
1 INTRODUCTION 

The shear behaviour of discontinuities is primarily controlled by the surface roughness 

(Barton, 1973) which is commonly defined through an empirical parameter, the Joint 

Roughness Parameter or JRC. Initially estimated by visual comparison with standard 

roughness profiles, correlations between JRC and various statistical parameters or fractal 

dimension have been established (Tse & Cruden, 1979; Carr & Warriner, 1989). JRC based 

estimates offer simplicity of used however they are two dimensional methods and non 

directional. More recently the use of laser scanner and photogrammetry to define the surface 

topography and estimate the roughness have been described (Hans & Boulon, 2003; 

Haneberg, 2007). New constitutive relations have been developed based on a general 

description of roughness (Grasselli & Egger, 2003). Asperity shape and distribution on a 

discontinuity can now be measured with a great detail and potentially incorporated in any 

analysis. However with the complexity of the interaction between the two walls, a complete 

analytical formulation remains a hard task. Various constitutive models have been developed 

that accommodate effect of asperities (Saeb & Amadei, 1992) and their progressive 

degradation during shearing (Plesha, 1987; Hutson & Dowding, 1990). Despite being each 

time more advanced, these models still rely on empirical relations or simplified descriptions 

of the surface asperities. The recent development of a new contact model named “Smooth 
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ABSTRACT: The constitutive behaviour of rock discontinuities is highly controlled by the 

roughness of the surface. Its contribution is a combination of two aspects of overall 

roughness: the morphology of the surface (or shape) and the strength of the asperities 

(related to the strength of the surrounding rock). Appropriate description of rock joint 

behaviour entails accurate description of the morphology and provision for asperity 

degradation. In this study, we propose to take advantage of the latest developments in 

numerical techniques. The DEM code PFC3D has been used to generate a numerical replica 

of a joint. Microproperties have been calibrated to mimic the physical rock. The morphology 

has been obtained using 3D photogrammetry. The derived triangulated surface is then 

introduced into PFC3D to generate a synthetic rock joint. The recently developed Smooth 

Joint contact model is used to describe the interaction between particles lying on opposite 

side of the surface. The smooth joint model allows to get rid of the artificial roughness 

introduced by particle discretization. The generated discrete model replicates the two aspects 

of overall roughness: shape and strength. Direct shear tests are then performed to 

characterise its mechanical behaviour. Results of the simulations are presented. 



Joint Model” (SJM) (Pierce et al., 2007) in PFC3D where particles are allowed to slide past 

one another without overriding one another has been a major breakthrough to represent 

discontinuities as planar surfaces. With this new formulation, real surface morphologies can 

be introduced into DEM codes to generate numerical rock joint. Studies by Lambert et al. 

(2010) on the behaviour of a rock-concrete interface suggested that realistic shear behaviour, 

shear strength and dilation, could be obtained associating the SJM with a true morphology. 

Such synthetic rock joint is able to replicate the behaviour of its physical counterpart and can 

be used to estimate its constitutive behaviour accounting for the three dimensionality of the 

surface (Lambert & Coll, 2011). The behaviour of rough fractures can be explicitly simulated 

on the basis of measurable properties: 3D surface morphology and mechanical properties of 

the surrounding rock. 

2 DISCRETE ELEMENT REPRESENTATION OF A ROCK JOINT 

2.1 Smooth joint contact 

A discontinuity is normally represented in PFC3D by debonding contacts along a surface. 

Previous modelling approaches used bands of particles with altered properties (Kulatilake et 

al., 2001; Park & Song, 2010) to represent a joint. However, the particle geometry is still 

present and the discrete nature of the medium generates an artificial roughness that is added 

to the one of the introduced surface, thus creating a particle size dependent joint behaviour 

(see Fig. 1). 

 

Fig. 1. 2D example of a particle size dependant surface morphology of joints (modified after Scholtes et al., 

2010) 

In order to overcome the problem an alternate scheme, termed the “Smooth-Joint Model” or 

SJM, initially proposed by Pierce et al. (2007), has been implemented into PFC3D (Itasca, 

2008). A smooth-joint model is a contact model that simulates the behaviour of an interface 

regardless of the local particle contact orientation along the interface. A typical smooth-joint 

is shown in Fig. 2. It allows particles to slide past one another without overriding one 

another. A joint is created by assigning this new contact model to all the contacts between 

particles that lie upon opposite sides of the surface. The SJM defines the tangential and 

normal directions according to the local orientation of the surface (by opposition to the initial 

normal and tangential directions of the contact, see Fig. 2). The joint normal and joint 

tangential force increments (ΔFnj and ΔFtj respectively) are derived from normal and 

tangential displacement increments (ΔUnj and ΔUtj ) multiplying by the joint stiffness ( ΔFnj = 

kjnΔUnj and ΔFtj = kjtΔUtj ). The joint force is then adjusted to satisfy the force-displacement 

relationship and mapped back into the global system. This new formulation accommodates 

the standard behaviour of a joint (sliding/opening behaviour) independently of particle 



induced roughness. A complete description of the formulation can be found in the manual 

(Itasca, 2008).  

 

Fig. 2. Smooth Joint contact model between ball 1 and ball 2. Surface 1 and surface 2 denote either side of 

the joint lying at a dip angle of θp (after Itasca, 2008) 

The model requires the definition of a set of parameters: friction coefficient, dilation angle, 

normal and shear bonds (responsible for cohesion), normal and shear stiffness. This new 

formulation has proven its ability to capture the behaviour of jointed rock mass representing 

joints as planar surfaces (Pierce et al., 2007; Deisman et al. 2010; Esmaieli et al., 2010; 

Lambert & Read, 2011) and the behaviour of rough discontinuities (Lambert et al., 2010, 

Lambert & Coll, 2011).  

2.2 3D morphology of the rock joint 

The interface morphology used in this example is based on a natural discontinuity in granite 

studied by Grasselli (2001). The surface is 140× 140 mm
2
 and the maximum amplitude of the 

asperities is around 9 mm. Fig. 3 shows a general view of the surface. The three dimensional 

surface has been triangulated using a Kriging gridding method with a horizontal spacing of 

1.4 mm between the grid points (in x and y directions). 99 profiles along the x axis and y axis 

have been extracted for which Z2 coefficients (root mean square of the first derivative of the 

profile) have been estimated: 

                                                  
1

1

2

122 )(
)1(

1 N

i

ii zz
xN

Z  (1) 



where zi and zi+i are the elevations of two consecutive grid points on a profile, N the total 

number of grid points on a profile and Δx the horizontal spacing. 
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Fig. 3. Morphology of the granite surface (modified from Grasselli (2001)) 

For each profile a value of the Joint Roughness Coefficient (JRC) can be derived using the 

empirical relation proposed by Yang et al. (2001). 
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The profiles of the triangulated surface exhibited in along x axis an average JRCprof of 10.4, 

varying from 4.9 to 13.9 and along y axis an average of 10.1, varying from 5.7 to 15.3. The 

cumulative distribution of the JRCprof is given in Fig. 4  

 

Fig. 4. Cumulative distribution of JRC values along x direction and y direction. 

2.3 The synthetic rock joint 

A synthetic (or numerical) rock joint is obtained first generating a particle assembly using a 

discrete element code and then introducing the surface morphology. Micro-properties of the 

particle assembly are calibrated to match the properties of the physical material (surrounding 

rock) following the genesis procedure described in detail in Potyondy & Cundall (2004). In 



that case a granitic rock with a UCS of 143MPa has been simulated. The numerical rock joint 

consists of a 140 x 140 x 50mm3 (respectively X, Y, Z) parallelepiped particle assembly. The 

final specimen contains 98,345 particles having a radius ranging from 0.5mm (in the vicinity 

of the interface) to 2.4mm. The triangulated surface of the joint presented in the previous 

section is then imported. For each triangle a “smooth joint model” is assigned to the contacts 

between particles that lie on opposite side of a triangle. The orientation of the smooth joint 

corresponds to the orientation of the triangle. The joint surface is hence modelled as a 

collection of smooth-joint contacts with varying orientation. The macroscopic joint is 

considered to be purely frictional at the contact level (smooth joint) with a friction angle of 

20°. No dilation was introduced as macroscopic dilation (i.e. at the joint level) is expected to 

be an emergent property of the surface topology. 

      

Fig. 5. Visualization of the synthetic rock joint sample. Upper wall in orange and lower wall in brown. Full 

3D view on the left and lower half section on the right 

3 SHEAR BEHAVIOUR OF THE SYNTHETIC ROCK JOINT 

3.1 Simulations of direct shear tests 

Numerical shears tests under constant normal stress have been performed on the synthetic 

rock joint for three values of normal confinement (0.5MPa, 1MPa, 1.5MPa). The specimen is 

firstly subjected to a compression along axis Z (Fig. 5) and then to a shearing along axis X at 

constant normal stress. Displacements along Y are restrained. The sum of contact forces on 

the periphery of the upper half are used to compute the average normal stress and shear stress 

on the interface whereas normal and tangential displacements are monitored averaging 

particle displacements on the periphery of the lower half (Z displacements and X 

displacements respectively). 

Fig. 6(a) and (b) show the evolution of shear stress and normal displacement with shear 

displacement. It can be seen that the classical elasto-plastic response of rock joints is well 

captured. The mobilised shear stress increases to a peak value as roughness is mobilised and 

then decreases due to asperity degradation. The peak value defines the shear strength of the 

synthetic rock joint (the higher the normal stress, the higher the shear strength). Peak dilation 

angles have been measured as the slope of the normal displacement vs. shear displacement 

curve at the peak of the shear stress (Fig. 6). As shown in Fig. 6, dilation decreases as normal 

stress increases.  
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Fig. 6. Stress-displacement curves of direct shear tests under constant normal stress (ranging from 0.5 MPa 

to 1.5 MPa) on a 140 x 140 mm2 surface. a) Shear stress versus tangential displacement. b) Normal 

displacement versus tangential displacement. 

The numerical shear tests performed under increasing normal stress define the strength 

envelope of the model from which a Barton failure criterion (Barton & Choubey, 1977) can 

be expressed. In Barton’s formulation the shear strength is expressed as a function of the 

Joint Roughness Coefficient (JRC), Joint Compressive strength (JCS) and friction b (3): 
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Where τp is the peak shear stress and σn the normal stress. 

 

A best fit of Barton’s failure criterion can be seen on Fig. 7. The base friction angle b in 

equation (1) corresponds to the friction angle of a perfectly planar discontinuity and 

corresponds to the friction angle of the in the smooth joint model (20°). JCS has been set to 

143 MPa. The best fit returns a JRCback of 9.9 with a coefficient of determination R
2
 close to 

1. Obtained JRCback is in good agreement with the average JRCprof determined on 2D profiles 

of the surface suggesting that the effect of roughness is well captured. 
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Fig. 7. Failure criterion for the synthetic rock joint with a best fitted Barton criterion (JRC = 9.9)  

 



3.2 Shear strength anisotropy 

Anisotropy in the shear behaviour induced by surface roughness is assessed by shearing the 

synthetic rock joint varying the direction of loading. Two series of direct shear tests have 

been performed along the x axis, towards x>0 and x<0. A series of shear tests have been 

performed along the y direction towards y>0. The three directions tested will be referred to as 

0°, 90° and 180° for x>0, y>0 and x<0 respectively. The shear strength for the various tests 

are plotted in Fig. 8. 
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Fig. 8. Anisotropy in the peak shear strength of the synthetic rock joint 

The joint strength exhibits little various between the three shearing directions. The strength is 

slightly lower for 90° which is consistent with a slightly lower average JRC. The relatively 

small difference in the strength is also apparent in the average JRC. 

4 CONCLUSION 

A DEM approach was developed to generate a synthetic rock joint combining a real surface 

morphology with a smooth joint contact model at the particle level. Unlike previous discrete 

approaches, such numerical model is able to mimic the mechanical behaviour of a 

discontinuity qualitatively and quantitatively. Direct shear tests under constant normal stress 

have been performed and the mechanical response of the model has been analysed. The effect 

of roughness was consistently captured throughout the simulations. Strength estimates can be 

performed with this approach accounting for the 3D aspect of surface roughness and 

properties such as anisotropy can be captured. 
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