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Abstract 
In rock engineering design, it is of critical importance to be able to predict the peak shear 
strength of rock joints. One of the most widely used methods to do this, is to use the empirical 
criterion developed by Barton (1973) and Barton and Choubey (1977). The criterion is simple 
to use, but associated with some degree of uncertainty. To investigate the difference between 
this empirical criterion and the semi-analytical shear criterion by Casagrande et al. (2018), 
realistic synthetic fractures of different sizes and resolutions are analysed using Monte Carlo 
realisations. A wide variety of rock and fracture properties are used together with normal 
stresses from 0.1 to 20 MPa. The study shows that the Casagrande et al. (2018) shear criterion 
usually results in larger peak shear strength than Barton (1973), especially under high normal 
load. The study also suggests that using the Casagrande et al. (2018) shear algorithm and back 
calculating JRC, using Barton (1977), the estimated JRC is not only dependent on the pure 
geometry but may also be depending on the applied normal stress. 
 
1. Introduction 
In rock engineering design, it is of critical importance to be able to predict the peak shear 
strength of rock joints. One of the most widely used methods to do this, is to use the empirical 
criterion developed by Barton (1973) and Barton and Choubey (1977). Even though the 
criterion is simple to use, its use are associated with some degree of uncertainty. Using the 
predefined roughness profiles implies a subjective uncertainty. If tilts tests are used to back 
analyse the contribution from roughness, it implies that the back calculation is performed 
under very low normal stresses. This further adds a certain degree of uncertainty on how valid 
this approach is under higher normal stresses. A semi-analytical approach was suggested by 
Casagrande et al. (2018) to predict the peak shear strength of perfectly mated joints. The 
major advantage with this approach is that it uses measurements of the actual joint surface to 
determine the contribution from roughness. In this technical note, a large number of 
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synthetically generated joints with a certain roughness are created and the peak shear strength 
are determined using both of these criteria. The peak shear strength is calculated for different 
values of normal stress, strength of the intact rock and basic friction angle. The difference in 
the results between the criteria is discussed and suggestions for further research are given.  
 
2. Methods 
Fractures are self-affine mono-fractal surfaces over at least six orders of magnitude 
(Mandelbrot, 1985; Russ, 1994; Den Outer et al,. 1995, Renard et al., 2006; Candela et al., 
2009; Brodsky et al., 2011; Candela et al., 2012). Self-affine fractals need two parameters to 
be fully defined, the fractal dimension and a scaling factor (e.g. Stigsson and Mas Ivars 2018). 
The scaling factor simply linearly scales the relation between the asperities in the direction of 
the asperities and is commonly expressed as the standard deviation of height differences 
located at a specific distance, Δl, denoted σδh(Δl) (Brown, 1987; Malinverno, 1990; Odling 
1994; Hong-Fa, 2002; Renard et al., 2006; Candela et al., 2009; Johansson and Stille, 2014; 
Stigsson, 2015; Stigsson and Mas Ivars 2018). The fractal dimension steers the persistence of 
the asperities, i.e. the long range correlation, where a fracture with low dimension, close to 2, 
have a positive long range correlation and a fracture with dimension close to 3 have negative 
correlation of the asperities. The fractal dimension is often expressed as the Hurst exponent, 
H, where the relationship between the fractal dimension of a fractal surface and H is (Russ 
1994) 
 

3 SurfaceH D= −  (1) 
 
Self-affine surfaces are preferably generated using inverse fast Fourier transform of a power 
spectrum (Saupe, 1988; Gallant et al., 1994; Russ 1994). The power spectrum needs two 
parameters, the slope and the intercept to be fully defined. The relationship between H and the 
slope of the power spectrum, β, is (e.g. Russ 1994)  
 

2 1Hβ = +  (2) 
 
The intercept of the power spectrum, cI, is calculated as (Stigsson and Mas Ivars 2018) 
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where σδh(1v) is the standard deviation of height differences between adjacent vertices, f is 
the frequency, i.e. the number of waves per trace length, N is the number of vertices of the 
fractal line and H is the Hurst exponent.  
 
Due to the repetitive behaviour of Fourier series a fourth of the generated fractal surfaces are 
cropped to avoid the most obvious edge effects. These cropped surfaces are subjected to shear 
using the semi analytical shear algorithm for perfectly mated surfaces developed by 
Casagrande et al. (2018). The developed method makes use of force equilibrium between 
shearing resistance and sliding resistance. The force to resist shearing, Fshear, is calculated 
according to: 
 

( )( )tanshear Ncf
F a c f ϕ= ⋅ + ⋅∑  (4) 
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where cf denotes the contributing facets, a is the area of the facet projected on the horizontal 
plane, c is the cohesion of the intact rock, fN is the normal force acting on the facet and φ is 
the internal friction angle of the intact rock. The force to resist sliding, Fslide, is calculated 
according to: 
 

( )tanslide N bcf
F f ϕ β= ⋅ +∑  (5) 

 
where φb is the basic friction angle of the intact rock for a macroscopic smooth surface and β 
is the slope of the facets contributing to the sliding resistance. In brief, the method starts with 
reading the coordinates of the perfectly mated fracture, together with the normal stress acting 
on the fracture and the properties of the rock. Thereafter, the geometry is analysed and the 
facets with the steepest slope in the direction of the shearing are collected to create a set of 
contributing facets. Using this set of contributing facets, the resistance to sliding and the 
resistance to shear through the asperities are calculated according to eq. 4 and eq. 5. If the 
sliding resistance is not smaller than the shearing resistance, the forces acting on the fracture 
surface can be assumed to be large enough to shear off the steepest asperities. This shearing 
implies that the geometry of the fracture surface changes accordingly. This new topography is 
used to find the new set of contributing facets and new resistance forces are calculated. This 
loop continues until the sliding resistance is less than the shearing resistance. At this point, 
sliding is expected to occur and output parameters, including the topography of the damaged 
surface, are saved. 
 
3. Input parameters 
In this note, fractures that corresponds to the geometric trace JRC = 10 in Barton and 
Choubey (1977) is used for the creation of synthetic fractures. The transformation from JRC 
to the fractal parameters follows the work in Stigsson and Mas Ivars (2018) where JRC can be 
calculated as 
 

( )4.3 54.6 1 4.3JRC h mm Hsδ= − + ⋅ + ⋅  (6) 
 
from H and σδh(1 mm). The parameter combination H equal to 0.8  and sdh(1mm) equal to 
0.2 mm (Stigsson 2015) results in fractures with a JRC equal to 10 (Stigsson and Mas Ivars 
2018)  
 
To be able to look for scale and resolution effects, square fractures with side length from 
0.256 m to 4.096 m is generated using a 1 mm resolution, and fractures with a side length of 
0.0256 m and 0.2048 m side length is generated using a 0.1 mm resolution. 
 
The applied normal force and properties of the intact rock is tabulated in Table 1. Using all 
possible parameter combinations 1152 different realisations are needed. To get stable mean 
values of the output parameters 128 Monte Carlo realisations are run for each parameter 
combination. 
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Table 1. Parameters used in the studie 
Parameter unit Values 
Normal stress MPa 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0 
Friction angle º 30, 35, 40, 45, 50, 55, 60 
Cohesion MPa 7, 13, 18, 23, 28, 33 
Basic friction angle º 25, 30, 35 
 
 
4. Results 
The peak shear strengths using the algorithm developed by Casagrande et al. (2018) and peak 
shear strengths calculated according to equation 9 in Barton (1973) are plotted as functions of 
the normal load applied to the fractures in Figure 1 to Figure 3. Figure 1 shows that there are 
large discrepancies between the two different approaches to estimate the peak shear strength. 
However, for the fractures with large friction angle the resistance to shear is so large that the 
fracture slide with almost no breakage. This implies that the normal force transferred through 
the contributing facets exceeds JCS, which is not realistic. Instead, only the realistic cases, i.e. 
where the normal stress on the contributing facets is smaller than JCS, are shown in Figure 2 
and Figure 3. There is still a discrepancy between the Casagrande et al. (2018) algorithm 
compared to the Barton (1973) equation. The larger the normal force the larger the 
discrepancy. 
 
There is almost no dependence of the results due to the size of the sheared fractures, which is 
in accordance with findings by Johansson (2016). No matter the fractures are 128 by 128 mm 
or 2048 by 2048 mm, the difference in peak shear strength is less than ±0.3%, which is less 
than the standard deviation of the mean values. However, when resolution is increased, from 
1 mm to 0.1 mm, the peak shear strength increases between 6 and 68%. The larger relative 
discrepancies are restricted to the lower normal stresses, yet the increase due to resolution is 
between 6 and 33% for normal stresses larger than 2 MPa. 
 
The ratio between peak shear strength according to Casagrande et al. (2018) and peak shear 
strength according to Barton (1973) varies between 0.9 and 1.3 for the fractures with 
resolution of 1 mm. All values below 1 refer to normal stress 0.1 or 0.2 MPa, which means 
that for some parameter combinations under low normal stress the calculated peak shear 
strength will be higher using Barton’s criteria. However, for larger normal stresses the 
opposite will yield. The fractures with finer resolution, 0.1 mm, will have larger ratio between 
peak shear strength calculated according to Casagrande et al. (2018) and Barton (1973) and 
vary between 1.2 and 2.0.  
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Figure 1. Peak shear stress as function of applied normal stress, all combinations 
1mm resolution.  
 
 

 
Figure 2. Peak shear stress as function of applied normal stress, σN < JCS, 1 mm 
resolution.  
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Figure 3. Peak shear stress as function of applied normal stress, σN < JCS, 0.1 mm 
resolution.  
 
5. Discussion 
Due to the rigid motion assumption that underlies the algorithm in Casagrande et al. (2018), 
fractures in hard rocks, like granites, will slip before any breakage of the asperities resulting 
in contact stresses that exceeds JCS of the fracture. This is not possible for real fractures and 
hence such results must be disregarded. Only evaluating fractures where σN < JCS, the 
Casagrande et al. (2018) algorithm will most often result in a higher peak shear strength than 
Barton (1973), especially under higher normal stresses 
 
If it is assumed that the shear algorithm by Casagrande et al. (2018) is correct, the results 
would imply that the roughness according to the JRC system is not only dependent on the 
geometry, but as well on the confining normal stress. Back-calculating JRC from Barton and 
Choubey (1977) yield that it varies between 9 and 19, despite the fact that the geometry of the 
synthetic fractures conform to the geometry of a fracture with JRC 10 (Stigsson, 2018). 
 
For a fractal surface, the facets will be steeper with a higher resolution. Hence, it is natural 
that the peak strength will be higher when resolution is increased for pure numerical 
modelling despite that the amplitudes becomes smaller. According to Johansson (2016) and 
Grasselli and Egger (2003), the peak shear strength usually occurs at approximately 0.3 to 
0.7 mm displacement for perfectly mated fracture surfaces. Tatone and Grasselli (2009) argue 
that a resolution <0.5 mm is needed to capture changes in the surface topography caused by 
the shearing process. Hence, it is still an open question of what resolution that should be used 
to best estimate the peak shear strength from mapped traces when shearing fractures 
numerically. Another question is whether the algorithm by Casagrande et al. (2018) is too 
optimistic and predict a too high peak shear strength of the rock fracture. These two questions 
remain to be answered. A possible way forward is to shear hard rock fractures with different 
sizes under high normal loads and compare with the semi-analytical algorithm. 
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6. Conclusion 
• The shear algorithm by Casagrande et al. (2018) is a fast way of finding the peak and 

residual shear strength as long as the normal stress of the contributing facets does not 
exceeds JCS.  

• The Casagrande et al. (2018) algorithm shows that the peak shear strength for the rock 
usually becomes larger than using the criteria from Barton (1973), especially for high 
normal stresses. 

• The results indicate that estimated JRC is not only dependent on the geometry of the 
fracture but may also be depending on the applied normal stress. 

• The results are independent on the size of the fracture, but sensitive to resolution 
where higher resolution gives higher peak shear strength.  
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