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1 Introduction 

Modeling of coupled hydro-mechanical (HM) processes in fractured rocks is an important topic for many 

geoengineering projects.  Over the past decades, many efforts have been devoted to study the flow and 

transport in single fractures with consideration of mechanical effects. It is generally known that the 

mechanical effects, i.e. normal and shear deformation, significantly affect fluid flow and solute transport 

processes in rough-walled rock fractures since the deformation may largely alter the structure of fracture 

apertures that directly controls the transmissivity [1, 2]. Due to complicated physical processes combined 

with complexity of geometry structures, many issues remain open questions, such as fracture surface 

roughness characterization, deformation dependence of transmissivity and advective transport in natural 

rock fractures [3, 4]. 

In this work, we attempt to investigate the impact of stress caused closure on fluid flow and solute 

advective transport in a rough-walled fracture through numerical modeling.  A rough-walled fracture 

model is created based on a laser-scanned rock surface. The Bandis’ model is used to describe the fracture 

closure subject to normal stress [2]. The flow is modeled by solving the Reynolds equation and the 

advective transport is simulated through a Lagrangian particle tracking approach [4].  

The results generally show that the normal stress caused fracture closure creates asperity contacts and 

reduces the mean aperture, which significantly reduces the effective hydraulic aperture (transmissivity), 

and affects the travel time and transport resistance. With increases of normal stress, the specific surface 

area reduces nonlinearly due to the nonlinear closure behavior. The finding from this study may help to 

understand the coupled HM processes and the impact of normal stress on the solute retention in natural 

fractured rocks. 

2 Theory and methodology 

2.1 Normal stress caused fracture closure 

Many analytical or empirical closure models for rock fractures under normal stresses have been proposed based on 

theoretical analyses or experiment data. One of most widely used empirical closure model is the Bandis’ model, 

which is used in the present study to model the closure. The Bandis’ model is a hyperbolic formula that describes the 

relationship between the effective normal stress and the closure displacement, expressed as [2] 

𝜎𝑛
′ =

𝑘𝑛0 ∆𝑢 𝑒0

𝑒0−∆𝑢
                                                                                                         (1) 

where 𝜎𝑛
′ is the effective normal stress, 𝑘𝑛0 is the initial normal stiffness coefficient, 𝑒0  is the initial 

mean aperture at zero effective normal stress and ∆𝑢 is the closure displacement at a specific normal 

stress, which can be rewritten as  

 ∆𝑢 =
 𝜎𝑛

′
𝑒0

𝑘𝑛0  𝑒
0

+𝜎𝑛
′
                                                                                                       (2) 

For a single fracture, with a known initial mean aperture value and the initial normal stiffness coefficient, 

the aperture 𝑒 available for flow at a normal stress can be obtained by 

𝑒 = 𝑒0 + ∆𝑢 = 𝑒0(1 +
 𝜎𝑛

′

𝑘𝑛0 𝑒0+𝜎𝑛
′)                                                                          (3) 
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2.2 Fluid flow in rock fractures 

The Reynolds equation has been widely applied in modeling of flow and transport in rock fractures, due 

to its simplicity and ability to account for surface roughness by assuming that the cubic law can be 

applied locally. The Reynolds equation is expressed as 

∇ ∙ 𝑇∇𝑃 = 0                                                                                                 (4) 

where 𝑃 is the hydraulic pressure and T is the transmissivity obtained by the cubic law, written as 

𝑇 =
b(x,y)3

12μ
                                                                                                   (5) 

A finite element method (FEM) code is developed to solve the Reynolds equation and to obtain the flow 

field. 

2.3 Solute retention in rock fractures 

We consider the dominating transport processes in natural rock fractures, including advection in the 

fracture and the retention caused by matrix diffusion. Cvetkovic et al. proposed a Lagrangian particle 

tracking approach to model the solute retention in heterogeneous rock fractures [4]. In this approach, the 

flow trajectory is described by the Lagrangian position vector as a function of time 𝑿(𝑡) = [𝑥(𝑡), 𝑦(𝑡)]. 
The residence time 𝜏 for a particle from the release point (x = 0) to the control plane (x = L) is defined by 

𝜏 = ∫
𝑑𝑥

𝒖𝑥[𝑿(𝜏(𝑥))]

𝐿

0
                                                                                         (6) 

According to the analytical solution of the transport model, another random parameter, named as transport 

resistance is proposed as the controlling parameter for the retention [4]. The transport resistance  𝛽(𝜏) is 

defined as 

β = ∫
dτ′

b[X(τ′)]

τ

0
                                                                                                          (7) 

The residence time 𝜏  and transport resistance  𝛽  are correlated random parameters. The correlation 

between the residence time 𝜏 and transport resistance  𝛽 represents the ‘flow-wetted surface’ or ‘specific 

surface area’ that controls the solute retention caused by mass exchanges on the fracture-matrix 

interfaces, e.g., matrix diffusion. 

3 Results 

Two rough surfaces selected from a laser-scanned surface of a granite rock simple are used to build the 

single fracture model. We set the initial mean aperture as 800 µm. In order to illustrate the impact of 

normal stress on the fluid flow and solute retention, 8 cases with different normal stress are simulated in 

this work. The parameters and simulated cases are summarized in Table 1. 

Table 1. Summary of parameters and simulated cases 

Data Type Value 

Initial mean aperture 800 µm 

Normal stiffness 25 GPa/m 

Normal stress 0, 5, 10, 15, 20, 25, 30 and 35 MPa 

Closure  0, 160, 267, 343, 400, 444, 480 and 509 µm 

Figure 1 presents the simulated velocity fields and streamlines under two exemplified cases with normal 

stresses σn
′ = 0 MPa and 35 MPa. Initially, when  σn

′ = 0 MPa, no asperity contacts appears and the 

flow show slight channeling behavior. In contrast, for the case under the normal stress  σn
′ = 35 MPa, 

many irregular contacts are caused by the fracture closure. The flow becomes more channelized due to the 

changes of aperture structures caused by the normal stress. The relationship between the effective 



 

 

hydraulic aperture and the applied normal stress is presented in Figure 2, showing that the effective 

hydraulic aperture decreases dramatically with the increase of applied normal stresses. 

 

Figure 1. Velocity field and streamlines under different normal stresses σn
′. 

 
Figure 2.    Relationship between hydraulic aperture and nomal stresses. 



 

 

 

Figure 3.    Relationship between travel time 𝜏 and transport resistance 𝛽 under different nomal stresses 𝜎𝑛
′. 

Figure 3 shows the relationship between travel time 𝜏 and transport resistance 𝛽 under different nomal 

stresses 𝜎𝑛
′. Generally, there are strong correlations between the travel time 𝜏 and transport resistance 𝛽 

for all cases of normal stresses. However, such correlation becomes nonlinear and contains higher 

variability when the normal stress increases from 0 MPa to 35 MPa.  In addition, the slope representing 

the ‘flow-wetted surface’ decreases with the increases of normal stresses. This result indicates that the 

normal stress caused closure significantly affects the solute retention process by reducing the ‘flow-

wetted surface’ and causes more uncertainties by enhancing the channeling flow. 

4 Conclusions 

In the present study, we investigated the flow and solute transport process in a single rock fracture under 

normal stresses. It is found that the normal stress caused fracture closure significantly affects the fluid 

flow and solute retention process in rock fractures. Fracture closure reduces the effective hydraulic 

aperture and results in irregular asperity contacts that enhances channeling flow. Consequently, the 

reduced aperture and enhanced channeling flow reduces the ‘flow-wetted surface’ and causes more 

uncertainties for modeling of solute retention. In practice, it is important to consider the coupled HM 

processes in design and risk assessment, especially for important hydrogeological projects, e.g. 

radioactive nuclear waste geological disposal. 
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