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Introduction 

Naturally fractured reservoirs are often characterized by high-density multi-scale fracture networks, organized in multiple orientation families. 

However, not all fractures contribute to fluid flow under in-situ stress conditions. The Coulomb friction criterion has long been applied to 

predict the probability of reactivating faults and fractures in the subsurface, and hence quantify which part of the fracture network contributes 

to flow at in-situ stress conditions (Barton et al., 1995; Rogers, 2003).  

Coulomb friction predicts that only the fractures that are sub-parallel to the maximum horizontal stress are reactivated. However, in both 

outcrops and reservoirs, it is commonly found that multiple orientation families, often organized in orthogonal patterns, are at least partially 

open. Partial cementation of fractures may explain how fractures can be open even when they do not meet the Coulomb criterion, as cement 

often forms bridges that prevent the fracture from fully closing (Laubach et al., 2004). However, in the absence of these cement bridges, 

roughness of the fracture surface itself, combined with minor amounts of shearing during opening, provides an additional explanation for the 

occurrence of hydraulically open fractures. The Barton-Bandis model, based on experimental work on outcropping rocks, quantifies the 

aperture that may remain when irregular fracture walls no longer perfectly interlock (Barton and Bandis, 1980; Bandis et al., 1983; Olsson and 

Barton, 2001; Barton, 2014).  

We implement the Barton-Bandis aperture model into a Finite Element code to model the aperture distribution at in-situ stress conditions for 

natural fracture network geometries with varying degrees of complexity and intensity, digitized from outcropping pavements. The Barton-

Bandis method has been implemented into other numerical modeling codes, but the application is often limited to single-fracture models or 

synthetic fracture networks. Our approach allows for modeling aperture in complex fracture networks, with a coupling to flow modeling, 

enabling us to quantify the impact of aperture variations on permeability. We use this approach to compare the aperture and permeability 

modeled by the Barton-Bandis approach with the more commonly used Mohr-Coulomb method, to quantify the implications of the aperture 
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model used on permeability. The absolute apertures for the Mohr-Coulomb method are calculated using the linear length-aperture scaling 

model (Atkinson, 1984). 

  

Methodology: From Outcropping Fractures to Aperture and Flow 

 

Fracture Data Acquisition  

 

Modeling fluid flow patterns in naturally fractured reservoirs require an accurate description of the network geometry. Characterizing the 

network geometry in subsurface reservoirs is challenging, as the only direct measurements of orientation and spacing are obtained from well 

data, which provide a 1-D view of a complex 3-D system. Furthermore, well fracture data suffers from sampling artifacts, and correction 

methods for these artifacts only work for small corrections (Bisdom et al., 2014).  

 

The extrapolation of 1-D well data to a 2-D or 3-D network is commonly done using stochastic modeling approaches (Dershowitz et al., 2000). 

The resulting Discrete Fracture Networks may honor the limited well data, but the stochastic patterns do not capture the natural variability that 

is observed in outcropping analogs (Bisdom et al., 2014). Therefore, outcropping analogs are used to better understand fracture geometry and, 

by using the outcrops as input for flow models, to understand the fluid flow patterns.  

 

Scanlines and laser scanning tools are common methods to digitize outcropping fracture networks (Mauldon and Mauldon, 1997; Wilson et al., 

2011; Hodgetts, 2013). Although measuring fractures along scanlines is the most commonly used method, it only provides spacing and 

orientation of a small subset of the network, which is similar to the data obtained from wells in the subsurface. On the other hand, laser 

scanning digitizes the entire outcrop and, merged with outcrop photographs, provides a high-resolution 3-D outcrop model, in which the entire 

fracture network can be digitized in 2-D or 3-D. However, the method is inflexible, as it requires relatively bulky equipment and requires 

significant processing before a usable fracture dataset can be extracted.  

 

Instead, we use a fast method to digitize entire outcrops, by using a drone, equipped with GPS and a camera. The drone photographs outcrops 

with any orientation, including pavements or dipping surfaces. Using photogrammetry, combined with GPS data, the images are processed into 

3-D models, which have a slightly decreased resolution compared to laser scanning, but processing and interpretation of photogrammetry 

models is several times faster (Figure 1) (Bond et al., 2015). With this approach, we can process the acquired data into models within hours, 

and using interpretation tools, such as OpenPlot and DigiFract, fracture data is rapidly extracted (Hardebol and Bertotti, 2013; Tavani et al., 

2014).  

 

Using the workflow with the drone and photogrammetry, we have collected a unique database with over 13,000 fractures digitized from a range 

of outcropping pavements in Tunisia and Brazil. These models cover areas of up to 500x500m, with a resolution high enough to capture length 

scales from less than a meter to several hundred meters. The large extent and high resolution ensure that the datasets suffer from a minimum of 

censoring and truncation artifacts (Bonnet et al., 2001).  

 

 



Mechanical Modeling of Stress and Aperture  

 

We use these unique fracture patterns, which capture the intrinsic heterogeneity not captured by stochastic models, as a basis for mechanical 

and fluid flow modeling. Key to our approach is that we keep the multiscale digitized patterns as discrete features in the entire workflow, 

without any upscaling. This allows us to model flow through the entire network, identifying which fractures contribute to fluid flow. To model 

flow through the discrete fractures, aperture needs to be defined. Aperture measurements in outcrops are, however, not representative, as these 

have been changed during exhumation. Only outcropping veins may be representative, if these veins have been formed during burial. We, 

therefore, use mechanical models to quantify aperture, where the relation between local stress and aperture is quantified, using the empirical 

Barton-Bandis approach.  

 

The Barton-Bandis model assumes that fracture surfaces are not planar, but irregular with a given roughness (Barton and Choubey, 1977). Even 

if pore pressure is lower than the normal stress acting on the fracture surface, the fracture can remain open because of a combination of shear 

displacement and poorly interlocking fracture walls (Figure 2). This model explains how fractures can be conduits for flow even if they are not 

critically stressed as defined by Mohr-Coulomb (Olsson and Barton, 2001). Barton-Bandis distinguishes between physical or normal aperture, 

which is the actual opening between two fracture surfaces and hydraulic aperture, which is the aperture that effectively controls flow (Barton, 

2014; Lei et al., 2014). The hydraulic aperture is equal to or smaller than the physical aperture. The exact relation between the two apertures is 

dependent on the amount of shear displacement that the fracture experiences, compared to a fixed peak shear displacement that depends only 

on the fracture geometry (Barton and Bandis, 1980; Bandis et al., 1983). Both apertures depend differently on orientation and applied stress.  

 

To use the Barton-Bandis method, the local shear and normal stresses acting on a fracture surface need to be known. Mohr circles provide an 

approximation of these stresses, based principally on the orientation of the fracture and far-field stresses (Zoback, 2007). However, in complex 

fracture networks, the arrangement of nearby fractures is found to create stress perturbations, such that local stress is different from the far-field 

stresses. To model the local stresses in the digitized fracture networks, we use Finite Element modeling. The models are constructed using 

ABAQUS (Dassault Systemes), where we add our own functionality to represent the digitized fracture network as explicit discontinuities 

(‘seams’) that influence the stress distribution (Figure 3). Along each fracture surface, local and shear stress vary, resulting in a heterogeneous 

aperture distribution along single fractures (Figure 4 and Figure 5a,b). 

 

Equivalent Permeability Modeling  

 

The resulting aperture model contains closed segments that can act as flow bottlenecks. To quantify the impact of a heterogeneous aperture 

distribution on fluid flow, we model equivalent permeability, which represents the permeability of the matrix and fractures combined. The 

equivalent permeability is calculated utilizing a Finite-Element Finite-Volume (FEFV) approach in which the steady state continuity equation 

for flow  is solved, where q is the Darcy velocity  with pressure p in Pa, viscosity μ in Pa s and intrinsic permeability k 

in m
2
 (Matthäi et al., 2007). This approach uses the exact same meshed fracture network from the mechanical models. The rock matrix is 

represented by 2-D triangular elements, and the fractures are 1-D line elements. Each fracture node has an aperture calculated from the 

mechanical model. This approach is implemented into the Complex System Modeling Platform (CSMP++) (Paluszny and Matthäi, 2010; Nick 

and Matthäi, 2011). We apply a pressure gradient of 10 kPa in both horizontal directions of rectangular 2-D models. By integrating the fluid 



flux at the model boundaries we derive the equivalent permeability through Darcy flow (Matthäi and Nick, 2009). The equivalent permeability 

thus represents the combined fracture-matrix flow of the model (Figure 5c,d). 

 

Dataset: Large-scale Fracturing in the Potiguar Basin, NE Brazil  

 

We apply the integrated workflow from fracture data acquisition to aperture and flow modeling to outcropping pavements of the Jandaíra 

Formation in the Potiguar Basin (NE Brazil) (Maia and Bezerra, 2015). The Jandaíra, an Upper Cretaceous carbonate formation with a 

relatively simple burial history, is intensely fractured (Figures 6 and 7). The formation crops out in large parts of the basin, providing large sub-

horizontal pavements in which fractures can be studied quantitatively, with a minimum of censoring and truncation artifacts. Using the drone, 

we digitize a series of pavements that contain bed-perpendicular fracture networks with a range of orientations and topological relations, 

providing complex deterministic fracture patterns that form a basis for the aperture and flow models. Although fracture patterns in most 

outcrops follow power-law size scaling relations, the fracture arrangements are highly varying. We focus on one pavement to quantify the 

aperture and permeability resulting from the Barton-Bandis model compared to the Mohr-Coulomb model (Figure 8). The aperture and 

permeability in the other pavements, as well as the relation between geometry, aperture and permeability, has been quantified in earlier work 

(Bisdom et al., 2016). 

 

For the Barton-Bandis and Mohr-Coulomb models, we use the same identical fracture network geometry, with the same far-field stress, elastic 

rheology and boundary conditions. The outcrop consists of 791 fractures with a scattered orientation distribution and a complex topology. Two 

sets of long fractures are identified, striking approximately NNW-SSE and WNW-ESE, with smaller fractures showing a wide range of 

orientations abutting these larger systems. The average P21 intensity is 0.29m
-1

, with an average length of 5.8m and a connectivity of 0.083 

intersections per m
2
. This network is converted into a 2-D mechanical and flow mesh, consisting of approximately 320,000 triangular elements. 

A horizontal maximum stress of 30MPa (Shmax) is applied in the N-S direction, resulting in a Poisson’s stress of 10MPa in the E-W direction, 

based on a Poisson’s ratio of 0.3 for the rock matrix. The matrix is fully elastic with a homogeneous rock density of 2300 kg/m
3
 and a Young’s 

Modulus of 40GPa. Matrix permeability is 10mD, with a porosity of 20%.  

 

For the Barton-Bandis model, we calculate first the physical aperture as a function of normal stress, followed by the hydraulic aperture, which 

is a function of shear stress. For Mohr-Coulomb, we first define physical aperture using the sub-critical crack growth model, which predicts 

that aperture scales linearly with fracture length, and then use Mohr-Coulomb to define which physical apertures are also hydraulically open.  

 

Results 

 

The critically stressed hydraulic aperture distribution for the Mohr-Coulomb model predicts that 50% of the network is hydraulically open, with 

apertures of up to 40mm. In the Barton-Bandis model, more than 80% of the network is critically stressed, with a maximum aperture of 

0.21mm (Figure 8a,c). The average apertures are closer to each other, although Barton-Bandis aperture is still 25 times smaller, with an average 

of 0.19mm in the Barton-Bandis model and 5mm in the Mohr-Coulomb model.  

 



Although the average aperture of Mohr-Coulomb is much higher, 30% more fractures are hydraulically closed in this model compared to 

Barton-Bandis. In both models, the orientation of a fracture with respect to the direction of Shmax is the main controlling factor that defines 

whether a fracture is critically stressed. However, Mohr-Coulomb does not distinguish between small or large fractures, or the impact of nearby 

fractures on stress, while Barton-Bandis predicts that smaller fractures with more intersecting fractures have a higher probability of becoming 

critically stressed. Because the studied network contains many small fractures with a high connectivity, a large fraction of the network is 

critically stressed.  

 

The difference in equivalent permeability in both models is relatively small (Figure 8b,d). The pressure contour lines illustrate that flow in the 

Mohr-Coulomb aperture model is mainly controlled by a few long fractures with large apertures, whereas the more evenly spaced contour lines 

in the Barton-Bandis model indicate that the increase in permeability resulting from the fractures is the cumulative effect of many small open 

fractures (Figure 8b,d). For a 10mD matrix permeability, a network with 50% of fractures hydraulically closed but with a high average aperture 

has a similar impact on flow as a network with a small average aperture but with 80% of the fractures critically stressed.  

 

For a higher matrix permeability, the Mohr-Coulomb model has a higher permeability than the Barton-Bandis model (Figure 9). The 

permeability models are equal for a matrix permeability of 30mD, but the relative impact of the Barton-Bandis model on matrix flow decreases 

rapidly for increasing matrix permeability, while the impact of the Mohr-Coulomb model remains approximately constant, even for high matrix 

permeabilities. For matrix permeabilities below 10mD, the Barton-Bandis model predicts a higher increase in flow resulting from fractures 

compared to Mohr-Coulomb. The difference is explained by connectivity, as in a low permeability matrix, a well connected fracture network 

with small apertures has a bigger impact on flow than a disconnected network of fractures with large apertures. When matrix permeability is 

high, fractures do not need to be connected to a percolating network to impact flow, and hence large apertures are more important.  

 

Conclusions 

 

By integrating quantitative fracture data acquisition with a mechanical and flow modeling approach where the entire network is represented 

discretely, we can study the impact of aperture on fluid flow. Aperture is not measured, as outcropping apertures are not representative of flow, 

but modeled based on Mohr-Coulomb and Barton-Bandis stress-aperture relations. A comparison of the two methods shows that:  

 In either case, the aperture distributions are heterogeneous, with partial opening and closing even along a single fracture.  

 For Mohr-Coulomb, aperture depends mainly on fracture orientation, while for Barton-Bandis, length and spacing also have an impact 

on aperture.  

 The fraction of reactivated fractures in the Barton-Bandis model is on average 80%, versus 50% based on the Coulomb criterion.  

 The average aperture predicted by Barton-Bandis is 0.2mm, but especially in a low-permeable matrix, i.e., less than 25 mD, the impact 

of fractures on flow is significant because of the high fraction of open fractures.  

 In a higher-permeability matrix, fractures that are disconnected from the main network can still contribute to flow through the matrix, so 

large absolute apertures have a larger impact on permeability than fracture connectivity.  
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Figure 1. Processing of a grid of photographs taken by the drone, combined with GPS measurements, to generate a 3-D high-resolution georeferenced 

model of a fractured pavement.  

  



 
 

Figure 2. Visual representation of the Barton-Bandis model, which assumes that an aperture remains when irregular fracture surfaces with shear 

displacement no longer perfectly interlock.  

  



 
 

Figure 3. Conversion from a fracture geometry, digitized from an outcrop, into a fractured mesh, constructed from unstructured triangular elements.  

  



 
 

Figure 4. Local maximum (compressive) stress modeled around a fracture network, assuming a far-field maximum stress applied in the y-direction 

(a) and in the x-direction (b). The color and size of the arrows indicate the magnitude, whereas the direction of maximum stress is indicated by the 

direction of the arrows.  

  



 
 

Figure 5. Physical and hydraulic aperture distributions for the fracture network and modeled stress distribution (y-direction) from the previous figure, 

as defined by the Barton-Bandis model. The fluid pressure distribution in x- and y-directions (c and d) are shown for the hydraulic aperture 

distribution in (b). The white lines indicate pressure contour lines, where large perturbations in the contours correspond to large apertures in the 

hydraulic aperture model.  
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Figure 6. Overview of the onshore part of the Potiguar Basin in NE Brazil, with the locations of the digitized pavements in the basin, far from large-

scale faults.  

  



 
 

Figure 7. Backdrop image of part of an outcropping pavement of the Jandaíra Formation, with the digitized fracture network geometry used for 

aperture and flow modeling. North is up (in the y-direction).  



 
 

Figure 8. Critically stressed aperture distributions resulting from the Mohr-Coulomb and Barton-Bandis models (a,c),with their corresponding fluid 

pressure distributions assuming a N-S fluid pressure gradient (b,d). The white contour lines are pressure contours.  
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Figure 9. Increase in equivalent permeability (with respect to matrix) resulting from fractures for a range of matrix permeabilities. 
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