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Abstract 

 

We investigate the stress-dependent permeability issue in fractured rock masses considering the 

effects of nonlinear normal deformation and shear dilation of fractures using a two-dimensional 

distinct element method program, UDEC, based on a realistic discrete fracture network realization. 

A series of “numerical” experiments were conducted to calculate changes in the permeability of 

simulated fractured rock masses under various loading conditions. Numerical experiments were 

conducted in two ways: (1) increasing the overall stresses with a fixed ratio of horizontal to vertical 

stresses components; and (2) increasing the differential stresses (i.e., the difference between the 

horizontal and vertical stresses) while keeping the magnitude of vertical stress constant. 

 

These numerical experiments show that the permeability of fractured rocks decreases with increased 

stress magnitudes when the stress ratio is not large enough to cause shear dilation of fractures, 

whereas permeability increases with increased stress when the stress ratio is large enough. 

Permeability changes at low stress levels are more sensitive than at high stress levels due to the 

nonlinear fracture normal stress-displacement relation. Significant stress-induced channeling is 

observed as the shear dilation causes the concentration of fluid flow along connected shear fractures. 

Anisotropy of permeability emerges with the increase of differential stresses, and this anisotropy 

can become more prominent with the influence of shear dilation and localized flow paths. A set of 

empirical equations in closed-form, accounting for both normal closure and shear dilation of the 

fractures, is proposed to model the stress-dependent permeability. These equations prove to be in 

good agreement with the results obtained from our numerical experiments.  
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1. Introduction 

Hydro-mechanical coupling in fractured rock masses is an important issue for many rock mechanics 

and hydrogeology applications [1]. Fractured rock masses are composed of intact rock materials and 

fractures, with the latter acting as the main pathways of fluid flow, especially in hard rocks. 

Apertures of fractures can change due to normal stress-induced closures or openings and due to 

shear stress-induced dilations. Hence, the permeability of fractured rock masses is stress-dependent. 

This process can be viewed as an “indirect” hydro-mechanical coupling that occurs when the 

applied stresses produce a change in the hydraulic properties, whereas a “direct” coupling occurs 

when the applied stresses produce a change in fluid pressure and vice versa [1]. This indirect 

coupling is particularly important in fractured rock masses, since stress-induced changes in 

permeability can be large (several orders of magnitude) and irreversible under perturbations 

resulting from various natural and human activities. These activities include underground 

constructions causing stress redistributions close to the openings, geothermal energy and oil/gas 

reservoir productions where injections and extractions of fluids entail significant changes in 

effective stresses underground. In particular, the stress-dependent permeability plays an important 

role in the performance assessment of nuclear waste repositories within geological formations, since 

geological media may undergo complex stress-deformation paths from various sources of 

perturbations, including excavations, expansion of buffer materials, thermal loading/unloading from 

the heat-generating nuclear waste decay and climate-related phenomena such as glaciation cycles. 

Therefore, the influence of stresses on permeability should be properly investigated. 

 

Laboratory investigations on single rock fractures show that normal closure and shear dilation can 

significantly change fracture transmissivity [2, 3]. When it comes to a fracture system that contains 

a multitude of fractures, the changes in the transmissivities of critically oriented fractures can be 
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much higher than that of other fractures not critically (optimally) oriented for shear failure [4]. 

These observations are supported, for example, by work described in [5], where the concept is 

applied to geothermal reservoirs to detect flow pathways. Regarding the effect of redistributed 

stresses, a number of studies have been conducted about the permeability alterations around the 

excavated openings [6, 7]. They considered blast damage and fracture closures/openings from 

stress-relief as the main sources of permeability alteration, without considering shear dilations of 

fractures. In addition, a disturbed zone can be generated around the excavated openings [8], and 

fracture dilations in this zone can also be a source of permeability change. A study based on an 

orthogonal fracture system geometry [9] shows that the extent of the disturbed zone can be 

significant, depending on the fracture system geometry and the in situ stress conditions.  

 

A study of the excavation-disturbed zone at the Äspö Hard Rock Laboratory in Sweden showed that 

transmissivities of the fractures around a tunnel sometimes increased and sometimes decreased as a 

result of excavation, and it was not possible to make a firm statement about how to model the 

change in fracture transmissivity [10]. The difficulty is mainly in how to represent the complex 

fracture system geometry, with various orientations and finite sizes of fractures, and how to 

represent the complex mechanical deformation mechanisms that are much influenced by the 

interactions between individual fractures. 

 

Analytical models of stress-dependent permeability of fractured rock masses based on orthogonal or 

persistent fractures sets are available [11-13] that consider the normal closures of fractures and 

constant shear dilations in both fractured and fractured-porous media. However, models based on 

persistent fractures have certain limitations in simulating the abrupt shear dilations and highly 

clustered flow paths resulting from stress changes. Oda’s permeability tensor approach considers 

stress-dependency in complex fracture networks [14]. However, fracture connectivity and complex 
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fracture interactions, which are important factors affecting the overall hydro-mechanical behavior of 

the fractured rock masses, cannot be considered in this approach. Especially, when the shear 

failures and dilations of fractures are to be considered, analytical solutions do not exist. Therefore, 

numerical modeling has to be applied to deepen the understanding of the critical mechanisms and 

the contributions to the overall permeability from both normal and shear stresses [15, 16]. 

 

Work by Zhang and Sanderson shows that the method of ‘numerical experiment’ using the distinct 

element code, UDEC (Universal Distinct Element Code, [17]) is effective in modeling fluid flow 

and deformation of fractured rock masses [18]. The influence of stresses on permeability of 

fractured rock masses was extensively investigated considering various geometries of fracture 

systems [19-21]. Such numerical experiments will be increasingly important with the advance of 

computing capacity due to the strength of distinct element modeling that can incorporate both 

hydraulic and mechanical analysis with explicit representation of fractures.  

 

The present paper goes beyond the work of Zhang and Sanderson by requiring that the following 

three conditions must be satisfied.  

 

• Firstly, the model size for the numerical experiments should be properly established so that the 

initial mechanical and hydraulic behavior of the model are statistically representative. This 

means that the mechanical and hydraulic REVs (representative elementary volume) of the 

numerical model must be reached [22, 23], before modeling hydraulic behaviour with stress 

effects.  

• Secondly, the normal stress-displacement relation of fractures should be realistically represented 

because of the significant role of fracture aperture changes on the overall permeability of the 

rock mass concerned. Laboratory tests prove that the normal stress-displacement behavior of 
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fractures is highly nonlinear (e.g.[24, 25]) and this feature has to be considered for accurate 

prediction of permeability change due to stress effect. A linear relation between normal stress 

and fracture closure (therefore constant normal stiffness) will not be able to serve the purpose 

since it generally underestimates the change of fracture transmissivity at lower normal stress 

magnitudes.  

• Thirdly, shear dilations caused by the roughness of fracture surface should be modeled since the 

effect of fracture dilation on permeability is significant [16, 26]. The assumption of zero dilation 

(therefore assuming smooth fracture surfaces) in the fracture models will not only lead to 

underestimated fracture tranmissivity change in general, but also lose the capability of 

explaining the clustered fluid flow phenomenon associated with critically-stressed fractures, 

often observed in fractured rock masses [4].  

 

As far as we know, the above three aspects were not considered, at least not systematically, in the 

previous studies of numerical experiments for stress-dependent permeability of fractured rock 

masses, including those reported in [18-21].  

The objective of this paper is then to investigate the stress-dependent permeability in fractured rock 

masses considering the realistic representation of fracture system geometry and stress-deformation 

behavior based on the above considerations. The geometrical basis for this study is a discrete 

fracture network (DFN) generated in a square region, 5 m × 5 m in size, based on statistical 

information of fractures from a site characterization programme at Sellafield, England [27]. The 

size of 5 m × 5 m is selected for the model based on the previous investigations for the calculations 

of the equivalent mechanical and hydraulic properties and this scale was proven to represent both 

the initial mechanical and hydraulic REVs [22, 23]. A step-wise normal stiffness model of fracture 

is implemented to represent the normal stress-normal closure deformation response and special 

emphasis is given to the role of fracture shear dilation and associated channeling of flow for the 
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investigation of stress-dependent permeability, adopting an elasto-perfectly plastic shear behaviour 

for the fracture. A series of numerical experiments was conducted using various stress conditions 

for calculating the corresponding flow fields and changes in the permeability of the region. Results 

for fluid flow under various stress conditions suggest a phenomenon of stress-induced flow 

channeling and permeability anisotropy, and provide an insight into the factors controlling the 

stress-permeability interactions. Finally, a set of empirical relations in closed-form is proposed for a 

more general description of stress-dependent permeability, which can be implemented as a part of 

constitutive models of fractured rocks into continuum-based numerical codes for solving coupled 

hydro-mechanical problems of fractured rocks or can be used directly for different site 

characterization applications.  

2. Fracture Deformations and Stress-Induced Permeability Change  

Figure 1 presents the basic mechanisms of aperture changes resulting from two basic fracture 

deformations as observed in numerous laboratory experiments and the states of stress on fractures. 

The change in fracture aperture occurs from two basic mechanisms: normal stress-induced closure 

or opening, and shear stress-induced dilation. In normal stress-displacement relation (Figure 1a), the 

response shows the well-known hyperbolic behavior showing stiffer fractures with increasing 

compressive normal stresses. The normal deformation of a fracture is more sensitive at lower 

magnitudes of normal stresses. The shear dilation occurs as a result of overriding asperities of two 

rough fracture surfaces and may reach a stationary value with increasing fracture shearing (Figure 

1b). Such shear dilation of fractures is of particular importance, since its magnitude can be 

significantly larger than the normal stress-induced closure or opening.  

 

When a multitude of fractures needs to be considered (i.e., in fractured rock masses), the fact that 

not all the fractures are under the same stress conditions should be properly considered (Figure 1c). 
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Firstly, the orientations of fractures play a significant role in deciding the local stress states across 

and along the fractures, which can be represented using the Mohr circles, as shown in Figure 1d. 

The different stress states of fractures with different orientations, therefore, lead to different 

directional hydraulic behavior of the fractured rock masses. Secondly, when fractures have finite 

sizes and interact with each other, the estimation of local stress by Mohr’s circle is not valid any 

more and detailed local stress states can only be analyzed by numerical analysis such as distinct 

element methods (DEM) used in this study. It is noted that the fractures modeled in this study are 

assumed to maintain the contact along the surfaces based on the understanding that the scale of 

geometric irregularity along the surface of fracture is small compared to the scale of the entire 

fracture. However, when there is an open fracture (with or without the fluid in it), i.e. the scale of 

irregularity of surface is big compared to the scale of fracture, the assumption of maintenance of 

contact will not be valid. When there is no fluid in the open fracture, no stress will be transmitted 

across the fracture and, when there is fluid in it, shear stress cannot be transmitted across the 

fracture. Therefore, the stress distribution around the open fracture can be different. This aspect can 

be considered by more explicit representation of void shape of fractures, however, this is not the 

scope of this study. 

 

When the stress ratio, defined as the ratio of the maximum to minimum principal stresses in two 

dimensions, is too small to cause shear failure of fractures, the normal stresses will be the main 

source of aperture changes, leading to a general decrease of permeability of rock masses. However, 

when the stress ratio is large enough to cause shear failure at the critically oriented fractures, the 

shear dilations of these fractures can cause significant increase in their apertures, while the other 

less critically oriented fractures still undergo mainly normal displacements caused by normal 

stresses. Such non-uniformly distributed apertures may lead to changes in fracture flow paths and 

permeability of the region concerned. 
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Based on this conceptualization of stress-aperture interaction in fractured rocks, the stress-loading 

conditions for this study are selected in two ways (Figure 2). Firstly, horizontal and vertical 

compressive stresses are applied and increased incrementally, with a fixed ratio of horizontal to 

vertical boundary stresses, k=1.3, based on the data provided from the Sellafield site [27]. It is 

expected that no significant shear dilation will occur under this stress condition and the effect of 

normal stress conditions on the overall fluid flow field and permeability of the region can be 

simulated. Secondly, the horizontal normal boundary stress is increased incrementally while 

keeping the vertical normal stress constant, thus to produce increased shear stresses in the fractures, 

especially those with critical orientations. Through this process, the impact of shear dilations of 

critically oriented fractures, with the resulting effect on the overall permeability, can be investigated 

for both pre- and post-shear failure conditions of fractures. 

3. Procedure for Numerical Experiments 

The two-dimensional distinct element code, UDEC [17] is used for modeling the mechanical and 

hydraulic behavior of a fractured rock masses. UDEC represents a fractured rock masses as an 

assemblage of discrete blocks and fractures that define the block system geometry. The numerical 

experiments consist of (1) generation of a DFN as a geometric model, (2) application of various 

stress conditions to generate deformed states of the DFN model, and (3) application of fluid 

boundary conditions to the deformed DFN model and calculation of the overall permeability. 

3.1 Generation of DFN 

A realistic DFN is generated as one of multiple realizations by Monte Carlo simulations [22]. 

Figure 3 shows the DFN model used in this study. Fracture-system statistics data for this analysis 

are taken from the result of site investigation at Sellafield undertaken by Nirex, UK (Table 1). Four 

fracture sets were identified, and their orientations were found to have near-random patterns owing 

 9



to their low Fisher constants. The orientations in three-dimensional form were converted to two-

dimensional form by calculating the apparent dip along the reference plane [27].  

 

The fracture trace lengths are characterized by a power law, as follows: 

 

2.24N L−= ×           (1) 

 

where N is the number of fractures with lengths longer than a given fracture length L (m) per unit 

area (m2). The minimum and maximum cut-off trace lengths were chosen as 0.5 m and 250 m, 

respectively. 

3.2 Application of Boundary Stresses 

After the generation of the DFN model, various boundary stresses were applied to generate 

deformed models for flow analysis. The boundary stresses were selected in two ways, as described 

above. Each rock block in between fractures was modeled as continuous, homogeneous, isotropic, 

linear, elastic and impermeable media and subdivided with a mesh of constant-strain triangle finite-

difference elements. Key factors affecting the hydraulic behavior of fractures, such as opening, 

closure, sliding and dilation, were modeled by incorporating relevant fracture constitutive models. 

A step-wise nonlinear normal stress-normal closure relation is adopted to approximate a hyperbolic 

normal deformation process (Figure 4). The shear stress-shear displacement fracture behavior was 

modeled by an elasto-perfectly plastic constitutive model with a Mohr-Coulomb failure criterion 

and fracture dilation occurs when it starts to slide (Figure 5). This dilation continues until a pre-

defined critical shear displacement (Ucs) value beyond which the dilation stops.  

 

 10



Necessary model parameters are listed in Table 2. These parameters, however, were chosen to 

demonstrate the significance of stress-flow behavior in the model concerned and do not necessarily 

reflect the in situ conditions at Sellafield. The most important parameter for the evaluation of stress-

dependent permeability is the fracture aperture value, and its evolution with the stress-deformation 

paths and history. In this study, the residual aperture was set to be 5 µm, the initial aperture 30 µm, 

and the maximum aperture 50 µm, respectively, largely based on four laboratory experiments [27]. 

The fractures were characterized with low JRC (Joint Roughness Coefficient) values (3.85), which 

made the range of aperture closure change only a factor of six from their initial states. In this study, 

no efforts were made to distinguish the hydraulic and mechanical apertures and the dilation angle is 

assumed to be constant irrespective of stress levels for simplicity. While mechanical aperture is the 

one measured geometrically, hydraulic aperture is the one calculated from the flow tests assuming 

the smooth wall of fractures and, therefore, hydraulic aperture is lower than mechanical aperture [3]. 

According to the exponential equation suggested by Barton [3] relating the hydraulic aperture to the 

mechanical aperture and JRC during the normal closure of fracture, the range of mechanical 

aperture from 5 µm to 30 µm corresponds to about 1 µm to 30 µm of hydraulic aperture. Therefore, 

the assumption of equating the hydraulic aperture with mechanical aperture in this study could 

underestimate the permeability decrease due to the fracture closure. For the shear dilation of 

fractures, the relation between the hydraulic and mechanical aperture needs more experiment for the 

proper estabilshment [3] and the values of maximum aperture (50 µm) is taken from the maximum 

hydraulic aperture during shear experiments in order to properly consider the consequence of 

permeability change in the DFN model. 

3.3 Calculation of Equivalent Permeability 

Equivalent permeability of the model region was calculated under various stress conditions, with 

the corresponding changes of fracture apertures after the application of stresses (Figure 6). The fluid 
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flow takes place in fractures only and was calculated by the cubic law. Mass conservation of fluid 

was assured at each fracture intersection and in the domains between them.  

The x- and y-directional permeabilities were calculated with a specified hydraulic pressure 

gradient on boundaries in x and y-directions, respectively, and no-flow lateral boundaries (Figure 6). 

Calculations were made with the following equation, assuming no gravity term: 

 

x
x

k PQ A
xµ

∂
=

∂
, y

y

k PQ A
yµ

∂
=

∂
        (2) 

 

where Qx and Qy = the flow rates in the x and y directions at the boundaries, respectively; A = the 

cross-sectional area; kx and ky = the permeability in the x and y directions, respectively; µ = the 

dynamic viscosity; and P = the hydraulic pressure. In the numerical simulations, all terms on the 

right-hand side of Equation (2), except for kx and ky, are specified, and Qx and Qy are calculated 

numerically. Then, kx and ky are back-calculated using Equation (2).  

4. Permeability Change as a Function of Stress Change with a Fixed Stress Ratio 

Here we present the results from incremental increase of both horizontal and vertical boundary 

stresses while keeping a constant stress ratio of 1.3 between them. Because the stress ratio is close 

to unity, the stress states in most of the fractures do not cause shear failure, and normal stress is the 

main cause for the aperture change, basically closure. 

 

Figure 7 shows the aperture changes with the increase of boundary stresses. The initial aperture (30 

µm) at a zero stress level decreased to 8.8 µm (mean values) when the mean stress magnitude was 

increased to 23 MPa. The changes of fracture apertures occur almost uniformly within the model 

region with the increase of stresses. This is because the fracture normal closure resulting from 
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normal stress increases is the dominating mechanism that controls fracture deformation, since 

significant shear dilation does not occur with the stress ratio equal to 1.3. Aperture anomalies can be 

observed in a few isolated places in the model region, mainly in the sharp corners of the blocks 

where fracture failure occurs due to the stress concentration. However, these were observed only 

locally without being extended to entire fracture length and therefore, their influence on the overall 

fluid flow field is minor for this two-dimensional analysis. 

 

Figure 8 shows the calculated equivalent permeability change with the increases in mean stresses. 

Because of the dominating fracture closure with the increasing normal stresses, the permeability of 

the model decreases accordingly. The reduction of permeability is more than two orders of 

magnitude, and anisotropy in permeability is not significant, mainly because the stress ratio k is 

close to an isotropic boundary stress condition. This result is comparable to the permeability 

variation with depth reported in [29] with the depth corresponding to stress changes. Similar 

numerical results in [19, 20] with constant normal stiffness of fracture also showed the decrease of 

permeability corresponding to the increase of stresses. However, the application of the non-linear 

normal stiffness of fractures in the fracture model in this study led to more sensitive responses of 

permeability change at lower normal stress magnitudes, and the permeability change becomes small 

when the stress reaches the laboratory level of residual stress (30 MPa) of fractures. This implies 

that permeability in shallow depth is more sensitive to that in greater depth as was reported in [1].  

 

It would be interesting to consider the effect of tension on the permeability change, which means 

the extension of the curve in Figure 8 to the left into the tensile region. Since the stiffness of rock 

fracture under tension is negligible, the change of permeability increase caused by tension will be 

dramatic. This dramatic effect can have significance in engineering applications, e.g., hydraulic 

fracturing and such dramatic increase of permeability due to the tension of fracture are reported in 
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[30] for geothermal energy application under the relatively high in situ stress conditions (20 MPa). 

It showed that the stress drop by cooling caused by the temperature difference between the rock and 

injected fluid can cause drastic increase of permeability when the temperature difference is larger 

than a critical value that can induce the tension of fractures.  

 

To characterize the flow pattern changes with respect to the stress changes, normalized flow rates at 

the left boundary of the model are plotted in Figure 9. Flow rates without stresses (Figure 9a) are 

almost uniform without dominance by a few fractures. This is because the initial apertures in all 

fractures are set to be identical (30 µm). The results from Figure 9b to Figure 9f show that the 

changes in flow-rate patterns are negligible, despite the stress increase, because the normal fracture 

closures occur almost uniformly, as shown in Figure 7. Fluid flow only changes quantitatively; it 

does not change its basic overall pattern. 

5. Permeability Change as a Function of Increasing stress ratio 

In this section, we present the results when the horizontal boundary stress is increased in steps from 

2.5 MPa to 25 MPa, with a fixed vertical boundary stress of 5 MPa (the k ratio changing from 0.5 to 

5), to investigate the influence of shear failure in fractures induced by larger differential stresses. 

Figure 10 shows the aperture changes with the increasing stress ratio. In contrast to Figure 7, 

fracture aperture changes are not uniform. At the stress ratio of 3.0, large apertures can be observed 

in the critically oriented and well-connected fractures, affecting therefore the flow paths 

significantly. This tendency becomes increasingly clear at the stress ratio of 5. An examination of 

the results suggests the following reasons for this phenomenon: 

• Critically oriented fractures continue to dilate under increasing differential stresses, which 

leads to much larger apertures of these fractures compared to their less critically oriented 

neighboring fractures. In this study, the critical orientation is the orientation that is prone to 
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shear failure due to the applied stresses: it is calculated as about 33 degrees by the Eq. (11) 

defined in the next section with the friction angle of 24.9 degrees set for this study. 

• It is not only the orientation of fractures but also the connectivity of fractures that is needed 

for the formation of sufficient fracture dilation by stress change. Because the neighboring 

fractures can hinder further plastic shear development in fractures of critical orientation, 

many critically oriented fractures with poor connectivity could not produce large apertures, 

on account of their poor connection to the fractures with similar orientation.  

• The trace length of fractures is another important factor in forming clustered fractures 

conducting fluid flow with large apertures. This is natural with respect to connectivity, since 

longer fractures have a higher degree of connectivity compared to short ones, which are 

prone to being hindered by the neighboring fractures and rock blocks. The figure shows that 

the long fractures are much more dilated than the shorter fractures (among the critically 

oriented fractures), which is also in line with field observations (e.g., [31]). 

 

Figure 11 presents the calculated equivalent-permeability changes with the increasing k ratio. To 

evaluate the effect of shear dilation, we compared the results with a pure elastic fracture model that 

excludes failure and dilation (the dashed lines in Figure 11). The pure elastic and the elastoplastic 

models show a similar response until the stress ratio k reaches approximately 2.5. This stress ratio 

agrees well with the critical stress ratio (2.45) estimated by the analytical equation (calculated from 

Equation (10) in the next section) and it is the starting point of shear failure for fractures inclined at 

about 33 degrees from the horizontal plane. At this point and afterwards, some fractures in the 

fractured rock masses start to fail and, with continued shear dilation, notable differences between 

the models are observed. At stress ratio k = 5, the additional contribution from shear dilations of 

fractures is more than one order of magnitude for kx and a factor of four for ky. On the other hand, 

the fractures that are not critically oriented continue to close with an increase in stresses, and this 
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makes their apertures smaller and reduced fluid flow. However, the dilation of fractures caused by 

shear is abrupt (with larger gradients) when shear failure starts to develop, and this dominates the 

process. As the horizontal boundary stress increases, the range of fracture orientation angles for 

possible shear failure also increases, with resulting increased permeability. The increase of 

permeability stabilizes after a certain k ratio, because the shear dilation of a fracture does not 

continue after their critical shear displacement is reached. Interestingly, this increased permeability 

is analogous to experimental results on the intact rocks, which show a similar decrease and increase 

in permeability with increasing differential stresses [32].  

A similar type of sudden increase of permeability at critical stress state was shown in [21] with 

three types of fractured rocks. In their models, change of permeability was insensitive to differential 

stress before the critical stress ratio was reached because the differential stress was increased while 

maintaining the same mean stress. Despite the insightful illumination regarding abrupt increase of 

permeability in [21], the mechanical REV issue was not considered, which could make the 

mechanical behavior less representative and shear displacement overestimated. The other previous 

studies in [19, 20] did not show such sudden increase of permeability because the dilation 

mechanisms are not modeled. Permeability continued to decrease with the increase of stress ratio up 

to 8 when zero dilation angle was used and stress ratio up to 9 when a high cohesion (1.8 MPa) was 

used as an input for fracture parameter compared to the minimum principal stress (1 MPa), which 

could not capture the dilation behavior [20, 19]. 

With the increase in horizontal stress, the anisotropy for the equivalent permeability of the model 

also becomes significant (Figure 12). This is because the subvertical fractures are more vulnerable 

to closure by the horizontal stresses, and its effect on the x-directional permeability of the model is 

more pronounced. The ratio of anisotropic permeability, defined as kx/ky, increased from about 0.5 

to 2 with the increase of stress ratio k from 0.5 to 2.5. When dilation starts, anisotropy becomes 

much more significant, and the maximum anisotropy ratio reaches approximately 8. The fracture 
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network used in this study shows a near-random fracture pattern with slightly more vertical 

fractures. The change of anisotropic permeability during the increase in differential stresses could 

be more drastic if the model had more fractures of critical or near-critical orientations for shear 

failure. 

 

Figure 13 shows the change in flow patterns with the increasing stress ratio. A notable channeling 

flow effect caused by stress-induced fracture dilation is observed, analogous to the channeling 

effect observed in fractured rock as reported in [33]. The stress-induced channeling has a number of 

possible explanations. As large shear dilations are concentrated in a smaller part of the fracture 

population with near-critical orientations, good connectivity, and long trace lengths, the rest of the 

fracture population, especially the subvertical ones, still undergo the normal closures without any 

shear dilation. This situation causes a high contrast in aperture values between the fractures. 

Therefore, a few fractures with much increased apertures become the major pathways of localized 

fluid flow. The dilated fractures tend to be those inclined more horizontally with the increasing 

horizontal stress, and this tendency makes the channeling effect with horizontal hydraulic pressure 

gradient (Figure 13a) more manifest than the vertical pressure gradient (Figure 13 b). The localized 

flow patterns generated from these numerical experiments are often observed in the field. It is now 

well known that only a portion of fractures dominate the flow behavior of the interested area in 

fractured hard rock (e.g., [4]). The observation in the Sellafield area also shows that hydraulically 

active fractures are a small subset of all fractures, and that they tended to be spatially clumped [27]. 

The effect of differential stresses may provide one of the possible reasons for the observed clustered 

fluid flow in the fractured rocks, since the distributed permeability at present in the field is, in fact, 

the result of past and ongoing geological processes (such as tectonic movements), with 

consequences in stress states. The other possible reasons include, of course, the differences in 

aperture values, the effect of connectivity of fracture systems and chemical effects in the fractures. 
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Figure 14 shows the normalized flow rates in each fracture intersecting the left vertical boundary of 

the model. The initial uniform flow pattern abruptly changes when fracture dilation starts to develop, 

at a stress ratio of about 3 and beyond. Only 10% of fractures (four out of 40 fractures) carry about 

50%, 65% and 70% of the fluid flow across the boundary, at a stress ratio of 3, 4, and 5, 

respectively—which demonstrate the channeling effect induced by stresses. In order to provide a 

more quantified illumination of channeling induced by shear dilation, the normalized maximum 

flows are plotted with the increase of stress ratio (Figure 15). After the critical stress ratio, the value 

abruptly increases and maintains a certain level beyond the critical stress ratio. Relatively lower 

value at stress ratio 3.5 was caused by the transition of the location of most conducting fractures 

from stress ratio 3.0 to 4.0, as can be observed in Figure 14 (d) and Figure 14 (e). 

6. An Empirical Equation for Stress-Dependent Permeability 

6.1 Construction of the Empirical Equation 

We develop a set of empirical equations for the stress-dependent permeability that incorporates 

the effects of both normal closure and shear dilation of fractures (Figure 16), in order that more 

comprehensive constitutive models of fractured rocks can be developed for analysis of coupled 

hydro-mechanical processes. In this equation, the permeability changes from normal and shear 

stresses are considered independently and final permeability (kx, ky) is calculated by superimposing 

the permeability from shear stress-induced dilation (kdx, kdy) and normal stress-induced closure or 

opening (knx, kny) of fractures. Associated parameters for the equation can be obtained from 

laboratory and numerical experiments. The difference between the proposed equation and previous 

ones [11-14] is that (1) more general DFN representation of fracture system is used as the 

geometrical basis, (2) numerical experiments using the DEM approach are employed as the 
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platform for deriving the stress-permeability relation, and (3) stress-induced channeling of flow 

caused by shear dilation can be more effectively considered.  

 

When the model has orthogonal and persistent fracture sets with the same spacing and the same 

apertures values, the equivalent permeability component (for instance in the x-direction) can be 

modeled as follows (adapted from [34]): 

 

3

12x
fk = b            (3) 

 

where kx is the permeability in x direction, f is the fracture frequency in the model, and b is the 

aperture of the fractures.  

In DFN, however, a single frequency cannot be defined due to the multiple sets of fractures with 

finite sizes and a single aperture cannot be defined due to varied aperture values in each fracture. 

Therefore, the concepts of “equivalent frequency (fx, fy)” and “equivalent aperture (bx, by)” are 

employed here in order to approximate the complex fracture deformation of DFN model in a simple 

form. Using these equivalent frequencies and apertures, the permeability from normal closure or 

opening in x- and y-directions (knx, kny) may be formulated as follows.  

 

3

12
x

nx x
fk = b            (4a) 

3

12
y

ny y

f
k = b            (4b) 

 

The concept of equivalent frequency is presented in Figure 17. The equivalent aperture is meant to 

be the representative value of all fractures in the DFN model, which means that one single value is 
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used for representing the apertures of entire DFN model to approximate the hydraulic behaviour of 

DFN model with the cubic law shown in Eq.(4). Because uniform normal closures occur with 

respect to a certain stress condition, as was observed from the numerical experiments (Figure 7, 

Figure 9), it may be possible to use this kind of ‘collective’ equivalent aperture for the stress-

dependent permeability, once the relevant frequency is determined.  

Equivalent frequency can be back-calculated from the numerical experiments with initial apertures 

by the following relation: 

 

3

12 nx
x

i

kf
b

=            (5a) 

 

where bi is the initial mean aperture. Since initial aperture is known (30 µm in this study) and knx is 

calculated from the numerical experiments, the equivalent frequency in x-direction can be 

calculated. Similarly the equivalent frequency in the y-direction can be calculated as follows: 

 

3

12 ny
y

i

k
f

b
=            (5b) 

 

The following form of aperture and stress relation with residual hydraulic aperture (br) and 

maximum deformation of fracture (bmax) was proposed in [35] 

 

max exp( )r m rb b b b b α σ′= + = + −         (6) 
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where α' is a parameter related to the curvature of the function relating normal closure with normal 

displacement, and σ is the normal stress across the fracture with the compressive stresses positive. 

From this equation, the initial aperture at zero stress level (bi) is given by summation of br and bmax. 

The basic form for the one-dimensional case in Equation (6) is extended to two dimensions, and 

the equivalent total normal closure in the x-direction (bx) is defined by the following relations 

considering two-dimensional stress state: 

 

{ }max exp ( )x r m r x x y yb b b b b α σ α σ= + = + − +        (7a) 

 

where σx and σy are the normal stresses in x- and y-directions, respectively and αx and αy are the 

coefficients for the fracture closure in x-direction under the normal stresses σx and σy, respectively. 

These coefficients are related to the sensitivity of the normal displacement responses to the normal 

stresses and the orientation of fractures.  

Similarly, equivalent normal closure in y-direction (by) can also be defined as follows: 

 

{ }max exp ( )y r m r x x y yb b b b b β σ β σ= + = + − +        (7b) 

 

where βx and βy are the coefficients related to the fracture closure in y-direction under the normal 

stresses σx and σy, respectively. 

 

Now the effect of shear dilation needs to be considered. Similar equations to Equations (4a,b) are 

suggested for the permeability contributions from shear dilations, as follows: 

 

3

12
dx

dx x
fk = d            (8a) 
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3

12
dy

dy y

f
k = d           (8a) 

 

where kdx, kdy are the equivalent permeability caused by the shear dilations of fractures; fdx, fdy are 

the equivalent frequencies of dilating fractures; and dx, dy are the equivalent apertures of dilating 

fractures in x- and y-directions, respectively. Since only the near-critically-oriented fractures can 

dilate, shear dilation occurs only partially, while the other fractures are still without dilation (Figure 

11, Figure 13). Because of this significant channeling effect, equivalent frequencies of dilating 

fractures (fdx, fdy) will be smaller than the equivalent frequencies (fx, fy) defined previously (Figure 

17). The equivalent aperture of dilating fractures may be formulated according to the following 

conditions: 

 

For k < kc, dx = 0, dy = 0 

For k ≥ kc, { }max 1 exp ( )x xd d k kγ = − − − c , { }max 1 exp ( )y yd d k kγ c
 = − − −     (9) 

 

where kc is the critical stress ratio that can cause the failure of fractures and dmax is the maximum 

aperture of fractures after dilation, which can be obtained from laboratory experiments. The values 

for critical stress ratio and critical orientation of fracture for failure can be calculated from the 

Coulomb failure criterion as shown below, assuming no cohesion in the fractures [36]: 

 

1 sin
1 sinck φ

φ
+

=
−

          (10) 

90 45
2f
φφ = − +

 

           (11) 
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where, φ is the friction angle of fractures and φf is failure angle of critically oriented fractures, 

measured from the direction of maximum principal stress. 

 

Final equivalent permeability in x and y directions (kx, ky) can then be calculated by superimposing 

the contributions from normal closures and shear dilations of fractures: 

 

3

12 12
x dx 3

x nx dx x x
f fk k k b d= + = +         (12a) 

3

12 12
y dy

y ny dy y y

f f
k k k b d= + = + 3         (12b) 

 

or in more explicit form,  

 

{ } {
3 3

max maxexp ( ) 1 exp ( )
12 12

x dx
x r x x y y x c

f fk b b d k kα σ α σ γ  }  = + − + + − − −       (13a) 

{ } {
33

max maxexp ( ) 1 exp ( )
12 12

y dy
y r x x y y y c

f f
k b b d k kβ σ β σ γ }   = + − + + − − −  


     (13b) 

 

The dilation terms in Equations (12) and (13) become zero when the stress ratio is below the 

critical stress ratio. 

6.2 Determination of the Parameters and Comparison with Numerical Experiments 

Figure 18 shows the procedure for determining the parameters related to the suggested empirical 

equations. Critical stress ratio can be calculated from Equation (10), and the parameters related to 

the aperture response of a single fracture, such as the residual aperture, maximum closure, and 

maximum aperture after dilation, can be determined from the laboratory tests. The other parameters 

should be determined from numerical experiments on realistically generated DFN realizations. As 
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shown in the Figure 18, the equivalent frequencies (fx, fy) can be calculated from the permeability 

experiments before the application of stresses and coefficients for stresses (αx, αy, βx, βy) can be 

determined through multiple regressions, based on the values obtained before the dilation starts. 

Lastly, the parameters (fdx, fdy, γx, γy) related to the dilation can be determined by multiple 

regressions from the contributions of dilations after shear failure starts to develop. Table 3 shows 

the results from such a study. Because the fracture pattern in the current study is near-random due to 

the existence of four fracture sets and their low Fisher constants, the equivalent fracture frequency 

in x and y directions (fx, fy) are similar. Fracture dilation frequencies (fdx, fdy) are much smaller than 

the equivalent fracture frequency owing to stress-induced channeling, since only parts of the 

fractures dilate. The ratio of fracture frequency with dilation to the total equivalent fracture 

frequency indicates the extent of channeling when dilation is significant. Higher stress coefficients 

(αx, αy, βx, βy) indicate higher sensitivity to the stress states; note that the equivalent directional 

permeability in a particular direction, for example in the x-direction, is influenced by both x- and y-

directional stresses with varying degrees of significance and sensitivity. 

The constructed models are compared with the numerical experiments in Figure 19. The 

constructed models match reasonably well with the results of numerical experiments and capture 

the observed dilation behavior with an acceptable degree of agreement.  

7. Discussion on outstanding issues 

The result of this paper should be interpreted with an awareness of the effect of both geometric 

input parameters and constitutive model of the fractures. Aperture value plays a major role in the 

hydraulic behavior of fractured rock masses: the initial aperture for this analysis was 30 µm and the 

residual aperture was 5 µm. The more-than-two-orders of magnitude in permeability reduction from 

the increased stresses are constrained by this aperture range corresponding to the cubic of the six 
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times decrease of aperture. The change in permeability can be larger with more variations of 

apertures. On the other hand, the trend of stress-permeability is constrained by the fracture 

constitutive model for normal closures and normal stresses. The consideration of a non-linear 

stepwise stiffness model for normal displacement of fracture made it possible to capture the 

sensitive permeability change at low stress levels. Care should also be taken in interpreting the 

effect of shear dilation. The maximum possible aperture by dilation was 50 µm in this study, and 

the influence on equivalent permeability from shear dilation is a function of this limit of apertures. 

We anticipate that the influence of shear dilation will be far larger when larger apertures and longer 

fractures are used.  

 

Our approach is able to account for changes in permeability caused by the combined mechanisms of 

normal closure and shear dilation. An approach dependent on only one of these mechanisms is not 

enough to explain the change of permeability induced by stress. In general, permeability can 

increase or decrease with stress increase depending on the state of stresses rather than a single 

component or an averaged value of stresses. Hence, changes in permeability should be investigated 

in the context of changes in stress tensor. These mechanisms have to be explained in relation to both 

stress conditions and fracture geometries. It is recommended that detailed numerical mechanical 

and hydraulic analysis should be done, based on realistic and site-specific DFN realizations for 

practical problems. 

 

Fractures that intersect the boundary of the model tend to be more vulnerable to shear displacement 

because of no constraints from the intersected boundary. To investigate the possible effect of this 

boundary effect, we generated a larger DFN model (10 m × 10 m) and applied the same boundary 

stress conditions. Figure 20 shows the comparison between the fracture aperture distributions of the 

larger model and the small (but still representative) model taken from the same fracture network 
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used in this paper. Aperture distributions of both models are generally identical, except for a few 

regions (at the corners). At the corners of the smaller model (top left, bottom left, and bottom right), 

much larger fracture apertures can be found, since fractures intersected by the two corners of the 

model could slide more easily with larger dilations compared to the same, but constrained, fractures 

in the larger model. However, since numerical experiments for the permeability were conducted 

with the two side boundaries set as impermeable, overestimated apertures at the corners actually do 

not affect the results with any significance. Hence, the boundary effect does not seem to be 

significant in this study.  

 

As often observed in the field, only a few fractures or clusters of fractures dominate the fluid flow 

in fractured hard rocks. This phenomenon is numerically reproduced qualitatively (in general) and 

quantitatively for this study. As expected, shear dilation of near-critically-oriented fractures is the 

main reason for this flow localization. The critical stress state for the onset of shear failure and 

subsequent shear dilation predicted using Equation (10) matched reasonably well with numerical 

experiments. However, careful observation of dilated fractures and flow pattern shows that 

numerical analysis is necessary to identify the dilated fractures and quantify their effect. It was 

confirmed that critically oriented fractures were more vulnerable to dilation. It was also found that 

the longer fractures could dilate more, and that fractures need to be connected to neighboring 

fractures of similar orientation for shear displacement to produce channeling of flow paths.  

 

It is worthwhile to investigate whether the observed stress-dependent permeability is reversible. 

Since there have been no such experiments at large scales, this can only be inferred from the 

laboratory experiments on single fractures. Upon unloading, normal closure/opening will be only 

partially reversible due to the asperity damage of fractures. Therefore, permeability can partially 

increase back with the decrease of the stresses when the stress ratio is not large enough to cause 
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failure. However, when permeability change is induced by shear dilation, an irreversible 

(permanent) increase of permeability could be observed. This irreversible increase in permeability 

is caused by shear dilation during inelastic (and irreversible) shear deformation of critically-stressed 

fractures, which will not recover back to the initial state upon unloading. Therefore, if the test block 

is unloaded, the equivalent permeability will show an irreversible increase and there will be 

remaining flow channeling along previously sheared fractures. A comprehensive analysis of the 

entire loading, shearing and unloading path is yet to be conducted and would require a proper 

fracture constitutive model for mechanical unloading.   

 

Two-dimensional analysis of this paper is effective for the conceptual understanding of hydro-

mechanical behavior of fractured rock masses. However, in site-specific study, the limitation of 

two-dimensional analysis should be considered. In two-dimensional analysis, the orientation of 

fractures (apparent dip) is dependent on the orientation of reference plane used for the analysis and 

the connectivity in two-dimensional model can be different depending on the location of reference 

plane cut in the three-dimensional model. Further, the fractures are modeled to have strikes only 

normal to the model plane in two-dimensional model. Therefore, two-dimensional modeling is 

limited and three-dimensional modeling is necessary for a true representation of fracture geometry 

and subsequent hydromechanical behavior. It is not straighforward to estimate the extent of error 

involved in two-dimensional analysis without actual comparison of two- and three-dimensional 

analysis and further research is needed on this aspect. Two reasons can be pointed out for the 

difficulty of three-dimensional modeling: (1) insufficient fracture constitutive models existing today 

that can consider the anisotropic transmissivity in dilated fracture planes, and (2) the extreme 

computing load for three-dimensional modeling. Even though three dimensional fracture models 

exist for mainly mechanical behavior, such as in [37], there is a need for further research for 

including the coupled hydro-mechanical processes in the three dimensional models. An 
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experimental and numerical study suggests more permeable flow in the direction perpendicular to 

the shear displacement than in the direction parallel to it [38, 39]. However, a different result has 

also been reported, arguing (using analytical approximations) that the degree of anisotropy is more 

or less negligible compared with the remarkable increase caused by shear dilation [40]. A study 

reported ‘estimated’ flow perpendicular to the two-dimensional model plane (expressed as third 

dimension) depending on the shape of openings [21]. It observed the localized flow in direction 

perpendicular to two-dimensional model through the ‘pipes’ caused by the openings of some 

fracture intersections, however, actual numerical calculation in three dimensions could not be 

conducted. Furthermore, three-dimensional modeling of both hydraulic and mechanical behavior 

with the explicit representation of fractures is computationally intensive [16, 41].  

However, the three-dimensional modeling will be feasible in the near future with ever increasing of 

today’s computing capacity [42] and is needed because of the general three-dimensional nature of 

fracture orientations.  

 

Another limitation of the approach in this paper is the neglect of correlations between the fracture 

length (size) and aperture in initial model, as reported in [30]. The reason for excluding this effect 

are two: 1) larger fractures can always be represented as deterministic features in numerical models 

instead of being contributing factors to behavior of REV that basically consider contributions from 

more stochastic fracture populations; 2) lack of definite fracture length and aperture relation at the 

background site for the current study. However, this is an important issue since it affects different 

REV sizes and properties at different scales and may have significant impacts on practical 

applications. 

 

The suggested empirical equations of stress-dependent permeability in this paper require a series of 

numerical experiments to determine the associated parameters, because in situ physical tests with 
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large numbers of fractures are not practical. So far, it looks promising that these empirical equations 

may be able to describe behavior of fractured rock masses (in which case they could be used in 

large-scale coupled hydromechanical models) under certain conditions. However, further work 

needs to be done to establish their validity for stochastic DFN models and improve its capacity for 

more general stress-paths so that it can serve as an important part of more comprehensive 

constitutive models for coupled hydro-mechanical processes of fractured rocks. 

8. Summary and Conclusions 

In this paper, the stress-dependent permeability of fractured rock masses is investigated through 

numerical experiments considering nonlinear normal deformation and shear dilation of fractures, 

using the distinct element method program, UDEC, based on a realistic realization of discrete 

fracture network (DFN) geometry. A set of empirical stress-permeability equations is suggested 

based on the proposed approach and results. The necessary conditions for performing numerical 

investigations are put forward in this paper: the available initial REV of the model (both mechanical 

and hydraulic), the non-linear normal stress-closure behavior of the fractures, and the representation 

of the effects of fracture roughness on aperture during shear dilation with a non-zero dilation angle. 

This study presents a systematic research on the stress-dependent permeability based on the above 

conditions at a fundamental level, rather than a site-specific application. 

Main conclusions are summarized as follows. 

 

Equivalent permeability decreases with increase in stresses, when the differential stress is not 

large enough to cause shear dilations of fractures. In this case, normal closure of fractures is the 

dominating mechanism for characterizing stress-dependent permeability. The reduction of 

permeability was more than two orders of magnitude, under the stress increase up to 40 MPa (from 
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zero stress) in this study. The more sensitive permeability change at lower stress levels was 

captured due to the hyperbolic behavior of the normal stress-normal closure of rock fracture model. 

 

The equivalent permeability increases with the increase in differential stresses, when the stress ratio 

was large enough to cause continued shear dilation of fractures. In this case, shear dilation is the 

dominating mechanism in characterizing the stress-dependent permeability. The maximum 

contribution of dilation is more than one order of magnitude in permeability in this study. The 

increase of permeability stabilizes when shear dilation reaches its stationary value. The critical 

stress that indicates the onset of fracture failure could be estimated well with analytical solutions 

considering only fracture friction angle. However, the exact locations and extents of shear dilations 

of fractures can only be identified through numerical experiments. 

 

Channeling effects of fluid flow in fractures induced by stress changes were found from the 

numerical modeling. The results show that fluid flow becomes uneven and clustered as a result of 

localized shear dilations of fractures, and a major portion of the flow may be carried by only a few 

connected fractures. The results from this paper confirm that high differential stresses, causing 

fracture shear failure at certain orientations, is one of the major reasons for highly channeled flow. 

The numerical analysis in this paper suggests that the lengths of fractures and their connectivity are 

also important factors in determining these major fluid-carrying features. It is the first time that such 

a clear demonstration of stress-induced flow channeling by numerical modeling in fractured rocks 

was reported, using a DEM approach. 

 

Increase in permeability anisotropy begins to be important with the increase of differential stresses. 

This anisotropy can be more prominent with the onset of stress-induced shear dilation of fractures. 

For the problem studied in this paper, the permeability in the horizontal direction was eight times 
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larger than that in the vertical direction when the stress ratio was five, due to the highly mobilized 

shear dilation, even though the permeability was isotropic before the stress change was imposed.  

 

A set of empirical equations that account for both normal closure and shear dilation is suggested for 

modeling the stress-dependent permeability. In addition to the parameters determined from the 

laboratory, a few other parameters need to be obtained from numerical experiments, as conducted in 

this study. Predicted permeability from the suggested equations provides reasonable agreement with 

the results obtained from numerical experiments. Further work is under way to improve the validity 

of this empirical equation and its applicability to large-scale modeling. 
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Table 1. Fracture parameters used for DFN generation [27] 

Set Dip/Dip 
direction 

Fisher 
constant 
(K) 

Fracture 
density* 
(m-2) 

Mean trace 
length* 
(m) 

1 8/145 5.9 4.6 0.92 
2 88/148 9.0 4.6 0.92 
3 76/21 10.0 4.6 0.92 
4 69/87 10.0 4.6 0.92 

* Fracture density and mean trace length are calculated from equation (1) with minimum and 

maximum cut-off trace lengths. 
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Table 2. Model parameters [27] 

 Properties  
Elastic modulus (GPa) 84.6 Intact rock 
Poisson’s ratio 0.24 
Normal stiffness (GPa/m) 434 
Shear stiffness (GPa/m) 434 
Friction angle (º) 24.9 
Dilation angle (º) 5 
Cohesion (MPa) 0 
Critical shear displacement 
for dilation, Ucs (mm) 

3 

Initial aperture (µm) 30 
Residual aperture (µm) 5 

Fractures 

Maximum aperture (µm) 50 
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Table 3. Parameters determined from numerical experiments 

Parameters Values  
Equivalent frequency (fx) 4.44 (1/m)  
Equivalent frequency (fy) 5.11 (1/m)  
Stress coefficient (αx,αy) for bx 0.034, 0.146  
Stress coefficient (βx,βy) for by 0.101, 0.071  
Equivalent dilation frequency (fdx, fdy) 0.384, 0.046 (1/m)  
Stress coefficient (γx and γy) for dilation dx and dy 1.88, 1.95  
Residual aperture (br) 5 (µm) Determined at Lab 
Maximum deformable mechanical aperture (bmax) 25 (µm) Determined at Lab 
Maximum dilation (dmax) 50 (µm) Determined at Lab 
Friction angle 24.9 (°) Determined at Lab 
Critical stress ratio (kc) 2.45 Determined from Eq (10) 
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c)      d) 

Figure 1. Aperture changes due to two basic fracture deformations and state of stress in fractures. 

(a) normal stress-displacement relation, (b) shear dilation with respect to shear displacement, (c) 

stresses in fractures, (d) Mohr Circle (angles are measured from the horizontal line).  
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Figure 2. Two kinds of stress increase used in this study. (a) Increase of stress magnitudes while 

keeping the stress ratio of horizontal to vertical stress constant. (b) Increase of differential stresses 

while keeping the vertical, i.e. the lowest stress component, stress constant. The Mohr-Coulomb 

failure criterion is used with the zero cohesion. 
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Figure 3. Geometry of fracture system in the DFN model [28] 
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Figure 4. The stepwise nonlinear behavior of fractures under normal stress 
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Figure 5. Shear and dilational behavior of fracture (adapted from [17]). Shear stress-displacement 

relation (above, fracture shear stiffness is expressed as Ks) and shear dilation-displacement relation 

(below).  
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Figure 6. Applications of stress boundary conditions and calculation of equivalent permeability in 

the x- and y- directions [28]. σx and σy indicate the boundary stresses applied in horizontal and 

vertical directions, respectively. P1 and P2 indicate the hydraulic pressure applied in the boundaries 

with P1 larger than P2.  
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Figure 7. Change of fracture apertures with the increase of stresses for the fixed k ratio of 1.3. The 

thickness of lines indicates the magnitude of apertures. Mean apertures of four cases were 30, 16.8, 

11.9 and 8.8 µm, respectively. 
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Figure 8. Permeability (kx and ky) change versus stress change with the fixed ratio of horizontal to 

vertical stresses = 1.3. Stress is expressed as mean of horizontal and vertical stresses. 
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  (d)    (e)     (f) 

 

Figure 9. Normalized flow rates in each fracture intersecting the left vertical boundary of the model. 

Flow rates are normalized with respect to the mean flow rates (total flow rate divided by the number 

of fractures) in the boundary. For instance, normalized flow rate 1 represents completely even flow 

in each fracture along the boundary. The total number of fractures intersecting the left vertical 

boundary is forty. (a) to (f) show the normalized flow rates in each stress step with fixed stress ratio, 

k. 
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Figure 10. Changes in fracture apertures with the increase of differential stresses with the fixed 

vertical stress = 5 MPa. The thickness of the line indicates the magnitude of apertures. 
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Figure 11. Equivalent permeability (kx and ky) change due to the change in stress ratio. 

Differential stress is increased while keeping the magnitude of vertical stress constant. Mohr 

Coulomb (MC) model (solid lines) is compared with the pure elastic model with no shear failure 

(dashed lines). 
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Figure 12. Anisotropy ratio (kx/ky) of the equivalent permeability with the increase of horizontal to 

vertical stress ratio. 
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        (a)      (b) 

Figure 13. Fluid pathways during stress applications with the direction of hydraulic pressure 
gradient (a) from right to left, (b) from top to bottom. Thickness of the line represents the 
magnitude of flow rates. A thin line indicates the flow rate of 10-9 m3/sec and the flow rates smaller 
than this value are not drawn. 
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  (d)    (e)     (f) 

Figure 14. Normalized flow rates in each fracture intersecting the left vertical boundary of the 

model. (a) to (f) show the normalized flow rates in each stress step with varying stress ratio. 
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Figure 15. Maximum flow in a fracture divided by mean flow with the increase of stress ratio.  
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Figure 16. Components of the proposed empirical equations of stress-dependent permeability 
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Figure 17. Concept of equivalent frequency for fluid conducting fractures 
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Figure 18 Procedure of determining the parameters for the proposed empirical equation. 
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Figure 19. Comparison of equivalent permeabilities from numerical experiments and empirical 

equations 
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Figure 20. Investigation of boundary effect. Comparison is made between the resulting apertures 

of 10 m × 10 m and 5 m × 5 m models under the same stress boundary conditions. 
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