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Abstract. The hydraulic behavior of rocks is significantly controlled by fracture geometries, 

such as aperture, contact areas, roughness, interconnections, and so on. However, these 

characteristics are strongly influenced by the confining pressure conditions. This paper 

experimentally investigated the nonlinear flow behaviors through single rock fractures 

subjected to a wide range confining pressures. A series of transient pulse tests were conducted 

on three fractured limestone samples by MTS815 Rock Mechanics Test System. The 

experimental results show that the pulse decay curves diverge from the classical exponential 

model due to nonlinearity, thus an empirical relationship between differential pressure and time 

is developed with consideration of nonlinearity. Subsequently, the nonlinear flow coefficient 

and permeability were calculated based on the Forchheimer equation. The calculated results 

show that nonlinear flow coefficient increases with confining pressure, and rougher fracture 

surface helps to stronger nonlinearity. As the confining pressure increases, the permeability 

first experiences a dramatic decrease and then behaviors a much slow-down drop. The critical 

confining pressure for climb-rush shifts increases with the fracture rouhghness.  

1. Introduction 

Fluid flow in fractured rock masses exists in numerous industrial and scientific fields, such as 

excavation of rock caverns[1], oil or natural gas exploration[2], [3], contaminant pollution control, 

hazardous wastes isolation[4], [5] and grouting activities [6]-[8]. Microcracking induced by repository 

excavation and hydraulic pressure will significantly enhance the permeability in the disturbed zone of 

the surrounding rocks [5], raise the risk of radionuclide migration across the natural barrier system, 

and hence cause environment pollution. Therefore, the knowledge of fluid flow behavior through 

fractured rocks is crucial to pollution prevention and proper management of natural resources.  

Fluid flow through single rock fractures obeys the basic law of fluid dynamics [9]. It can be well 

described by Navier-Stokes (NS) equations. However, how to solve the NS equations in rough-walled 

fracture is a challenging task due to the inertia term of the N-S equations and irregular geometry of 

rock fracture [10]. To circumvent the problem, early studies assume that laminar flow occurs between 

two parallel plates and yields the well-known cubic law. However, the real fracture surfaces are rough 

which makes the evolution of fluid flow deviate from the cubic law. More importantly, deviation from 

linear Darcy’s law (i.e. nonlinear flow) may occur in rock fractures [11], [12]. The mechanisms that 

trigger nonlinearity in rough-walled fracture have been extensively studied, including fracture 
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geometries [13], [14], solid-water interaction [15], turbulence, and localized eddy formation [16]. 

Previous studies suggest that flow through rock fractures generally occurs in the linear and transitional 

regimes in real hydrogeological environment [11], [13], [17]. Therefore, this paper mainly focuses on 

the nonlinear flow as a result of heterogeneity of fracture geometries at low Reynolds number.  

Steady-flow method and transient-pressure method are the two major techniques for fluid flow tests. 

The steady-flow method usually consists of imposing a constant pressure gradient to a sample and 

measuring the flow rate. This method can easily obtain the relation of pressure gradient and flow rate, 

so it has been widely applied to investigate the nonlinear flow behavior [9], [11], [18]. However, for 

low permeability geo-materials, steady-flow method requires a relatively long test time to enhance the 

measurement accuracy. The transient-pressure method is based on the analysis of the differential 

pressure between upstream and downstream circuits within a sample, which is appropriate for low 

permeability geo-materials, and has accurate results better than 5% of results from steady-flow method 

[19], [20]. Although pulse transient technique has been applied for permeability measurement in rocks 

fractures [18], [15], few attempts have been made at measuring the nonlinear flow behavior due to the 

non-steady flow state of the method. In this paper, we develop a new methodology to analyse 

nonlinear flow for pulse transient tests by calculating instantaneous velocity.  

In this paper, the water flow behavior through rough-walled fractures is investigated experimentally 

using transient pulse method. The observed differential pressure data is analysed to estimate the 

nonlinearity. Then, the nonlinear flow coefficient and permeability are calculated using Forchheimer 

law. The relationship between non-Darcy coefficient and confining pressure is explored, and the 

regression analysis of experimental data is conducted.  

2. Experimental methodology  

Three limestone samples (M01, M02 and M03) for flow tests were cored from the Mei Tan-ba coal 

mine in Hunan Province (China). Samples were cut into cylinders by stone processing machine with 

dimensions of 50 mm in diameter and 100 mm in length. The mechanical properties of samples are 

shown in Table 1. An artificial fracture was created along the core axis in the uniaxial compressive 

apparatus using Brazilian technique as illustrated in Figure 1. Before being pre-fractured, the sample 

was circumferentially applied with glue and covered with thermo-shrinking plastic pipe to avoid 

sample shattering. Note that the artificial fractures were generated at a loading rate of 50N/s for 

sample M01, 100N/s for M02 and 200N/s for M03 respectively to achieve different roughness. Visual 

inspection showed that initial profile of sample M01 is smoother than for samples M02 and M03. And 

the fracture roughness of samples is measured by a dimensional parameter JRC using the method from 

[21], which gives JRC values of 8.96, 13.3 and 14.6 of sample M01-M03, respectively. 

232.2 32.471lgJRC Z                                                (1) 
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where JRC is rock roughness, L is the length of sample, xi is the ith measurement step, yi is the ith 

discrete point of y-axis, n is the number of cross-section of discrete points.  

 
 

Figure 1  Splitting test Figure 2 Sketch of transient pulse test 
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Table 1. Mechanical property of samples 

Density 

(g/cm3) 
Porosity Poisson's ratio Elastic modulus (GPa) 

Uniaxial compressive 

strength (MPa) 

2.61 8.5% 0.23 20.1 44.8 

2.1. Experimental setup and procedure 

The permeability test was carried out by MTS815 Rock Mechanics Test System using transient pulse 

method. The system is mainly composed of four units including triaxial cell, loading unit, pressure 

monitoring unit, water supply unit. The experimental setup has the maximum loading capacity of 4600 

kN, and the maximum confining pressure and pore water pressure both are 140 MPa.  

Figure 2 shows the sketch of transient pulse test, and the test procedures are summarized as follows: 

(1) Produce fractured samples as introduced earlier, saturate the prepared samples with water for 24h.  

(2) Install the sample into the triaxial cell, apply the axial and confining pressure to predetermined 

value at a rate of 0.5MPa/min. 

(3) Apply the initial water pressure of 0.2 MPa to the upstream and downstream reservoirs. 

(4) Increase the pressure of upstream reservoirs by 2 MPa to form a differential pressure, monitor the 

change of differential pressure with time until equilibrium is attained.  

(5) Increase confining pressure to the next predetermined value and repeat the process (4) to conduct 

next flow test. For these flow tests, confining pressures were increased from 8 MPa to 20 MPa in 

gradual levels of 2 MPa.  

3. Experimental methodology  

3.1. Analysis of pulse decay curves  

The evolution of all measured differential pressure is analysed for three samples successively, with the 

main results being exemplified by sample M01. Simplified analytical methods approach the 

differential pressure with an exponential formulation [19], 

   0 expP t P ct                                                      (3) 

where c is a constant depending on the experimental arrangement. Theoretically, parameter c is a 

function of reservoir volumes, fluid compressibility, sample accumulation coefficient and external 

factors such as stress conditions [19]. Figure 3 shows the pulse decay curves of sample M01 at varying 

confining pressures. The figure demonstrates that the pulse decay curves diverge from the classical 

exponential model (Equation (3)), especially under high confining pressure. Similar experimental 

results have also been reported in laboratory tests [15]. The most reasonable explanation is that a 

nonlinear flow behavior occurs in real rock fractures for their rough walls and variable surface [9]. 

Previous literatures manifest that the presence of asperities and obstructions or sharp changes in 

fracture profile will change flow velocity or direction along the flow path, causing inertial losses 

which make flow regimes deviate from linearity. Meanwhile, the fracture closure and contact areas 

increase with the confining pressure, which lead to more inertial losses and hence cause nonlinearity.  
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Figure 3 Differential pressure-flow time data and fitting curves for sample M01 at a confining 

pressure of (a) 8 MPa; (b) 12 MPa; (c) 16 MPa and (d) 20 MPa 
Ignoring the volume change of the reservoirs due to the applied water pressure, the variation of the 

water mass (mw) in the upstream reservoir can be expressed as [15], [22] 

=w
u

dm d
V Av

dt dt


                                                   （4） 

where A is the sectional area of sample; Vu is the volume of reservoir;   is the fluid density; and v is 

the flow velocity through the fracture. The compressibility of water Cf can be expressed as [22] 

 11
=

f

dp t

C d



                                                           （5） 

Combination of Equations (4) and (5) gives  

 1

f u
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dt C V
                                                            （6） 

Similarly, we obtain the following equation for the downstream reservoir: 

 2

f d
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                                                             （7） 

Combination of Equations (6) and (7) yields 
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The hydraulic gradient j at time t can be simply calculated using the experimental pulse decay data, i.e. 

     1 2=
p t p t p t

j
L L


                                                   (10) 

It can be seen from Equations (9) and (10) that the experimental pulse decay data can be used as a 

criterion of linear or nonlinear flow. If the pulse decay data follows the classical exponential 

formulation (Equation (3)), the relationship between the velocity and pressure gradient is linear, which 

means linear flow occurs. Otherwise, nonlinear flow occurs. Obviously, in this paper, the relationship 

between flow velocity and hydraulic gradient doesn’t meet the Darcy’s law, indicating that a nonlinear 

flow behavior occurs. The nonlinear flow characteristics will be further discussed in detail later. 

To have a best-fit regression analyses of the experimental pulse decay data, p(t), a modified 

exponential equation is proposed, i.e.  

   0 exp np t p ct                                                         (11) 
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where n is a fitting parameter depending on the nonlinearity. By selecting an appropriate value of n, a 

high correlation coefficient can be obtained for the fitting equation. Note that the general exponential 

formulation (Equation (11)) can reduce to traditional formulation (Equation (3)) for value of n=1 when 

the flow occurs in the linear regime. The experimental data are fitted using this modified and more 

general exponential formulation and the fitting curves are shown in the Figure 3. It can be clearly seen 

that the generalized model provides a better fit than the exponential model given by Equation (3).  

3.2. Analysis of non-Darcy flow 

Previous studies [11], [18]
 
indicate that Forchheimer law has proved to fit the flow in fractured rocks 

well. For a one-dimensional non-Darcy flow, the relationship between pressure and flow velocity can 

be expressed as [23] 

2

a

dv
c j v v

dt k


                                                        (12) 

where ca is acceleration factor, k is permeability;   is kinematic viscosity of the fluid. The flow 

velocity and 
dv

dt
   can be obtained with Equation (9). The differential pressure 

   1 2 1 2
t i

p p i n


  ，…  were measured every 1.0 s. Therefore, the following equitation is satisfied 
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Establishing a fonctionelle    
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By solving the fonctionelle   on basis of extremum conditions, we can obtain   and k.  
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3.2.1 Relation of k and confining pressure.  

Figure 4a-c shows the relation of permeability and confining pressure for tested samples. As the 

confining pressure increases, permeability of three samples first experiences a dramatic decrease and 

then behaviors a much slow-down drop. This can be integreted that the fracture aperture decreases 

sharply due to the favourable fracture compressibility, and then decreases at a much slower speed due 

to fracture closure when the confining pressure is higer than the fracture closure stress. Comparing 

with Figure 4(a), Figure 4(b) and Figure 4(c), it is found that the sample M03 with the largest JRC 

value shows the minimum permeability, M02 takes the second place, while M01 shows the maximum 

permeability. This further emphasis the common knowledge that rocks with smoother fracture surfaces 

have a larger permeability. Note that the drop shift of 
ck   curve for three samples are different. In 

general, the critical confining pressure for drop shift increases with the fracture rouhghness. Specificly, 

the threshold value of Sample M01<Sample M02<Sample M03. This phenomenon would possibly 

result from that a rougher fracture needs a larger stress to make the fracture surfaces joint closely. To 

characterize the relation between permeability and confining pressure for fractured rock, Ma et al. [18] 

proposed a power function to fit the obserted data.  
1

1

b

ck a                                                                        (18) 
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where k is the permeability, 
c  is the confining pressure, the coefficient a1 and b1 are scaling 

parameters. As shown in Figure 4a-c, the power function given by Equation (18) fits the experimental 

data well, supporting the usefulness of the power function.  
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Figure 4 Permeability k-confining pressure curves of sample (a) M01; (b) M02 and (c) M03 

3.2.2 Relation of   and confining pressure.  

Figure 5 demonstrates that the non-Darcy flow coefficient   increases with confining pressure at a 

decreasing change rate, indicating that higher confining pressure helps to stronger nonlinearity. The 

values of non-Darcy flow coefficient  , in decreasing order, are those of test samples M01 

(minimum), M02 and M03 (maximum) for a given confining pressure. This can be integrated as a 

rougher fracture shows a stronger nonlinear flow behavior at the same condition of confining pressure. 

Such trend is in qualitative agreement with the experimental results from Zhou et al. [11], in which he 

suggests that a rougher fracture surface usullay induces a more dramatic nonlinear flow behavoir due 

to solid-water interaction.  

Ma et al. [18] introduced a logarithmic function and a polynomial function to analyze the relationship 

between the non-Darcy coefficient   and confining pressure. Figure 5(a)-(c) shows that the 

logarithmic function didn’t match tested data well. The average value of R
2
 of the polynomial function 

is less than 0.9.  

 2 2ln ca b                                                              (19) 

where 
c  is confining pressure, a2 and b2 are fitting parameters. To have a best-fit analysis of tested 

data, an empirical formula is proposed in this paper.  

 3 3expc ca b                                                      (20) 

where a3 is the scaling parameters,   gives the slope, and parameter b3 gives the intercept. It can be 

seen that the new function provides a better fit than the logarithmic function. For the new function, the 
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average value of R
2
 is close to unit (over 0.99), while for logarithmic function, the average is less than 

0.9, indicating that the performance of new function is better than the logarithmic function.  
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Figure 5 Non-Darcy coefficient -confining pressure curves of sample (a) M01; (b) M02 and (c) M03 

4. Conclusions 

In this paper, the effects of variable confining pressure on nonlinear flow behaviors of rough-walled 

fractures are investigated through transient pulse tests, the main conclusions are as follows: 

(1) The observed pulse decay data versus time diverges from the classical exponential model due to 

nonlinear flow behavior, and then a modified exponential relationship is developed with consideration 

of nonlinearity. Theoretical derivation gives that the experimental pulse decay data can be used as a 

criterion of nonlinear flow.  

(2) The nonlinear flow coefficient   and permeability k were calculated based on the Forchheimer 

equation. The calculated results show that   increases with confining pressure, and rougher fracture 

surface helps to stronger nonlinearity.  

(3) As the confining pressure increases, the permeability first experiences a dramatic decrease and 

then behaviors a much slow-down drop. The critical confining pressure for climb-rush shifts increases 

with the fracture rouhghness. 
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