field
lead to the closure or opening of fracture apertures, which further
influence the distribution of the pressure field. Fluids flowing
through fractures exert liquid pressure on the fractures, modifying
the system’s heat flux and subsequently affecting the stress and
temperature fields in the rock. Due to the complex interactions
within THM coupling, Darcy’s law is no longer sufficient to
describe the flow behavior of fluids in complex environments
[27,28]. However, existing studies on flow behavior of fractured
rock under THM coupling conditions have primarily focused on
confining pressures not exceeding 60 MPa and seepage pressures
of no more than 15 MPa, which significantly differ from the actual
conditions of deep reservoirs [29,30]. There remains a lack of com-
prehensive and detailed investigations into the flow behavior of
rough fractures under HTHM coupling.

In this study, the effects of temperature, confining pressure, and
seepage pressure on the flow behavior of a single rough rock frac-
ture are investigated, and the evolution of the flow characteristics
in rough fractured rocks under HTHM coupling is analyzed. Addi-
tionally, the contact area ratio and the thermal expansion coeffi-
cient of the rock are introduced. An improved Forchheimer
equation is proposed to accurately predict the flow behavior of
fractured rocks in complex underground environments. This study
aims to provide theoretical support and technical guidance for
geothermal development, deep oil and gas extraction, and related
fields, thereby promoting the application of relevant technologies.

2. Theoretical background and improved Forchheimer equation

The classic model for fluid flow through fractures is based on
the assumption of smooth fracture surfaces and is defined as the
cubic law [9]:

wel

-2 VP

Q= (1)

where Q is the volumetric flow rate; w the fracture width; e}, the
hydraulic aperture, which is defined as the equivalent smooth aper-
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ture that has the same hydraulic conductivity as the original rough
fracture; u the dynamic viscosity of water; and VP the pressure
gradient.

When fluid flows at high velocities, inertial effects become sig-
nificant, leading to a deviation from the linear relationship
between the volumetric flow rate and hydraulic gradient described
by the Cubic law, thereby entering the non-Darcy flow regime. To
describe the nonlinear fluid flow in fractured rock, the Forchheimer
equation introduces a quadratic term based on the cubic law to
quantify the influence of inertial effects on the flow. The Forch-
heimer equation has been widely validated for describing nonlin-
ear fluid flow in porous media and fractured rock, and is
typically expressed as follows [23]:

12

P Q0 = a0 b @
where a and b represent coefficients describing the pressure drops
due to viscous effect and inertial effect, respectively; f the fitting
coefficient of the nonlinear term; and p the density of water.

By measuring the non-Darcy coefficient g for different media
through experiments and combining numerical simulation meth-
ods, the complex flow behavior of fluid in rock fractures under high
velocities can be effectively analyzed [38]. Although the classical
Forchheimer equation effectively describes nonlinear fluid flow
in fractured rocks, its application in engineering practice is often
limited by the need to calibrate experimentally its coefficients
under specific boundary conditions. In deep underground engi-
neering, environmental parameters such as temperature, stress,
and seepage pressure vary significantly with depth. To ensure the
traditional Forchheimer equation accurately captures fluid behav-
ior at different depths, numerous experiments would be required
to recalibrate the model coefficients for each set of conditions,
which is both time-consuming and impractical. To overcome this
limitation, we introduce two physically-based correction parame-
ters, the thermal expansion coefficient and the contact area ratio,
to modify the linear and nonlinear terms of the Forchheimer equa-
tion. The improved equation aims to enhance the model’s predic-
tive capability under varying temperature and fracture roughness
conditions, without the need for exhaustive recalibration. Specifi-
cally, the thermal expansion coefficient accounts for
temperature-induced changes in fracture aperture, which in turn
affect the fluid’s flow resistance. The contact area ratio, on the
other hand, quantifies the effective contact area between rough
fracture surfaces and reflects the influence of mechanical closure
on the inertial resistance to flow. This parameter also addresses a
known limitation of using the JRC in three-dimensional fracture
analysis: different fracture geometries may yield the same JRC
value, despite having distinct surface morphologies.

Table 1

Recent studies on the flow behavior of rocks under THM coupling conditions.
Temperature (°C) Confining pressure (MPa) Seepage pressure (MPa) Research object Reference
25-250 15 0-15 Fractured rock Li et al. [31]
25-90 6 4 Pre-cracked rock Yi et al. [32]
25-600 25 6 Marble Meng et al. [30]
50-200 0-50 2 EGS fracture Zhang et al. [33]
25-120 30 0.2 Single rock fracture Wau et al. [34]
20-700 25 6 Salt rock Liang et al. [29]
25-650 25 5 Salt rock Meng et al. [35]
25-650 25 6 Fracture network Wau et al. [36]
100 20 10 Reservoir rock Huang et al. [37]
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Studies have shown that in smooth fractures, temperature
changes do not cause the fluid flow behavior to shift from linear
to nonlinear. Therefore, to enable the improved Forchheimer equa-
tion to effectively predict fluid flow in fractures, it is essential to
incorporate the influence of temperature on hydraulic aperture
into the linear term of the traditional Forchheimer equation. The
effect of temperature variation on fluid flow behavior in fractures
is manifested in two aspects. First, an increase in temperature
alters the fluid viscosity coefficient. Second, thermal expansion of
the rock due to temperature rise modifies the hydraulic aperture.
Considering the above effects, introducing the thermal expansion
coefficient enables Eq. (3) to effectively predict the flow behavior
of a single fracture under laminar conditions at different tempera-
tures. In this study, the modified Cubic law was validated using the
experimental data from Kumari and Ranjith [39]. Using the exper-
imental data at 20 °C as a reference, Eq. (3) was applied to predict
fluid flow behavior at 50 and 150 °C and the corresponding —VP-Q
curves were plotted. As illustrated in Fig. 2, the predicted values at
50 and 150 °C exhibit a strong correlation with the experimental

3
data, with R? values exceeding 0.95. The coefficients [“(72")] and

o(Tsp)
3
[:(%T]Zs"uz] are 0.98 and 0.95, respectively [40]. Here, o(T20), ot(Ts0),
and o(T;s0) denote the thermal expansion coefficient of rock at
20, 50, and 150 °C, respectively. It should be noted that when
maintaining the same temperature and a smooth plane condition,
Eq. (3) can be simplified to the cubic law:

o wel [o(To)]?
S ey ®)
where %% represents the ratio of the thermal expansion coefficient

o(T)
of rock at the experimental temperature to that at the predicted
temperature.

The relative coefficient of thermal expansion is defined as
follows:

~ o(To)
= 4)
Based on Egs. (3) and (4), the improved cubic law as in Eq. (5):
_ 2w
~VP = WQ =AQ (5)

where edn? reflects the decrease of hydraulic aperture due to ther-
mal expansion after temperature rise.

4.0
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Fig. 2. Validation of the improved cubic law model considering temperature effects.
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In view of the nonlinear flow behavior of fluid in a rough rock
fracture, this study improves the nonlinear term in the Forch-
heimer equation by incorporating the effects of fracture surface
roughness, contact area, and temperature on fluid flow. The JRC
is one of the most widely used parameters for characterizing frac-
ture surface geometry due to its intuitiveness and ease of experi-
mental measurement [13]. Based on the description of the
fracture geometry and a large number of laboratory experimental
data, Barton et al. [41] pointed out that the hydraulic aperture
and the mechanical aperture of the fracture are affected by the
roughness. The greater the roughness, the lower the actual flow
capacity of the fluid in the fracture.

en = €2 /JRC*® (6)

where ey, is the mechanical aperture.

Walsh [42] introduced the contact area ratio (w) as a new
parameter to characterize the roughness of fractured rock and pro-
posed a relationship between the mechanical aperture, contact
area ratio, and hydraulic aperture:

12

1+w
By associating Eqs. (6) and (7), the relationship between
hydraulic aperture, JRC, and contract area ratio are obtained:

3

— 3
e, =

m

(7)

4
1-w\3
2 () JRC® 8
(110 ®)

By substituting Eq. (9) into the Forchheimer equation, we derive
the improved Forchheimer equation that accounts for the com-
bined effects of fracture surface roughness and temperature on

the flow behavior of fractured rocks:

pp(1 + )"

-VP = 1ou 5 43
W2JRC*(1 — w)¥

- 3
wepn?

Q+ Q*=AQ +BQ’ 9)

3. Experimental materials and method
3.1. Specimen preparation and measurement of fracture roughness

The carbonate rock specimens used in this experimental study
were collected from the Tarim Basin, China. Each specimen was
processed into a standard cylindrical shape with a diameter of
25 mm and a length of 50 mm. The average density of the speci-
mens was 2.706 g/cm?, and the uniaxial compressive strength
was 73.5 MPa. Permeability tests were conducted on intact carbon-
ate rock specimens, as shown in Fig. 3a, which exhibited a perme-
ability of less than 1072° m2. The permeability of the rock matrix
was considered negligible compared to that of the fractures. The
Brazilian splitting test was conducted along the axial direction of
the carbonate rock specimens, generating specimens with a single
fracture (Fig. 3b).

Prior to seepage experiments, a high-precision 3D scanner was
employed to capture the fracture surfaces morphology and acquire
point cloud data. The point cloud data were imported into Geo-
magic Design X software for coordinate alignment and noise reduc-
tion. Subsequently, the data were imported into MATLAB for
fracture surfaces reconstruction, as illustrated in Fig. 3c. The longer
side of the fracture surface was considered the y-axis, the shorter
side as the x-axis, and the direction of surface fluctuation as the
z-axis. Each fracture surface was sampled at 100 points along the
x-axis and 200 points along the y-axis. Based on various measure-
ment methods, studies have derived a three-dimensional JRC cal-
culation formula, which follows the JRC approach proposed by
Barton, as expressed in the following equation [10]:
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Fig. 3. Preparation before the seepage experiment on the rock with a single fracture.
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JRC =32.2+3247IgZ (11)

where Z represents the dimensionless roughness parameter, and N,
and N, the number of sampling points along the x-axis and y-axis,
respectively. The intervals between sampling points along the x-
axis and y-axis are denoted by Ax and Ay. z; and z;,; correspond
to the z-axis coordinates of the i-th and (i+1)-th sampling points.
The indices i and j represent the serial numbers of sampling points
along the x and y directions, respectively.

3.2. Testing procedure

This study aims to reveal the evolution of fluid flow behavior in
a single rock fracture under varying reservoir depths. A self-
developed multi-field coupling test system was used to conduct
seepage experiments, as shown in Fig. 4. Seepage experiments
were conducted on single-fractured carbonate rock specimens
with different roughness, under different temperatures, confining
pressures, and seepage pressures. To avoid errors induced by fluid
phase transitions, the experimental temperatures were selected at
20, 50, and 90 °C. The confining pressures were selected based on
the classification of oil and gas reservoir depths in China, assuming
a geostress gradient of 20 MPa/km: shallow reservoirs at 30 MPa
(1500 m), intermediate reservoirs at 60 MPa (3000 m), deep reser-
voirs at 90 MPa (4500 m), and ultra-deep reservoirs at 120 MPa
(above 6000 m). The maximum seepage pressures corresponding
to these confining pressures were set at 15, 30, 45, and 60 MPa,
respectively. The seepage pressure was applied in increments of
5 MPa until fluid flow stabilized, after which a higher pressure
was applied until the target seepage pressure was reached.

=
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To ensure that fluid flows exclusively along the fracture within
the specimen, it is first immersed in a vacuum chamber filled with
distilled water until no bubbles appear, indicating complete satu-
ration. Next, a waterproof epoxy resin is uniformly applied along
the circumferential direction of the fractured rock to ensure fluid
flow along the fracture. Finally, rubber heat-shrinkable sleeves
are used to seal the specimen along with the upper and lower por-
ous plates, ensuring the integrity of the fluid flow path.

The specific steps for the seepage test are as follows:

(1) Experiment at 20 °C: The confining pressure was increased
to 30 MPa and maintained at a stable level, after which the
seepage pressure was applied. The seepage pressure was
set at three levels: 5, 10, and 15 MPa. The pressure difference
between the inlet and outlet of the specimen was continu-
ously monitored using a differential pressure sensor. Once
the flow stabilized under a constant seepage pressure, a pre-
cision electronic balance with an accuracy of 0.001 g was
used to record the flow rate.

(2) The confining pressure was reduced to 0 MPa, after which
the specimen was reinstalled. The confining pressure was
then increased to 60 MPa, followed by the application of
the seepage pressure. The seepage pressure was applied in
increments of 5 MPa, ranging from 5 to 30 MPa. After each
applied pressure, sufficient time was allowed for the flow
rate to stabilize before recording the flow rate.

(3) Step (2) was repeated to conduct seepage experiments at
target confining pressures of 90 and 120 MPa, with corre-
sponding seepage pressure ranges of 5-45 MPa and 5-
60 MPa, respectively.

(4) Seepage tests were conducted on the same specimen at 50
and 90 °C following the procedures outlined in steps (1)-
(4). Note that the temperature must be kept for at least
8 h after reaching the target temperature to ensure thermal
equilibrium throughout the experimental setup.
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Fig. 4. Principle diagram of the seepage experiment system.

The experimental scheme effectively investigates the flow
behavior of fractured specimens with different roughness under
varying temperatures, confining pressures, and seepage pressures.
In this study, fluid flow is assumed to occur exclusively along the
fracture, while the permeability of the rock matrix is considered
negligible. Experimental results validate this assumption, as the
permeability of the fracture is more than six orders of magnitude
higher than that of the rock matrix, even at a confining pressure
of 120 MPa. Additionally, the erosion effect of the fluid on the frac-
ture is neglected, and the roughness of the rock is assumed to
remain unchanged throughout the experiment.

4. Experimental results
4.1. Effect of confining pressure on flow behavior of fractured rock

Fig. 5 presents the —VP-Q curves for three rock specimens, each
containing a single fracture with different roughness, under vary-
ing confining pressures at 20 °C. The curves were fitted using the
Forchheimer equation, with correlation coefficients exceeding
0.99, indicating that the Forchheimer equation -effectively
describes the nonlinear relationship between volumetric flow rate
and hydraulic gradient in fractured rocks under different confining
pressures. The experimental results reveal that the linear term
coefficient a in the Forchheimer equation increases with confining
pressure, while the nonlinear term coefficient b exhibits different
trends. Specifically, as the confining pressure increases from 30
to 60 MPa, the b value transitions from positive to negative. When
the confining pressure exceeds 60 MPa, the b value decreases with
increasing confining pressure. During the process of increasing the
confining pressure from 30 to 120 MPa, the coefficient a increases
by four orders of magnitude, and the absolute value of b changes
by seven orders of magnitude. A similar phenomenon was also
reported by Yu et al. [43].

It can be observed from Fig. 5 that a linear relationship exists
between the volumetric flow rate and hydraulic gradient under
the relatively low hydraulic gradient for each confining pressure.
However, as the hydraulic gradient increases, two distinct nonlin-
ear flow behaviors emerge. At a confining pressure of 30 MPa, the
—VP-Q curves exhibit an inward concave shape, whereas for con-

fining pressures exceeding 60 MPa, the curves display an outward
convex trend. This phenomenon can be attributed to different
dominant mechanisms at varying confining pressures. At lower
confining pressures (30 MPa), higher flow velocities induce inertial
effects, leading to a more significant increase in the pressure gradi-
ent compared to the volumetric flow rate, thereby resulting in non-
Darcy flow behavior. The convex nonlinear effect observed at con-
fining pressures higher than 60 MPa is mainly attributed to strong
fluid-solid coupling effects. The higher confining pressure reduces
the hydraulic aperture, leading to low-velocity nonlinear flow
behavior in rough rock fractures.

The variation in hydraulic aperture under different confining
pressures is calculated and presented in Fig. 6a. At a given
hydraulic gradient of 300 MPa/m (seepage pressure is 15 MPa),
when the confining pressure is 30 MPa, the hydraulic aperture
of the three specimens with different roughness is in the microm-
eter range. As the confining pressure rises to 60 MPa, the hydrau-
lic aperture of single fracture rocks decreases by one order of
magnitude. With a further increase in confining pressure, the rate
of decrease in hydraulic aperture slows significantly. For Speci-
men 1, the hydraulic apertures at confining pressures of 30, 60,
90, and 120 MPa are 2.528, 0.457, 0.2402, and 0.161 pum, respec-
tively. All specimens with different roughness follow a similar
trend.

The effect of seepage pressure on the hydraulic aperture is
shown in Fig. 6b. The hydraulic aperture increases with the
hydraulic gradient, but the rate of increase gradually decreases as
the confining pressure increases. Taking specimen 1 as an example,
under a hydraulic gradient of 100 MPa/m (seepage pressure is
5 MPa), the hydraulic apertures at confining pressures of 30, 60,
90, and 120 MPa are 2.394, 0.444, 0.237, and 0.158 pum, respec-
tively. When the hydraulic gradient increases to 300 MPa/m (seep-
age pressure is 15 MPa), the hydraulic aperture increases to 2.687,
0.453, 0.238, and 0.159 pum under different confining pressure con-
ditions, with increases of 12.2%, 2.0%, 0.4%, and 0.6%, respectively.
The results indicate that the effect of hydraulic gradient on the
hydraulic aperture is significant under low to moderate confining
pressures (<60 MPa). When the confining pressure exceeds
90 MPa, the influence of seepage pressure on the hydraulic aper-
ture diminishes.
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Fig. 5. The relationship between the hydraulic gradient (—VP) and the volumetric flow rate (Q) of the specimens under different confining pressures at 20 °C.

The above analysis indicates that under different confining
pressure conditions, applying the same seepage pressure results
in varying deformation responses of the hydraulic aperture. To bet-
ter characterize the influence of seepage pressure on hydraulic
aperture under different confining pressures, we introduce the
concept of relative seepage pressure, defined as the ratio of seep-
age pressure to confining pressure. Fig. 7 illustrates the influence
of relative seepage pressure changes (ranging from 16.6% to 50%)
on the hydraulic aperture of Specimen 1 (JRC=13.05) under differ-
ent confining pressures. It can be observed that under low and
medium confining pressures (<60 MPa), increasing relative seep-
age pressure significantly enhances the hydraulic aperture. Specif-
ically, when the confining pressure is 30 MPa, the relative seepage
pressure increases from 16.6% to 33.3% and 50%, and the hydraulic
aperture increases by 4.51% and 7.36%, respectively. However,
under high confining pressure conditions (>90 MPa), increasing
the relative seepage pressure from 16.6% to 33.3% and 50% results
in hydraulic aperture increases of less than 1.5%. This trend indi-
cates that in ultra-deep reservoir environments, the influence of
seepage pressure on fracture aperture is strongly constrained by
confining pressure.

4.2. Effect of temperature on flow behavior of fractured rock

Fig. 8 shows the —VP-Q curves of Specimen 1 (JRC=13.05)
under different confining pressures and temperatures. The results
show that the temperature does not alter the nonlinear flow pat-
tern of fractured rock. Under the same confining pressure, as tem-
perature increases, the volumetric flow rate under the same
hydraulic gradient exhibits an increasing trend. This phenomenon
is attributed to the decrease in fluid viscosity with increasing tem-
perature, which reduces fluid flow resistance and enhances fluid
mobility. As a result, larger flow rates can be achieved with a lower
hydraulic gradient. In addition, the results fitted using the Forch-
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heimer equation show that the coefficient a decreases with
increasing temperature, whereas the coefficient b decreases with
increasing temperature at lower confining pressures (<30 MPa),
but increases with the increase in temperature at higher confining
pressures (>60 MPa). This change is due to the fact that the coeffi-
cient a is related to the viscous resistance of the fluid. When the
temperature increases, the viscosity of the fluid decreases, result-
ing in a reduction in a. The coefficient b in the Forchheimer equa-
tion reflects the nonlinear flow characteristics. Under low
confining pressures, the fracture channel is not completely closed,
and the inertial effect of the fluid is obvious. As the temperature
increases, the inertial resistance decreases, resulting in a reduction
in b. Under high confining pressures, the fracture aperture further
closes, weakening the inertial effect of the fluid. This results in a
decrease in the absolute value of b and a reduction in the nonlinear
effect.

4.3. Effect of roughness on seepage characteristics of fractured rockz

Fig. 9 shows the variation of volumetric flow rate of fractured
rock with JRC under different confining pressures (30, 60, 90, and
120 MPa) at a hydraulic gradient of 300 MPa/m. The results indi-
cate that the fluid flow decreases with increasing JRC under the
same hydraulic gradient. Specifically, when the confining pressure
is 30 MPa, the volumetric flow rates of three single fracture rock
specimens (with JRC values of 5.26, 10.71, and 13.05) are
5.91x1077, 1.64x1077, and 1.23x10~7 m?/s, respectively. The volu-
metric flow rates of Specimen 1 and Specimen 2 are reduced by
79.2% and 72.2%, respectively, compared to Specimen 3. When
the confining pressure increases to 60 MPa, the volumetric flow
rate of single fractured rocks with different roughness decreases
by one order of magnitude, which are 12.02x107%, 6.36x1078,
5.93x10~8 m3[s, respectively, decreasing by 47.1% and 50.7%. As
the confining pressure increases to 90 MPa, the volumetric flow
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rate continues to decrease with increasing JRC, with values of
5.34x107'2, 3.29x107'2, and 2.84x107'2 m?[s, which decrease by
38.4% and 46.8%, respectively. These results indicate that under
low confining pressures, the flow behavior of fractured rocks is sig-
nificantly influenced by roughness. However, as the confining pres-
sure increases, the impact of roughness on fluid flow diminishes.

In addition, it can be observed from Fig. 5 that the absolute val-
ues of a and b in the Forchheimer equation increase with increas-
ing JRC. This phenomenon can be explained by the physical
significance of a and b in the Forchheimer equation. The coefficient
a represents the linear response of flow. As the roughness
increases, the irregularity of the fracture surface becomes more
pronounced, leading to increased frictional resistance during fluid
flow. This increased resistance requires higher hydraulic pressure
to overcome the surface friction, thus necessitating a larger value
of a. The coefficient b is related to the nonlinear behavior of fluid
flow. As the roughness of the fracture increases, the fluid flow path
becomes more irregular and tortuous, promoting local flow insta-
bility and increasing the inertial effects, which increases the abso-
lute value of b.

4.4. The effect of HTHM coupling on fluid flow behavior

Fig. 10 shows the —VP-Q curves of single fractured rock with
different roughness under various confining pressure and temper-
ature conditions. The Forchheimer equation fitted under different
working conditions is shown in Table 2. Under the same hydraulic
gradient, as temperature increases and fracture surface roughness
decreases, the volumetric flow rate of fractured rock increases.
However, under different confining pressure conditions, the influ-
ence of temperature and roughness on the flow behavior of a single
fractured rock changes. The flow behavior of rough rock fractures
under HTHM conditions exhibits complex variations. To further
explore the evolution of fluid flow under HTHM coupling, we plot-
ted the volumetric flow rate of fractured rocks with different
roughness as it varies with temperature and JRC under a hydraulic
gradient of 200 MPa/m, as shown in Fig. 11.

By comparing the data in Fig. 11a-d, it can be observed that the
effect of fracture roughness on volumetric flow rate decreases as
the confining pressure increases. When the confining pressure is
30 MPa and the temperatures are 20, 50, and 90 °C, respectively,
the volumetric flow rate increases by 229.46%, 230.27%, and
216.69% when the JRC of the fractured rock decreases from 10.71
to 5.26. However, when the confining pressure increases to
60 MPa, the increase in volumetric flow rate due to the same
reduction in JRC significantly drops to 94.12%, 77.41%, and
87.82% at temperatures of 20, 50, and 90 °C, respectively.

The effect of temperature on the volumetric flow rate of frac-
tured rock decreases with the increase in confining pressure, and
this trend is more pronounced when the JRC of the fractured rock
is higher. At a confining pressure of 30 MPa, when the temperature
increases from 20 to 50 °C and 50 to 90 °C, the volumetric flow rate
of Specimen 1 (JRC=13.05) increases by 44.06% and 24.41%, respec-
tively. However, when the confining pressure increases to 90 MPa,
the corresponding increments reduce to 36.79% and 16.69%, and
further decrease to 24.41% and 11.61% at 120 MPa. Similar trends
are observed in Specimens 2 and 3. This is because, after the con-
fining pressure reaches a certain value (>90 MPa), the hydraulic
aperture significantly decreases and tends to stabilize. Even though
an increase in temperature can reduce the fluid viscosity and
decrease flow resistance, the extremely narrow hydraulic aperture
significantly limits the flow path of the fluid, indicating that the
viscosity changes caused by temperature cannot effectively
improve the fluid flow in the fracture.
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The effects of temperature and roughness on the flow behavior
of a single rock fracture vary with confining pressure. At a confin-
ing pressure of 30 MPa, the influence of temperature on the volu-
metric flow rate of fractured rocks becomes more pronounced as
roughness decreases. When the temperature increases from 20 to
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the volumetric flow rate (Q) of Specimen 1 at different temperatures.

50 °C the volumetric flow rate of Specimens 1, 2, and 3 (with JRC
values of 13.05, 10.71, and 5.26, respectively) increases by
44.06%, 49.39%, and 49.77%, while the volumetric flow rate
increases by 24.41%, 27.93%, and 33.23%, respectively, as the tem-
perature rises from 50 to 90 °C At this confining pressure, the influ-
ence of roughness on the volumetric flow rate of fractured rocks is
not significantly affected by temperature. At lower confining pres-
sures, when the JRC of fractured rocks ranges from 10.71 to 5.26
and the temperature varies between 20 and 90 °C, the influence
of roughness on volumetric flow rate is clearly greater than the
effect of temperature. However, as confining pressure increases,
the influence of roughness on the flow behavior of fractured rocks
diminishes as the hydraulic aperture decreases, while the influence
of temperature on volumetric flow rate remains relatively stable. In
general, the influence of temperature and roughness on flow
behavior is constrained by confining pressure. As confining pres-
sure increases, the reduction in hydraulic aperture and the limita-
tion of fluid flow paths cause the impact of these factors on
volumetric flow rate to gradually diminish. The combined influ-
ence of roughness and temperature on volumetric flow rate is sig-
nificant under low confining pressure (<30 MPa), whereas at high
confining pressure, the effect of temperature stabilizes, and the
influence of roughness gradually diminishes.
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Fig. 10. Relationship between the hydraulic gradient (—VP) and the volumetric flow rate (Q) of the three specimens with a single rough fracture at different temperatures and

confining pressures.

5. Discussion
5.1. Applicability of the improved Forchheimer equation

To verify the accuracy of the improved Forchheimer equation in
describing the behavior of fluid in fractured rock, it is essential to
first calculate the contact ratio of the fracture surface. Given the
complexity of the experimental setup in this study, the contact
area ratio was determined through the following procedure.

Step 1: Using the point cloud data of the upper and lower frac-
ture surfaces obtained from a 3D scanner, the fracture surfaces
were geometrically aligned and stitched based on the spatial regis-
tration method described in Section 3.1.

Step 2: The local aperture at each point on the fracture surface
was calculated. Specifically, we selected a grid of 100 points along
the x-axis and 200 points along the y-axis to represent the surface
morphology. The aperture distribution was then computed along
different x-coordinates across the fracture plane.

el =270 -2 (12)

where €Y denotes the natural (unloaded) aperture at each data point
within the fracture surface; I the index of the data point; Z? and 20
the z-axis coordinates of the corresponding points on the upper and
lower fracture surfaces, respectively.
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Step 3: The aperture of fractured rock after external load is cal-
culated as follows:

e =e — Ae (13)

where e, is the aperture at each data point within the fracture; and
Ae the fracture aperture variation. In this study, the aperture varia-
tion at each data point on the fracture surface after the experiment
was recalculated, with the difference between the corresponding
data points before and after loading defined as Ae.

Step 4: The contact area ratio can be expressed:

XS b
Sa Nt

where S; is the area of corresponding unit data points on the upper
and lower fracture contact surfaces; S, the total area in a fracture
surface; b; the contact ratio coefficient of data points in the fracture
surface; and N; the total number of data points on a fracture surface.
When e; is less than or equal to 0.0005 mm, the value of by is 1, and
when ey is greater than 0.0005 mm, the value of b; is 0.

Fig. 12 presents the natural and stress-induced fracture aper-
tures along the y-axis at five representative positions (x=—10, -5,
0, 5, and 10 mm) for Specimens 1, 2, and 3. Specifically, Fig. 13a
and b illustrate the natural (unloaded) aperture and
stress-induced aperture distribution. Based on Eqgs. (12)-(14), the

w (14)
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Table 2
Summary of Forchheimer equations under different conditions.
Confining Specimen Temperature Equation Confining Specimen Temperature Equation
pressure (°C) pressure (°C)
(MPa) (MPa)
30 1 20 —VP =259 x 10'5Q + 8.31 x 103Q*> 60 1 20 —VP =5.90 x 10'8Q-9.17 x 1027Q>
50 —VP =2.01 x 10'5Q + 5.26 x 10Q? 50 —VP =3.17 x 10'8Q-5.44 x 10%7Q?
90 —VP =126 x 10'°Q + 2.78 x 10%3Q? 90 —VP =252 x 10'8Q-2.85 x 10*7Q?
2 20 —VP =1.78 x 10'5Q + 7.16 x 1022Q? 2 20 —VP = 6.85 x 10'8Q-8.22 x 10¥7Q?
50 —VP =1.16 x 10'°Q + 4.56 x 10%2Q? 50 —VP = 4.96 x 10'8Q-4.38 x 10%°Q?
90 —VP =926 x 10'Q + 9.55 x 10%'Q? 90 —VP = 2.46 x 10'8Q-1.82 x 10%7Q?
3 20 —VP =570 x 10'Q + 4.33 x 10%2Q? 3 20 —VP =5.88 x 10'%Q-7.51 x 10*7Q?
50 —VP =3.68 x 10'%Q + 8.69 x 10%'Q? 50 —VP =3.79 x 10'8Q-5.27 x 10%7Q?
90 —VP =291 x 10'Q + 1.54 x 10%2@Q? 90 —VP =2.77 x 10'8Q-2.20 x 10¥’Q?
90 1 20 —VP =1.13 x 10*°Q-3.65 x 10%3Q? 120 1 20 —VP =1.19 x 10%°Q-3.15 x 10%°Q?
50 —VP = 8.05 x 10'°Q-2.03 x 10%%Q? 50 —VP = 8.48 x 10'°Q-2.11 x 10%°Q?
90 —-VP =7.03 x 10'°Q-8.17 x 10°7Q? 90 —VP = 7.57 x 10'°Q-9.50 x 10%%Q*
2 20 —VP = 8.54 x 10'90-9.95 x 1027Q> 2 20 —VP =9.82 x 10'9Q-7.38 x 10%8Q?
50 —VP =5.03 x 10'°Q-7.68 x 10*’Q? 50 —VP =729 x 10'°Q-6.72 x 10%8Q?
90 —VP =4.09 x 10'°Q-2.57 x 10*’Q? 90 —VP =631 x 10'°Q-2.33 x 10%8Q?
3 20 —VP = 5.88 x 10'90-9.36 x 1027Q> 3 20 —VP = 6.56 x 10'9Q-4.97 x 10%8Q>
50 —VP =3.79 x 10'°Q-5.33 x 10¥7Q? 50 —VP =4.81 x 10'°Q-3.82 x 10%8Q?
90 —VP =2.77 x 10'°Q-4.50 x 10*’Q? 90 —VP =3.99 x 10'°Q-1.14 x 10%8Q?

calculated contact area ratios for Specimens 1, 2, and 3 under
120 MPa are 0.67, 0.71, and 0.73, respectively. Chen et al. [44] sys-
tematically investigated the influence of fracture geometry on fluid
flow behavior in fractured rocks and found that, with increasing
confining pressure, the contact area ratio tends to increase initially
and then stabilize. This stabilization becomes particularly evident
when the confining pressure exceeds 20 MPa. Given that the con-
fining pressures applied in this study range from 30 to 120 MPa, it
is reasonable to assume that the contact area ratio remains rela-
tively stable throughout this range. Therefore, the contact ratio cal-
culated at 120 MPa was adopted as representative in the
subsequent analysis.

Fig. 13 illustrates the effect of temperature on the density and
dynamic viscosity coefficient of water. As the temperature
increases from 20 to 50 and 90 °C, the dynamic viscosity decreases
by 45.95% and 70.64%, respectively, and the density decreases by
0.99% and 3.29%, respectively.

Based on Eq. (10), the relationship between the hydraulic gradi-
ent and volumetric flow rate for specimens at different tempera-
tures under a confining pressure of 30 MPa was determined, as
shown in Fig. 14a. The results demonstrate that the improved
Forchheimer equation effectively characterizes the flow behavior
of single-fractured rocks under various environmental conditions.
In this study, the thermal expansion coefficient is calculated based

i 3 %(T20) o(T20) ;
on calcite properties, Ty and T are 0.94 and 0.87, respectively

[45]. Notably, under the same confining pressure, the f value
shows a temperature dependence, which can be expressed as
follows:

= ﬁoTl (—0‘804 +1.3606 x 0.995T) (15)
0

where fg is the modified Forchheimer equation parameter obtained

from experiments at the reference temperature Ty; and T the pre-

dicted temperature.

Considering the temperature-dependent characteristics of the j
value, the relationship between the hydraulic gradient and the vol-
umetric flow rate of fractures with different roughness at 20 °C was
first determined under confining pressures of 60, 90, and 120 MPa
using Eq. (9). Subsequently, the relationship between the hydraulic
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gradient and the volumetric flow rate at 50 and 90 °C under the
same confining pressures were predicted by Egs. (9) and (15), as
shown in Fig. 14ab-d. It is observed that, compared to the tradi-
tional Forchheimer equation, the modified Forchheimer equation
proposed in this study effectively characterizes fluid flow behavior
in rough fractures under complex conditions by incorporating
parameters related to the rock thermal expansion coefficient, frac-
ture surface roughness, and geometric characteristics. Further-
more, in the modified Forchheimer equation, parameters under
high-temperature conditions can be derived from low-
temperature experimental data, enabling the prediction of fluid
flow behavior in rock fractures under higher temperatures.

Table 3 shows the fitting and predicted values of g for a single
fracture with different roughness under different confining
pressures. The corresponding p values at 50 and 90 °C are predicted
values. It can be seen that Eq. (15) provides a good prediction of
under higher temperatures. In fact, under high-speed flow state,
in the Forchheimer equation serves as the nonlinear term coeffi-
cient, primarily characterizing the inertial effect in the fluid. The
value of 8 is not only closely related to the structure and fracture
roughness, as well as other external environmental factors, but
also influenced by fluid properties, with density being the most
direct variable in the Forchheimer equation. Under high-speed
flow conditions, the inertial effect causes the fluid flow to deviate
from Darcy’s law [46]. In complex seepage paths or low-
permeability media, the nonlinear term  demonstrates the sensi-
tivity of fluid flow to the characteristics of complex media. In the
above two cases, many researchers have investigated the
determination of g through experimental methods, numerical sim-
ulations, and theoretical derivations. The results indicate that dif-
ferent factors, including material properties, fracture geometry,
porosity, and size, all have an impact on p [47,48]. It is still a
challenging problem to accurately describe the physical
significance of B.

5.2. Sensitivity analysis of model parameters
To evaluate the influence of key parameters on fluid flow

behavior, a sensitivity analysis of Eq. (9) was performed at a con-
fining pressure of 30 MPa. During the sensitivity analysis, only
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Fig. 11. Volumetric flow rate of different rough fractured rocks varies with temperature and JRC under the same hydraulic pressure.

the target parameter was varied, while all other parameters were
held constant. Since temperature variations simultaneously affect
the dynamic viscosity and density of the fluid, these two parame-
ters were considered together as coupled factors in the analysis.
Fig. 15 illustrates the influence of fracture roughness parame-
ters (JRC and ) and temperature-related parameters (u, p, and
1) on flow behavior under a confining pressure of 30 MPa. The
results, consistent with experimental findings, indicate that

1800

increasing JRC requires a larger pressure gradient to maintain the
same volumetric flow rate, suggesting that increased roughness
enhances flow resistance. A lower contact area ratio also leads to
reduced volumetric flow rate under the same pressure gradient.
In addition, as temperature increases, both fluid density and vis-
cosity decrease, resulting in slightly lower flow resistance. As
shown in Fig. 15¢, when the temperature rises from 20 to 90 °C,
the flow capacity increases only moderately. Notably, the thermal
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expansion coefficient ratio, introduced as a key parameter in the 5.3. Transformation of linear-nonlinear flow behavior of a single rock

modified Forchheimer equation, plays a significant role in repre- fracture under THTM conditions
senting the thermo-hydro coupling. As temperature increases, this
ratio decreases, indicating that thermally induced contraction of To quantify the degree of nonlinear fluid flow, two dimension-

the hydraulic aperture occurs, which increases flow resistance. less parameters are commonly used: the Reynolds number (Re)
This parameter is crucial for characterizing the interaction and the non-Darcy effect factor Fy. The Reynolds number Re is
between fluid flow and fracture deformation, and serves as a key defined as follows [49]:

factor for predicting flow behavior at elevated temperatures.
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The larger the Reynolds number, the greater the inertia effect of
the fluid. Previous literature has reported a wide range from 0.001
to 2300 of Reynolds number to distinguish between linear and
nonlinear fluid flow regimes [42]. Due to the limited applied
hydraulic gradients, studies have rarely focused on the nonlinear
fluid flow behavior in naturally rough fractured rocks under high
confining pressure and high hydraulic gradient conditions. Qian
et al. [50] carried out experimental tests under high hydraulic gra-
dients, and the Reynolds number Re varied from 2881 to 290338,
which greatly exceeded the critical value of 2300.

The ratio of the hydraulic gradient caused by nonlinearity to the
total hydraulic gradient is defined as the non-Darcy effect factor Fo.
Generally, Fp=0.1 is considered the critical threshold for the transi-
tion from linear to nonlinear. When Fy>0.1, the flow exhibits non-
Darcy behavior [23].
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Fig. 14. Improved Forchheimer equation predicts the seepage behavior of fractured rock under high temperature.
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Table 3
Comparison of § between fitting and predicted data.

Specimen Confining pressure (MPa) Temperature (°C) Fitting value of Predicted value of g Relative
error (%)

1 30 50 1.471 x 10% 1.442 x 10% 2.052

90 5.982 x 10%! 6.371 x 10%! 6.106

60 50 -1.623 x 10?8 -1.591 x 10?8 2.006

90 -4.741 x 10%° -4.572 x 10%° 3.699

90 50 -5.898 x 10%° -6.334 x 10%° 6.888

90 —2.706 x 10%° -2.798 x 10?6 3.300

120 50 -5.567 x 10?7 -5.466 x 10?7 1.841

90 -2.675 x 10%7 -2.415 x 10%7 10.764

2 30 50 3.849 x 10%° 3.773 x 10%° 2.030

90 1.722 x 10%° 1.666 x 10%° 3.319

60 50 —-4.418 x 10%° —-4.331 x 10%° 2.011

90 -1.765 x 10%° -1.913 x 10%° 7.765

90 50 -4.929 x 10%° —5.246 x 10%° 5.989

90 -2.304 x 10%° -2.316 x 10%° 0.499

120 50 -3.966 x 10%° —3.889 x 10%° 2.001

90 -1.782 x 10?8 -1.718 x 10?8 3.730

3 30 50 5.951 x 10'8 5.836 x 10'® 1.962

90 2.366 x 10'8 2,578 x 10'® 8.201

60 50 -1.261 x 10%* -1.236 x 10 2.007

90 -5.084 x 10?3 -5.460 x 10?3 6.885

90 50 -1.182 x 10?4 -1.261 x 106 6.342

90 -5.084 x 10?3 -5.573 x 10?3 0.124

120 50 -6.828 x 10%* —-6.699 x 10%4 1.933

90 -2.958 x 10?4 —-2.959 x 10?4 0.028

When the confining pressure increases to 60 MPa, it is difficult
to change the Reynolds number significantly by increasing the
seepage pressure due to the reduction in the hydraulic aperture
caused by the elevated confining pressure. Fig. 16 illustrates the
variation in the Reynolds number of a single rock fracture with
temperature and roughness under different confining pressures
at a hydraulic gradient of 200 MPa/m. It can be observed that the
Reynolds number exhibits a positive correlation with temperature
and a negative correlation with roughness under all four confining
pressure levels. As the confining pressure increases from 30 to
60 MPa, the Reynolds number decreases by four orders of magni-
tude. When the confining pressure increases from 60 to 90 MPa,
the Reynolds number decreases by one order of magnitude. Beyond
90 MPa, the effect of confining pressure on the Reynolds number
gradually diminishes.

At a constant confining pressure, temperature, and roughness
have a significant impact on the Reynolds number. When the con-
fining pressure is 30 MPa and the temperature is 20 °C, the Rey-
nolds numbers of Specimens 1, 2, and 3 are 6.64, 9.08, and 30.38,
respectively. This means that when the JRC of a single fractured
rock decreases from 13.05 to 5.26, the Reynolds number increases
by 357.53%. When the temperature increases to 90 °C, the Rey-
nolds numbers of the three fractured rocks become 41.02, 54.99,
and 179.79, respectively. Compared to the values at 20 °C, the Rey-
nolds numbers increase by 517.71%, 505.61%, and 491.80%, respec-
tively. This means that when the JRC of a single rock fracture
decreases from 13.05 to 5.26, the Reynolds number increases by
338.29%. These results demonstrate that an increase in tempera-
ture and a decrease in roughness lead to a higher Reynolds num-
ber. However, as confining pressure increases, the influence of
temperature and roughness on the Reynolds number gradually
diminishes. When the confining pressure is 90 MPa, and the tem-
perature rises from 20 to 90 °C the Reynolds numbers of Specimens
1, 2, and 3 increase by 394.75%, 432.20%, and 446.63%, respectively.

1803

When the temperature is 20 and 90 °C, the roughness of a single
fractured rock decreases from 13.05 to 5.26, and the Reynolds
number increases by 192.77% and 285.87%, respectively.

To investigate the effects of confining pressure, seepage pres-
sure, fracture surface roughness, and temperature on the nonlinear
flow behavior of a single fractured rock, the non-Darcy effect factor
(Fo) was calculated under different experimental conditions. At a
low confining pressure of 30 MPa, the fracture aperture is at the
micron level, resulting in significant nonlinear Forchheimer flow
behavior when the fluid flows through the fracture. However, as
the confining pressure increases to 90 MPa, the hydraulic aperture
decreases to the sub-micrometer scale, with Fy values consistently
remaining below 0.1. Temperature and roughness exhibit minimal
effects on the nonlinear flow behavior of fractured rock. Therefore,
this study mainly discusses the effects of fracture roughness and
temperature on nonlinear Forchheimer flow behavior under low
(30 MPa) and medium confining pressures (60 MPa).

As shown in Fig. 17, an increase in both temperature and frac-
ture roughness enhances the nonlinear Forchheimer flow behavior
of a single rock fracture. Notably, the effects of temperature and
roughness on the nonlinear flow behavior vary with different con-
fining pressures. At a confining pressure of 30 MPa and a hydraulic
gradient of 200 MPa/m, as the temperature increases from 20 to
90 °C, the Fy value of Specimen 1 rises from 42.95% to 52.30%, while
that of Specimen 3 increases from 63.87% to 74.82%. Clearly, within
the range of JRC from 13.05 to 5.26 and a temperature range of 20
to 90 °C, the influence of fracture roughness on nonlinear flow
behavior exceeds that of temperature. At a confining pressure of
60 MPa and a hydraulic gradient of 200 MPa/m, as the temperature
rises from 20 to 90 °C, the F, value of Specimen 1 increases from
4.32% to 10.72%, while that of Specimen 3 increases from 23.09%
to 28.48%. Compared to a confining pressure of 30 MPa, the effects
of both temperature and roughness on nonlinear flow behavior are
significantly reduced. This is mainly due to the obvious narrowing
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Fig. 15. Local sensitivity analysis of parameters of the improved Forchheimer equation under a confining pressure of 30 MPa.

of the flow channel at 60 MPa, where the flow paths are severely
restricted by the confining pressure, thereby diminishing the non-

linear characteristics.
5.4. Future work

Although the model proposed in this

study offers new insights

into the nonlinear flow behavior of rough single fractures under
coupled HTHM conditions, several limitations remain that warrant

further investigation. To enhance the

model’s applicability and

improve its practical value in broader fields such as geotechnical

engineering and energy development. Fu
on the following aspects:

ture research should focus

(1) Flow behavior when the seepage pressure approaches or

reaches the confining pressure. Although this study includes
seepage pressure conditions as high as 60 MPa, the corre-
sponding confining pressure was maintained at 120 MPa,
resulting in sufficiently large effective stress. However, in
certain deep subsurface engineering scenarios, particularly
in petroleum engineering, abnormally high pore pressures

may occur, where the seepage pressure approaches or even
equals the confining pressure, leading to nearly zero effec-
tive stress. Under such extreme conditions, fluid flow behav-
ior within rock fractures remains unclear and requires
further investigation.

(2) Flow behavior in poorly matched fracture surfaces under

coupled HTHM conditions. In this study, fracture surfaces
were produced by splitting intact rock cores, resulting in rel-
atively well-matched fracture pairs with minimal geometric
evolution under varying confining pressure conditions. In
nature or engineering practice, there are also cases of poor
matching of fracture surfaces, resulting in more complex
contact states and geometric deformations caused by confin-
ing pressure. Future work should consider using technolo-
gies such as 3D printing to fabricate fracture specimens
with controlled roughness but low matching degrees, allow-
ing systematic investigation of fluid flow behavior under
extreme coupled conditions.

(3) Flow behavior at higher temperatures and involving multi-

phase fluids. To avoid fluid phase transitions during testing,
the temperature range in this study was limited to 20-90 °C,
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which is representative of deep tunnel excavation condi-
tions. However, this range does not fully capture the high-
temperature environments typical of petroleum extraction
and geothermal development. Future research should focus
on designing experimental systems capable of operating at
higher temperatures to investigate the coupled flow behav-
ior of multiphase fluids under HTHM conditions.

6. Conclusions

To gain a comprehensive understanding of the seepage behavior
of fractured rock at different depths, a self-developed multi-field
coupling experimental system was employed to conduct seepage
experiments. The tests covered a temperature range of 20 to
90 °C confining pressures from 30 to 120 MPa, and seepage pres-
sures from 5 to 60 MPa on single fractured rocks with varying
roughness. This study elucidates the influence of multi-factor cou-
pling on the flow behavior of single fractured rock. Furthermore, an
improved Forchheimer equation is proposed to accurately charac-
terize the flow behavior of single fractured rock with varying
roughness under HTHM conditions. The main conclusions are as
follows:

(1) Confining pressure significantly alters flow behavior by
reducing the hydraulic aperture. As confining pressure
increases from 30 to 120 MPa, flow behavior transitions
from Forchheimer flow to low-velocity nonlinear flow. At
lower confining pressures (<60 MPa), the increase in seepage
pressure induces inertial effects, resulting in Forchheimer
flow behavior. When the confining pressure reaches
60 MPa, the hydraulic aperture decreases to the sub-
micrometer scale, causing the flow behavior to shift toward
low-velocity nonlinear.

(2) The influence of seepage pressure on fluid flow behavior
diminishes as the confining pressure increases. At relatively
low confining pressures (<60 MPa), an increase in relative
seepage pressure from 16.6% to 50% leads to a significant
expansion of the hydraulic aperture (5%). However, when
the confining pressure exceeds 60 MPa, the hydraulic aper-
ture increases by less than 5% under the same relative seep-
age pressure change.

(3) The effects of temperature and fracture surface roughness on
fluid flow behavior vary with confining pressure. When the
JRC of fractured rocks ranges from 13.05 to 5.26, the temper-
ature varies between 20 and 90 °C and the confining pres-
sure is below 60 MPa, roughness dominates flow behavior,
while its influence diminishes with increasing confining
pressure due to aperture reduction. Additionally, under the
same seepage pressure, the effect of temperature on the vol-
umetric flow rate of fractured rocks increases as JRC
decreases, while the influence of roughness on volumetric
flow rate is not significantly affected by temperature.

(4) Reynolds number and non-Darcy effect factor are confining
pressure-dependent. Reynolds number increases with tem-
perature and decreases with roughness, but both effects
weaken under higher confining pressures. The non-Darcy
effect factor is significantly influenced by confining pressure,
with Forchheimer flow being more likely to occur at 30 MPa.
Temperature-induced viscosity reduction and roughness-
induced flow path tortuosity promote nonlinear flow
through different mechanisms.
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