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Abstract 

In Sweden, there exists a large number of dams. Many of them are founded 

on rock masses normally affected by the presence of sub-horizontal rock 

fractures, which makes sliding along rock joints under the dam foundation 

one of the most critical failure mechanism. Various attempts have been 

made to relate the peak shear strength of rock joints to measurable 

parameters. However, the uncertainty in the determination of the shear 

strength of rock joints is nonetheless still significant. 

The main aim of this thesis is to investigate, develop and apply 

analytical and numerical techniques for estimation of peak shear strength 

of natural and unfilled rock joints. In a first step, the peak shear strength 

of several natural and unfilled rock joint was calculated by using surface 

aperture measurements from high-resolution optical scanning and a 

modified version of the analytical criterion previously developed by 

Johansson and Stille in 2014. In a second step, PFC2D was utilised to 

perform numerical shear tests on two-dimensional profiles selected from 

high-resolution optical scanning on unweathered and perfectly mated 

tensile induced rock joints. 

The results from the analytical approach show that the calculated peak 

shear strengths of the analysed samples are in good agreement compared 

with the laboratory investigations. Conversely, the obtained results from 

the numerical approach show lower peak shear strengths in the analysed 

two-dimensional profiles compared with the conducted laboratory shear 

tests. 

The analytical approach together with the advanced techniques to 

measure surface roughness available today, may be a possible way forward 

towards a methodology to determine peak shear strength of large-scale 

natural rock joints in-situ. 
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Sammanfattning 

Bergsprickors skjuvhållfasthet är en avgörande faktor för att kunna 

bestämma säkerheten mot gliding för dammar där sub-horisontella 

utbredda bergsprickor existerar. Samtidigt är parametern svår att 

bestämma då den påverkas av flera faktorer som sprickytans råhet, 

vittringsgrad, normalspänning, skala samt passning. Skjuvhållfasthet av 

bergsprickor kan bestämmas genom att använda empiriska och analytiska 

brottkriterier samt numeriska metoder. Problemet med de befintliga 

metodikerna är att de inte beaktar inverkan från sprickans passning. Detta 

innebär att hållfastheten riskerar att överskattas. 

Det övergripande syftet med denna licentiatuppsats är att studera, 

utveckla och tillämpa analytiska och numeriska metoder för uppskattning 

av skjuvhållfasthet för naturliga och ofyllda bergsprickor. I ett första steg 

beräknades skjuvhållfastheten för ett antal naturliga och ofyllda 

bergsprickor. Detta gjordes genom att mäta aperturen baserat på 

högupplöst skanning och en vidareutvecklad version av det analytiska 

kriteriet som föreslogs av Johansson och Stille 2014. I ett andra steg 

användes PFC2D för att genomföra numeriska skjuvtester på två-

dimensionella sprickprofiler baserat på högupplöst skanning av perfekt 

passade och draginducerade bergsprickor. 

Resultaten från uppskattad skjuvhållfasthet med den analytiska 

metodiken visar på en bra överensstämmelse i jämförelse med de utförda 

skjuvförsöken. Resultaten från de utförda analyserna med PFC2D visar på 

en något lägre skjuvhållfasthet än vad som observeras i verkligheten. 

Den utvecklade analytiska metodiken, tillsammans med de avancerade 

tekniker som idag finns för att mäta sprickytornas råhet, bedöms kunna 

utgöra ett första steg mot att bättre kunna bestämma den storskaliga 

skjuvhållfastheten för bergsprickor i fält. 

Nyckelord 

Bergsprickor, Skjuvhållfasthet, Brottkriterium, Numeriska skjuvförsök 
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1. Introduction 

1.1. Background 

The determination of rock joint shear strength is one of the most common 

problems that engineers face in the design, construction and safety 

assessment of engineering structures on or within a rock mass. For 

instance, in Sweden there exist a large number of dams which together, 

contribute to the production of 45 % of the total energy consumption in the 

country. Many of these structures are founded on rock masses normally 

affected by the presence of sub-horizontal rock fractures. These sub-

horizontal joints, together with the water pressure and acting uplift forces, 

makes sliding along rock joints under the dam foundation one of the most 

critical failure mechanisms. 

The peak shear strength of rock joints is known to be affected by several 

different parameters, for example the normal stress acting on the joint 

surface, the degree of weathering, mineral coatings and infillings, surface 

roughness and the matedness of the rock joint. This complex interaction 

between different parameters, together with the inherent uncertainties 

associated with the estimation of peak shear strength of rock joints, has 

made this topic a frequently studied problem in recent decades. For 

instance, Patton (1966), Ladanyi and Archambault (1969), Barton (1973), 

Barton and Choubey (1977), Reeves (1985), Plesha (1987), Saeb and 

Amadei (1992), Jing et al. (1993), Kulatilake et al. (1995), Amadei et al. 

(1998), Seidel and Haberfield (2002), Grasselli and Egger (2003), 

Johansson and Stille (2014) and Casagrande et al. (2018) among others, 
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have developed a number of empirical and analytical shear strength 

criteria trying to explain the peak shear strength of rock joints. 

However, despite the proposed criteria there is still an uncertainty in 

the estimation of the shear strength of rock joints, since none of the 

existing shear strength criteria today fully capture the complex interaction 

between all the relevant parameters. 

In recent years, the emergence of advanced software has opened the 

possibility to use numerical modelling as a simulation tool for studying the 

mechanical behaviour of jointed rock masses. The modelling techniques 

known as discrete element method (DEM) (Cundall and Hart 1992) and 

the combined finite-discrete element method (FDEM) (Munjiza et al. 1995; 

Munjiza 2004) present promising applications to reproduce shear 

behaviour of rock joints. Among the different software packages available 

today, Particle Flow Code PFC (Itasca 2014a), UDEC/ 3DEC (Itasca 2013; 

Itasca 2014b) and Y-GEO (Mahabadi et al. 2012) have shown the capability 

to potentially reproduce rock joint shear behaviour qualitatively (e.g. Park 

and Song 2009; Asadi and Rasouli 2010, 2011; Tatone and Grasselli 2012; 

Bahaaddini et al. 2013, 2014, 2016; Lazzari et al. 2014; Siren et al. 2017; 

Mehranpour and Kulatilake 2017; Ríos Bayona et al. 2018). However, the 

capability of the mentioned software packages to realistically reproduce 

shear behaviour of real rock joints is to large extent still unexplored. 

Software and computing power limitations together with the complexity of 

modelling the different asperity failure mechanisms during a shearing 

process represent the main barrier to these remaining questions. 

For this reason, a methodology that realistically accounts for the 

different parameters taking part in the shearing process between two joint 

surfaces and enables the determination of peak shear strength is still 

needed. With the available techniques today, it is not clear if an analytical 

or a numerical approach is the best way forward to reduce the remaining 

uncertainties. 
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1.2. Aim of thesis 

The overall aim of this research project is to develop a methodology to 

estimate peak shear strength on natural and unfilled rock joints in-situ 

based on measurable parameters in the field. This Licentiate Thesis, which 

constitutes the first step of this research project, aims to investigate, 

develop and apply analytical and numerical techniques for estimation of 

peak shear strength of natural and unfilled rock joints. 

1.3. Outline of the thesis 

The thesis starts in chapter 2 with a general methodology of the two 

different approaches applied in this work to tackle the estimation of peak 

shear strength of rock joints. 

Chapter 3 concerns the determination of peak shear strength of rock 

joints through analytical criteria. The chapter is mainly a summary of 

Paper I. This chapter begins with a literature review with the available 

empirical and analytical criteria to determine the peak shear strength of 

rock joints. Thereafter, a new methodology to calculate peak shear strength 

on natural and unfilled rock joints is presented. The chapter includes the 

presentation of the performed experimental tests to verify the presented 

methodology. 

Chapter 4 concerns the determination of peak shear strength of rock 

joints through numerical simulations with PFC2D and it is mainly a 

summary of Paper II. The chapter begins with a literature review of the 

recently achieved advances by using this technique. Thereafter, the utilised 

shear test environment in PFC2D together with the performed 

investigations are presented. 

Chapter 5 provides a discussion concerning the obtained results and the 

main differences between the methodologies presented in this thesis. 

The conclusions of the work presented in this thesis and suggestions for 

future research are given in Chapter 6. 
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1.4. Limitations 

This thesis focuses on the study of the mechanical behaviour of unfilled 

rock joints in good quality hard crystalline rock masses, which are mainly 

the encountered conditions in Sweden. 

Furthermore, the presented investigations and methodology have only 

been proven in laboratory scale. In addition, the analysed rock joint 

samples presented in this thesis were tested under constant normal load 

conditions with a normal stress up to 1 MPa. This normal stress range is 

representative for concrete dams with moderate heights of approximately 

50 m, which is common in Sweden. 
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2. General methodology 

To accomplish the main aim of this thesis, the mechanical behaviour of 

rock joints has been studied both analytically and numerically. In a first 

step, the information from high-resolution optical scanning was utilised to 

analyse the surface roughness and joint aperture of natural and unfilled 

rock joints. Thereafter, the peak shear strength of the analysed natural rock 

joints was determined by using a further developed version of the 

analytical criterion previously developed by Johansson and Stille (2014), 

which accounts for rock joint matedness and scale. Finally, the obtained 

results with the applied methodology were compared with the measured 

peak shear strength during the performed laboratory direct shear tests on 

the analysed rock joint samples. 

In a second step, PFC2D was utilised to perform numerical shear tests 

on two-dimensional profiles selected from high-resolution optical 

scanning on unweathered and perfectly mated tensile induced rock joints. 

The results from the performed numerical shear tests were compared with 

the measured shear strength behaviour obtained during the laboratory 

investigations. 

A flowchart of the general methodology applied in the investigations 

presented in this thesis is shown in Figure 2.1. 
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Figure 2.1. Illustration of the applied general methodology in the performed investigations. 
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3. Analytical failure criteria for rock joints 

3.1. Literature review 

The determination of rock joint peak shear strength is necessary in order 

to solve different rock mechanical problems. The number of parameters 

that can affect the peak shear strength of rock joints are mainly represented 

by the normal stress acting on the joint surface, the degree of weathering, 

mineral coatings and infillings, surface roughness and the matedness of the 

rock joint. In addition, it is known that some of the mentioned parameters 

are scale-dependant; see for example Bandis (1980). For this reason, the 

mechanical response of rock joints and the relationship between 

measurable parameters and the peak shear strength have been under study 

in recent decades. 

Patton (1966), one of the first researchers that looked into the shear 

behaviour of rock joints, observed two different asperity failure 

mechanisms based on an idealised model of a saw-tooth rock joint. Patton 

observed that at low normal loads, sliding over the asperities occurred and 

the shear strength, 𝜏, of the analysed rock joint was 

 

𝜏 = 𝜎n tan(∅b + 𝑖), (3.1) 

 

where 𝜎n is the applied normal load, ∅b is the basic friction angle and 𝑖 is 

the inclination of the saw-tooth asperities with respect to the shear 

direction. 
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Conversely, at higher normal loads, failure through the asperities by 

shearing was observed. In these cases, the previous failure criterion was 

changed to 

 

𝜏 = 𝑐𝑥 + 𝜎n tan(∅r), (3.2) 

 

where 𝑐𝑥 is the cohesion of the saw-tooth asperities at their base and ∅r is 

the residual friction angle. 

The combination of the failure criteria in equations (3.1) and (3.2) 

constitutes the bilinear failure envelope derived by Patton that describes 

the shear behaviour of rock joints containing regular and equal saw-tooth 

asperities. The principle of the failure envelope derived by Patton (1966) is 

shown in Figure 3.1. 

However, the failure criteria proposed by Patton (1966) were not sufficient 

to explain shear strength behaviour of irregular rock joints. In an attempt 

to better understand the mechanical behaviour of irregular rock joints 

Ladanyi and Archambault (1969) proposed the following failure criterion 

based on energy principles and identification of the rock joint areas where 

sliding and shearing through the asperities were most likely to occur: 
 

 

Figure 3.1. Bilinear failure envelope proposed by Patton (1966). 
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𝜏 =
𝜎(1−𝑎s)(�̇�+tan ∅μ)+𝑎s(𝜎 tan ∅o+𝑠o𝜇)

1−(1−𝑎s)�̇� tan ∅f
, (3.3) 

 

where 𝑎s is the shear area ratio, �̇� is the rate of dilation at failure, ∅μ is the 

frictional resistance along the contact surfaces of the teeth, ∅o and 𝑠o are 

the friction angle and cohesion for the intact rock material, respectively, 

and 𝜇 is the degree of interlocking. 

An alternative approach to estimate peak shear strength of rock joints 

was proposed by Barton (1973) and Barton and Choubey (1977). Based on 

a large number of test results, Barton and Choubey proposed an empirical 

failure criterion that accounts for surface roughness and the compressive 

strength of the rock joint. The derived failure criterion is expressed as 

 

𝜏 = 𝜎n
′ tan [𝐽𝑅𝐶 log10 (

𝐽𝐶𝑆

𝜎n
′ ) + ∅r], (3.4) 

 

where 𝜎n
′  is the applied effective normal stress, 𝐽𝑅𝐶 is the joints roughness 

coefficient, 𝐽𝐶𝑆 is the joint wall compressive strength and ∅r is the residual 

friction angle. 

According to Barton and Choubey (1977), the value of the 𝐽𝐶𝑆 parameter 

may be approximated to the compressive strength of the intact rock, 𝜎ci, 

for unweathered rock joints. For weathered rock joint surfaces, the value 

of 𝐽𝐶𝑆 should be reduced. Barton and Choubey (1977) recommended the 

use of the Schmidt Hammer Index Test to determine 𝐽𝐶𝑆. 

In order to estimate the joint roughness coefficient, 𝐽𝑅𝐶, Barton and 

Choubey (1977) proposed two different methods. In the first method, rock 

joint surface roughness is estimated by visual comparison with ten 

predefined profiles, see Figure 3.2. In these predefined profiles, 𝐽𝑅𝐶 values 

range from 0 to 20, where 0 represents a completely smooth and plane 

surface, and 20 represents a very rough and undulating rock joint surface. 

The main drawback with this first method is that rock joint surface 

roughness is subjectively estimated. In order to solve this issue, Barton and 

Choubey (1977) proposed to estimate 𝐽𝑅𝐶 by back-calculation based on a 

performed tilt test on the analysed rock joint. 
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Later on, Zhao (1997a, 1997b) modified the empirical failure criterion 

proposed by Barton and Choubey (1977) in order to account for the degree 

of matedness. According to Zhao, the 𝐽𝑅𝐶 − 𝐽𝐶𝑆 model can overestimate 

surface roughness if 𝐽𝑅𝐶 is subjectively estimated by visual comparison 

with the predefined roughness profiles since rock joint matedness is not 

taken into consideration. For this reason, in an attempt to correlate both 

surface roughness and the degree of matedness, Zhao included the joint 

matching coefficient parameter, 𝐽𝑀𝐶. The value of this parameter varies 
 

 

 

Figure 3.2. Roughness profiles for visual estimation of 𝐽𝑅𝐶 (Barton and Choubey 1977). 
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between 0 and 1 and it is mainly estimated by visual inspections and 

prediction of the percentage of rock joint surfaces in contact. The modified 

criterion is defined as 

 

𝜏 = 𝜎n
′ tan [𝐽𝑀𝐶 𝐽𝑅𝐶 log10 (

𝐽𝐶𝑆

𝜎n
′ ) + ∅r]. (3.5) 

 

In addition, Barton and Choubey (1977) further analysed the scale effect 

on rock joints. Previous investigations carried out by Pratt et al. (1974) had 

shown that the compressive strength of intact rock varied with the scale. 

Barton (1973) and Barton and Choubey (1977) suggested that the scale 

effect not only affected the 𝐽𝐶𝑆 parameter, but also the 𝐽𝑅𝐶. Based on 

experimental studies on the scale effect of rock joints, Bandis et al. (1981) 

concluded that the peak shear strength was dependant on the scale. After 

this, new empirical equations to estimate 𝐽𝑅𝐶 and 𝐽𝐶𝑆 accounting for the 

influence from scale based on laboratory measurements were proposed by 

Barton and Bandis (1982) as 

 

𝐽𝑅𝐶n = 𝐽𝑅𝐶0 (
𝐿n

𝐿0

)
−0.02𝐽𝑅𝐶0

 (3.6) 

 

and 

 

𝐽𝐶𝑆n = 𝐽𝐶𝑆0 (
𝐿n

𝐿0
)

−0.03𝐽𝐶𝑆0
, (3.7) 

 

where the subscripts (0) and (n) indicate laboratory and in-situ scale, 

respectively. 𝐿n is the total length of the sheared block and 𝐿0 is the length 

of the sample size. 

The major drawback with these suggested methodologies to estimate 

surface roughness and joint surface compressive strength is that they are 

strongly based on empirical assumptions and a theoretical understanding 

of the scale effect is missing. In addition, they might not be valid in all 

cases. 
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Many attempts have been made in the literature to objectively 

determine surface roughness. For instance, the fact that rock joints are 

rough at all scales and behave as self-affine surfaces opened the idea that 

surface roughness can be represented based on fractal theory (e.g. 

Mandelbrot 1985; Russ 1994; Renard et al. 2006; Candela et al. 2009, 

2012; Brodsky et al. 2011; Stigsson and Mas Ivars 2018). However, there is 

still a debate on which of the proposed relationships better infer surface 

roughness of rock joints. 

In recent years, technical developments have shown that surface 

roughness can be accurately characterised in three dimensions by using 

high-optical scanning measurements (e.g. Lanaro et al. 1998; Grasselli 

2001). This approach led to new empirical criteria which tried to explain 

rock joint shear strength behaviour based on three-dimensional 

quantification of the surface roughness (e.g. Grasselli and Egger 2003). 

Based on a large number of experimental results in seven different types 

of rocks, Grasselli (2001) proposed an empirical constitutive model for 

rough and unfilled rock joints which accounts for three-dimensional joint 

morphology. Using a high-resolution optical scanning system called ATS 

(Advanced Topometric System), the analysed joint surfaces were mapped 

and discretised in a triangulated mesh. According to Grasselli (2001), for 

any specified applied normal load, rock joint contact between the lower 

and upper parts occurs only in those triangulated surfaces facing the shear 

direction and steeper than a threshold inclination, 𝜃cr
∗ . He suggested that it 

is possible to identify the potential contact area ratio, 𝐴c, by addition of the 

triangles facing the shear direction as a function of the threshold value, 𝜃cr
∗ . 

The contribution from the projection of each triangular surface facing the 

shear direction was described with the apparent dip angle parameter, 𝜃∗, 

and it is shown in Figure 3.3. 
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Figure 3.3. Geometrical identification of the apparent dip angles, in function of the shear 
strength direction (Grasselli 2006). 

 

Based on a curve fitting and regression analysis he derived the following 

empirical equation describing the relation between 𝐴c and 𝜃cr
∗ : 

 

𝐴c = 𝐴0 (
𝜃max

∗ −𝜃∗

𝜃max
∗ )

𝐶

, (3.8) 

 

where 𝐴0 is the maximum possible contact area, 𝜃max
∗  is the maximum 

apparent dip angle in the shear direction and 𝐶 is a roughness parameter 

calculated by a best-fit regression function. 

Based on the results from the performed experiments, Grasselli (2001) 

proposed the following empirical constitutive model to predict the peak 

shear strength for rough and unfilled rock joints: 

 

𝜏p = 𝜎n tan(∅r
′ ) [1 + 𝑔], (3.9) 
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where 𝜎n is the average applied normal stress, ∅r
′  is the residual friction 

angle and 𝑔 is a term that quantifies the contribution from surface 

morphology parameters to the peak shear strength, and is given by 

 

𝑔 = 𝑒
−𝜃𝑚𝑎𝑥

∗

9∙𝐴0∙𝐶
∙
𝜎n
𝜎t , (3.10) 

 

where 𝜎t is the tensile strength of the intact rock material. 

According to Grasselli (2001), the residual friction angle, ∅r
′ , may be 

expressed as 

 

∅r
′ = ∅b + 𝛽, (3.11) 

 

where ∅b is the basic friction angle and 𝛽 is a parameter that represents the 

contribution from roughness to the residual friction angle and is calculated 

with the following equation: 

 

𝛽 = (𝐶 𝐴0
1.5 𝜃𝑚𝑎𝑥

∗  (1 − 𝐴0

1

𝐶))

cos 𝛼

, (3.12) 

 

where 𝛼 is the angle of the schistosity plane with respect to the normal of 

the joint. 

A drawback of the empirical constitutive model proposed by Grasselli 

(2001) is that it presumes the rock joint surface to be fully exposed, which 

limits its applicability to in-situ conditions. In addition, the proposed 

criterion does not entirely address the scale effect and the influence from 

matedness. 

Recently, rock joint shear strength behaviour has been tackled from a 

stochastic perspective. Casagrande et al. (2018) have proposed a new semi-

analytical model which can potentially predict peak and residual shear 

strength of rock joints in large scales. The proposed methodology uses 

available information from visible rock joint traces to create a large 

number of three-dimensional synthetic surfaces by using a random field 
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model. A Monte Carlo simulation technique is then applied to the 

generated synthetic surfaces and a shear strength distribution for the 

analysed surfaces is then obtained. In this semi-analytical model, the 

analysed synthetic surfaces are represented in a triangulated mesh. Based 

on previous investigations from Grasselli (2006), the apparent dip angle 

for each triangular facet, 𝛽app_𝑖, facing the horizontal shear direction is 

determined. Thereafter, an iteration process is performed where a test 

variable, 𝛽∗, decreases from the maximum apparent dip angle down to 

zero. For each step of the iteration process, all the facets with an apparent 

dip angle larger than or equal to the test variable 𝛽∗ are identified and 

considered active. They then estimate the contribution from each active 

facet to sliding and shear as 

 

𝑓sliding_𝑖 = 𝑓local_𝑖 tan(∅b + 𝛽app_𝑖) (3.13) 

 

and 

 

𝑓shear_𝑖 = 𝐴ip(𝑐 + 𝜎local_𝑖tan(∅)), (3.14) 

 

where 𝑓sliding_𝑖 and 𝑓shear_𝑖 are the required forces to slide and shear on an 

active facet 𝑖 along a horizontal plane, respectively, 𝑓local_𝑖 is the vertical 

force acting on an active facet, ∅b is the basic friction angle, 𝛽app_𝑖 is the 

facet apparent dip angle, 𝐴ip is the area of the active facet projected on the 

horizontal plane, 𝑐 is the cohesion, 𝜎local_𝑖 is the local vertical stress acting 

on an active facet 𝑖 and ∅ is the Mohr-Coulomb friction angle of the rock 

material. 

According to Casagrande et al. (2018), local shearing of an active facet 

occurs when the shear resistance is lower than the sliding resistance. The 

iteration process on the test variable 𝛽∗ continuous until sliding over all the 

active facets is the predominant failure mechanism. At this point, the 

proposed semi-analytical model by Casagrande et al. (2018) is capable of 

predicting the peak and residual shear strength and the sheared surface 

geometry. 



16 | ANALYTICAL FAILURE CRITERIA FOR ROCK JOINTS 
 

Despite the promising approach proposed by Casagrande et al. (2018) 

to determine rock joint shear strength at large scales, the semi-analytical 

model presents a major limitation. It assumes the rock joint surface to be 

perfectly mated, which is not often the case for natural rock joints in the 

field. 

In an attempt to describe how roughness, matedness and scale interact 

and contribute to the shear strength of rock joints, Johansson and Stille 

(2014) proposed a conceptual model for unfilled, fresh, unweathered and 

rough rock joints. The main principle of this conceptual model is based on 

the adhesion theory and a theoretical understanding of when different 

failure modes occur for a single asperities (see Figure 3.4). According to 

Johansson and Stille (2014), surface roughness may be idealised by fractal 

theory and a theoretical description of the size of the asperities at different 

scales (see Figure 3.5). 

The conceptual model is expressed as 

 

∅p = ∅b + 𝑖n, (3.15) 

 

in which 

 

𝑖n = 𝑎𝑟𝑐𝑡𝑎𝑛 [tan(𝑖g) (
𝐿n

𝐿g
)

𝑘𝐻−𝑘

], (3.16) 

 

in which 

 

𝑖g = 𝜃max
∗ − 10

(
log

𝜎n
′

𝜎ci
−log 𝐴0

𝐶
)

𝜃max
∗ , 

(3.17) 

 

where ∅p is the peak friction angle, ∅b is the basic friction angle for a dry 

and sawn surface, 𝑖g and 𝑖n are the dilation angle at grain scale and sample 

scale, respectively, 𝜃max
∗  is the maximum measured dip angle of the 

asperities facing a certain shear direction, 𝐴0 and 𝐶 are the maximum 
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contact area and a roughness parameter, respectively, determined by using 

a best-fit regression function at a resolution associated with grain scale, 𝐿g, 

𝜎n
′  is the applied effective normal stress, 𝜎ci is the uniaxial compressive 

strength of the joint surface, 𝐿n is the length of the sample and 𝐻 is the 

Hurst exponent, 𝑘 is a constant describing the degree of matedness 

between the upper and lower surfaces of a rock joint and varies between 0 

for a rock joint with perfect match and 1 for a totally mismatched rock joint. 

The equation for 𝑘 was defined by Johansson (2016) as 

 

𝑘 =
log 𝑢−log𝐿asp,g 2⁄

log𝐿n 2⁄ −log𝐿g 2⁄
, (3.18) 

 

where 𝑢 is the total shear deformation at the peak. 

A drawback with the analytical criterion proposed by Johansson and 

Stille (2014) is that an initial shear displacement (i.e. a displacement before 

a shear test begins), 𝑢i, needs to be assumed in order to determine the 

degree of matedness between two joint surfaces. This approach is difficult 

to apply, especially when the objective is the determination of the peak 

shear strength of natural rock joints in the field. For this reason, a 

methodology that realistically accounts for the influence of matedness on 

the peak shear strength of natural rock joints is still missing. 

 

 

Figure 3.4. Idealised two-dimensional asperity with a base equal to 𝐿asp
2 , height ℎasp and 

inclination 𝑖 (Johansson 2009). 
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Figure 3.5. Idealised description of surface roughness (Johansson 2009). 

3.2. Theory for calculation of the rock joint matedness 

based on measurements of the average aperture 

Fresh tensile induced rock joints that have been horizontally displaced and 

natural rock joints that have undergone geological processes, such as 

weathering or deformations in the rock mass, exhibit a mismatch between 

the upper and lower surfaces. This mismatch between the contact surfaces, 

generates fewer but larger contact points compared with perfectly matched 

rock joints. In the work presented in this thesis, the analytical criterion 

previously developed by Johansson and Stille (2014), see equations (3.15-

3.17), is applied to show how measurements of the average aperture, 𝑎, of 

natural and unfilled rock joints can be used to calculate the degree of 

matedness between the upper and lower contact surfaces and by doing so, 

determine the peak shear strength. 

The matedness constant parameter, 𝑘, describes how the number and 

size of the effective asperities at contact, 𝐿asp,n, taking part in the shearing 

process between two joint surfaces varies proportionally to the shear 

displacement at the peak, 𝑢. For instance, for a perfectly mated rock joint, 

the size of the effective asperities at contact during the shearing process 

will be associated with grain scale, 𝐿asp,n = 𝐿g (Johansson 2016). This 

means that for a perfectly mated rock joint, the peak shear strength occurs 

at a total shear displacement, 𝑢 ≈ 𝐿g 2⁄ , and consequently the matedness 

constant, 𝑘 = 0, according to equation (3.18). Conversely, for a rock joint 

sample where the upper and lower surfaces have undergone an initial 

relative shear displacement, 𝑢i, the number of contact points decreases and 
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the size of the asperities at contact increases. This also means that an 

additional shear displacement, ∆𝑢, in the performed shear test is needed in 

order to reach the peak shear strength of the analysed unmated rock joint 

and the total shear displacement at the peak becomes 𝑢 = 𝑢i + ∆𝑢 

(Johansson 2016). According to Johansson (2016), it is reasonable to 

assume that there exists an association between 𝑢i of an unmated rock joint 

and the size of the effective asperities at contact during the shearing 

process, 𝐿asp,n = 2𝑢i. Therefore, the additional shear displacement, ∆𝑢, 

required to reach the peak shear strength for an unmated rock joint could 

be assumed to be equal to 𝑢i, which implies that the total shear 

displacement at the peak becomes 𝑢 = 2𝑢i (Johansson 2016). 

The main drawback with the methodology suggested by Johansson 

(2016) is that the determination of 𝑢i to calculate the degree of matedness 

of natural rock joints in the field is difficult. To overcome this limitation, it 

is suggested to consider the natural rock joint as equal to an initially 

perfectly mated rock joint where the upper and lower surfaces have been 

dislocated a certain 𝑢i. If sliding along active asperities is assumed for this 

initially perfectly mated joint, changes on the average aperture, 𝑎, due to 

this virtual initial shear displacement, 𝑢i, on the natural rock joint will be 

observed. This implies that aperture changes may theoretically be 

associated with the inclination of the effective asperities, 𝑖n, that 

contributes to the peak shear strength. This further means that if 𝑎 for a 

natural rock joint is known, a virtual initial shear displacement, 𝑢i, could 

be estimated as 

 

𝑢i =
𝑎

tan(𝑖n)
. (3.19) 

 

This principle is illustrated to the left part in Figure 3.6. According to 

Johansson (2016), this virtual initial shear displacement, 𝑢i, will mobilise 

asperities of a larger size, 𝐿asp,n = 2𝑢i, and an additional shear 

displacement, ∆𝑢, is therefore needed to reach the peak shear strength if a 

direct shear test is performed on this initially dislocated rock joint sample, 

as illustrated to the right part in Figure 3.6. 
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Since the total shear displacement at the peak is assumed to be 𝑢 = 2𝑢i, 

the matedness constant, 𝑘, may be defined as 

 

𝑘 =
log

2𝑎

tan(𝑖n)
−log𝐿asp,g 2⁄

log𝐿n 2⁄ −log𝐿g 2⁄
. (3.20) 

 

By combining equations (3.16) and (3.20), it is possible to determine 

the matedness constant, 𝑘, and the inclination of the effective asperities, 

𝑖n, by performing an iterative process, and determine the peak friction 

angle of the analysed natural rock joint with the analytical criterion in 

equations (3.15-3.17). 

 

Figure 3.6. Theoretical description of the relationship between shear displacement and rock 
joint aperture. 

3.3. Methodology 

To investigate the ability of the methodology presented in chapter 3.2 to 

predict the peak shear strength of natural and unfilled rock joints based on 

measurements of 𝑎 in combination with the analytical criterion developed 

by Johansson and Stille (2014), a series of eight laboratory direct shear 

tests were conducted under constant normal load conditions (CNL) with a 

normal stress of 1 MPa at Luleå University of Technology (LTU). 
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The analysed samples were obtained by over-drilling through an 

existing rock joint adjacent to the Storfinnforsen hydropower station in 

Sweden. The dam at Storfinnforsen is a 900 m long and 40 m high concrete 

buttress dam, making it the largest buttress dam in Sweden. It was built 

between 1949 and 1954 and it is located on the river Faxälven in 

Västernorrland County, in central Sweden (Alcalá Perales 2016). 

According to the information from the geological surveys performed, the 

intact rock beneath the dam’s foundation consists of grey coarse-grained 

granite (SGU The Geological Survey of Sweden  2018). In addition, the rock 

mass contains sub-horizontal rock joints, which are believed to affect the 

sliding stability in some of the buttress monoliths. 

The methodology utilised during the analysis of the tested rock joint 

samples is described in detail in Paper I, therefore only the highlights of 

the conducted tests are presented in this chapter. 

In a first step, high-resolution optical scanning of the rock joints was 

performed with the ATOS III system. Before performing the direct shear 

tests, the upper and lower joint surfaces were scanned separately (see 

Figure 2.1). The upper and lower surfaces were put together and scanned 

again, making it possible to analyse the degree of contact between both 

surfaces before the direct shear tests. The dimensions of the analysed rock 

joint samples are shown in Table 3.1. 

The analysed rock joint surfaces were re-generated with a resolution of 

0.3 mm by 0.3 mm. This resolution was assumed to be appropriate in order 

to capture grain size, 𝐿g, and determine the apparent dip angle, 𝜃i
∗, for each 

asperity facing the shear direction on the analysed rock joints according to 

previous recommendations by Grasselli and Egger (2003) and Tatone and 

Grasselli (2009). Based on the digitised rock joint surfaces, the three 

parameters describing the surface roughness at grain scale (𝜃max
∗ , 𝐶 and 𝐴0) 

and information about the asperity scaling parameter, 𝐻, were calculated 

through regression analysis. Aperture measurements of the analysed 

samples were derived from the optical scanning and the matedness 

constant, 𝑘, for each sample was estimated using equation (3.20). The peak 
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shear strength was then determined using the equations (3.15-3.17) 

(Johansson and Stille 2014). 

Table 3.1. Summary of the dimensions of the tested rock joint samples from Storfinnforsen. 

Sample Length (mm)1 Front (mm) Back (mm) Area (cm2) 

1 137.0 190.0 190.0 260.3 

2 202.5 188.0 192.0 384.8 

3 213.0 189.0 189.0 402.6 

4 188.5 180.0 145.0 306.3 

5 135.0 191.0 191.0 257.9 

6 185.0 190.0 165.0 328.4 

7 195.0 195.0 187.5 372.9 

8 126.0 176.0 180.0 224.3 

1Measured in the shear direction 

 

In a second step, direct shear tests on the analysed rock joint samples 

were performed in a servo-controlled shear machine with the capacity of 

performing shear tests according to the methodology suggested by the 

ISRM (Muralha et al. 2014). The normal and shear capacity of this machine 

is 500 kN. Before the shear testing, the upper and lower parts of all samples 

were tied together and properly cut. The samples were placed into steel 

moulds, to keep the rock joint horizontal, and subsequently filled with 

concrete afterwards (see Figure 3.7). Once the rock joints were demoulded, 

they were placed in the shear machine maintaining the contact between the 

lower and upper surfaces and a normal load of 1 MPa was applied. All shear 

tests were performed at a shear rate of 0.1 mm/minute and a maximum 

shear displacement of 5 mm was used. A reduction in the total contact area 

due to the relative shear displacement between the upper and lower parts 

of the tested rock joints was considered by a continuous updating of the 

contact area during the tests. 

The calculated peak friction angles for each analysed rock joint sample 

with the methodology presented in chapter 3.2 and the analytical criterion 

from Johansson and Stille (2014) were compared with the observed values 

of the peak shear strength during the laboratory tests. In addition, the peak 

shear strength of two samples taken from a rock joint adjacent to the 

Långbjörn hydropower station was determined using the methodology 
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described in chapter 3.2 and the results were compared with the observed 

mechanical behaviour previously obtained by Johansson (2009) during 

the laboratory investigations. Finally, the comparison was complemented 

with results from six additional shear tests previously performed on freshly 

and perfectly mated rock joints by Johansson (2016). In total, the 

comparison between measured and calculated peak friction angle includes 

sixteen rock joint samples which represent three different groups with 

different degrees of matedness. 

 

 

Figure 3.7. Example of two of the analysed rock joint samples from Storfinnforsen in 
concrete moulds after shearing. 

3.4. Results 

The results of the calculated and measured ∅p and the values of the 

calculated 𝑖n and measured 𝑖peak of the analysed natural and unfilled rock 

joint samples from Storfinnforsen (1 to 8) and Långbjörn (S6 and L7) 

(Johansson 2009) hydropower stations are presented in Table 3.2. 

The basic friction angle, ∅b, of the analysed rock joints from 

Storfinnforsen (1 to 8) was estimated to 31 based on tilt-tests performed 

on sawn surfaces. The applied normal load, 𝜎n
′ , was 1 MPa for all samples. 
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The uniaxial compressive strength, 𝜎ci, was estimated using the Schmidt 

Hammer Index as suggested by Barton and Choubey (1977), with an 

average value of 110 MPa. The analysed rock joints from Långbjörn (S6 and 

L7) (Johansson 2009) had a ∅b value of 31 and an estimated 𝜎ci of 140 

MPa. 𝜎n
′  was 0.85 MPa for sample S6 and 0.9 MPa for sample L7. 

The results show a varying ∅p between 53.9 and 64.7 for the tested 

rock joints from Storfinnforsen (1 to 8) by using equation (3.20) and 

equations (3.15-3.17). The calculated values of 𝑖n for these rock joint 

samples varies between 21.4 and 33.7. 

The analysed rock joints from Långbjörn (Johansson 2009) present a 

calculated value of ∅p with the analytical criterion of 41.1 and 47.6 for the 

samples S6 and L7, respectively, using the same methodology. 

During the laboratory investigations, the analysed rock joints from 

Storfinnforsen (1 to 8), showed a measured peak friction angle varying 

between 50.5 and 71.8. The measured value of ∅p for sample S6 was of 

44.6 and 42.4 for sample L7. The calculated value of 𝑖n for these rock joint 

samples is 10.1 and 16.6 ,respectively. 

A comparison between the calculated and the measured peak shear 

strength for the analysed rock joints from Storfinnforsen and Långbjörn 

(Johansson 2009) hydropower stations is presented in Figure 3.8. 

Table 3.2. Calculated and measured values of ∅p, 𝑖n and 𝑖peak for the analysed samples 

from Storfinnforsen and Långbjörn (Johansson 2009). 

Sample 
Calculated 

∅𝐩 () 

Calculated    

𝒊𝐧 () 

Measured 

∅𝐩 () 

Measured 

𝒊𝐩𝐞𝐚𝐤 () 

1 64.7 33.7 62.1 22.4 

2 52.4 21.4 50.5 14.7 

3 62.5 31.5 71.8 35.1 

4 58.3 27.3 63.1 9.0 

5 58.8 27.8 59.9 31.2 

6 53.9 22.9 53.5 15.8 

7 57.4 26.4 55.3 17.7 

8 56.3 25.3 58.1 23.0 

S6 41.1 10.1 44.6 7.3 

L7 47.6 16.6 42.4 7.6 
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Figure 3.8. Comparison between calculated and measured ∅p for the analysed rock joint 

samples from Storfinnforsen and Långbjörn hydropower stations and the 
perfectly mated rock joint samples with 60 mm by 60 mm and 200 mm by 200 
mm from Johansson (2016). 

 

The results from six direct shear tests previously performed by 

Johansson (2016) on perfectly mated rock joints with 60 mm by 60 mm 

and 200 mm by 200 mm are also included. The main reason to include 

them is to show how the new methodology proposed in chapter 3.2 to 

calculate rock joint surface matedness together with the analytical criterion 

from Johansson and Stille (2014) explain the peak shear strength for three 

different groups of rock joints with different degrees of matedness. 

3.5. Discussion 

The calculated peak friction angles, ∅p, with the proposed methodology in 

chapter 3.2 and the analytical criterion developed by Johansson and Stille 

(2014) show a good agreement with the measured peak friction angles 

obtained in the performed direct shear tests on the analysed rock joint 

samples from Storfinnforsen and Långbjörn (see Table 3.2). These results 

were completed with six direct shear tests previously performed by 
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Johansson (2016) on perfectly mated rock joints with 60 mm by 60 mm 

and 200 mm by 200 mm. 

The exception are the samples 3 and 4 where the difference between 

measured and calculated ∅p is 9.3 and 4.8, respectively. The reason for 

the larger discrepancies for samples 3 and 4 from Storfinnforsen is not 

clear. In the laboratory shear tests, the observed shear displacement, 𝛿s, at 

∅p for the rock joint samples 3 and 4 was 0.36 mm and 0.26 mm, 

respectively. This gives an indication of the size of the effective asperities 

contributing to the shear resistance at the peak in these samples. In the 

laboratory shear tests performed by Johansson (2016) on six perfectly 

mated rock joints with 60 mm by 60 mm and 200 mm by 200 mm (𝑘=0), 

an average shear displacement of approximately 0.3 mm at ∅p was 

observed. This agreement of 𝛿s at ∅p may indicate conditions more similar 

to perfectly mated rock joints and that the calculated matedness with the 

proposed methodology in chapter 3.2 might be overestimated (too high 𝑘 

values). 

In the comparison between the calculated and measured dilation 

angles, larger values of 𝑖n  were observed for approximately half of the 

analysed rock joint samples compared with measured values of 𝑖peak during 

the direct shear tests (see Table 3.2). This contradicts the good agreement 

achieved in the comparison between measured and calculated ∅p with the 

analytical criterion (Johansson and Stille 2014). The analytical criterion 

developed by Johansson and Stille (2014) assumes that sliding along the 

active asperities is the predominant failure mode governing the shearing 

process. According to Johansson (2016), the observed discrepancies in the 

dilation angle may indicate the existence of an asperity failure component 

during the performed direct shear tests, which is not taken into account in 

the way the components of ∅p are divided in the analytical criterion 

(Johansson and Stille 2014). However, as illustrated in the paper by 

Johansson and Stille (2014), the contribution from an asperity failure 

component is close to the contribution from sliding over a single steep 

asperity – at least in terms of a mobilised friction angle under the 

assumption that the contact pressure on the asperities are equal to the 
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uniaxial compressive strength of the rock joint surface. This could explain 

why the observed difference between calculated and measured ∅p is small 

compared to observed differences in measured and calculated contribution 

from the dilation angle. This difference between calculated 𝑖n and observed 

𝑖peak at ∅p may result in a potential error for 𝑎 at peak shear strength. 

However, since the methodology to calculate 𝑘 originates from an initial 

measured 𝑎 of the natural rock joint, this potential error will not influence 

the estimation of the peak shear strength with the criterion. 
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4. Numerical calculations with PFC2D 

4.1. Literature review 

In recent years the emergence of advanced software has opened the 

possibility to use numerical modelling as a simulation tool for studying the 

mechanical behaviour of jointed rock masses. Particle Flow Code (PFC) 

(Itasca 2014a) has been recently used as a numerical modelling simulation 

tool for studying the mechanical behaviour of rock joints. For instance, 

Park and Song (2009), Asadi and Rasouli (2010, 2011), Bahaaddini et al. 

(2013, 2014, 2016), Lazzari et al. (2014), Mehranpour and Kulatilake 

(2017) and Ríos Bayona et al. (2018) have used PFC to perform numerical 

simulations on rock joints. Their research demonstrated the capability of 

PFC to capture the principal shear behaviour of rock joints and to 

reproduce the different failure mechanisms during the shearing process. 

Conversely, many of the presented results have been affected by certain 

model limitations in the PFC shear test environments that use smooth-

joint contacts to numerically represent the rock joint (Mas Ivars et al. 

2008), such as the well-known particle interlocking. Particle interlocking 

occurs whenever a particle of the upper part of the numerical rock joint 

specimen in PFC generates a parallel bond with a particle of the lower part 

concentrating the forces at the interlocking point. 

Lazzari et al. (2014), who attempted to compare the results from real 

and numerically simulated shear tests, showed that PFC2D had the 

capability of modelling the shear behaviour of rock joints qualitatively. 

However, an unrealistic increase in the shear strength was observed for a 

shear displacement greater than the minimum particle diameter. In an 
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attempt to simulate rock joint shear behaviour, Bahaaddini et al. (2013) 

carried out a similar study in PFC2D to numerically reproduce the shear 

behaviour on saw-tooth triangular joints using the smooth-joint contact 

model. Similar to the study presented in Lazzari et al. (2014), an unrealistic 

increase in the shear strength was observed. Particle interlocking was 

found to be the problem. To overcome this shortcoming, Bahaaddini et al. 

(2013) proposed the shear box genesis approach. This methodology 

includes the detection of particles situated in the upper and lower parts of 

the rock specimen. This allows the generation and application of new 

smooth joints in the new contacts formed along the joint plane during the 

numerical shear test simulation. 

However, the results from numerical shear tests in PFC2D have 

previously not been successfully compared to real laboratory shear tests on 

hard rock. For this reason, the capability of PFC2D to quantitatively 

reproduce the peak shear strength of rock joints obtained in laboratory 

testing is still an open question. 

4.2. Numerical shear test environment in PFC2D 

The shear test environment in PFC2D utilised in the performed numerical 

shear tests follows a specimen generation based on a procedure similar to 

the one suggested by Bahaaddini et al. (2013) that aims to avoid the 

interlocking effect. The shear test environment PFC2D utilised in the 

performed simulations is fully described in Paper II. In this chapter, only 

the most important aspects of the modelling procedure are given. 

The modelling procedure in the shear test environment in PFC2D 

presented here involves the following four steps. 

1) Specimen generation. In the first step, the generation of the rock 

assembly was carried out in six different sub-steps (see Figure 4.1): 

a) The material vessel consisting of four walls defining a rectangle 

in 2D with a specific width and height was generated. The vessel 

width was determined by adding an extra length of ten times the 

maximum particle diameter to the width of the real rock sample 

tested in the laboratory. 
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b) In the second sub-step, the vessel was filled with an assembly of 

particles following a uniform size distribution and this was allowed 

to rearrange freely under the condition of zero friction between 

particles. 

 

c) After the assembly of particles had freely rearranged in the 

material vessel, the numerical rock specimen in PFC2D was divided 

into two parts, upper and lower, by inserting a wall that follows the 

joint profile. The particles were then allowed to rearrange again. 

 

d) The specified isotropic stress was installed in the upper and 

lower parts of the specimen as if they were independent samples. 

The particle sizes were scaled iteratively until the target stress 

(0.1x106 Pa) was within the tolerance (1.0x10-2 Pa) in both parts. 

 

e) Parallel bonds were installed at each particle-particle contact 

with a gap less than or equal to 1.8x10-5 m. 

 

f) Finally, the specimen was removed from the material vessel. The 

walls defining the vessel and the joint profile were deleted. 

 

2) Smooth-joint contacts installation. In the second step, the joint was 

inserted in the virtual rock sample by assigning the smooth-joint 

contact model to all particle-particle contacts intersected by the joint 

profile. 
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Figure 4.1. Specimen generation procedure included in the shear test environment in 
PFC2D. 

 

3) Seating phase. In the third step, the main objective was to apply a 

specified confinement upon the upper part of the specimen. First, the 

left and right sides of the upper part of the rock specimen were carved, 

exposing two wings in the lower part (see Figure 4.2). The width of each 

carved wing was assigned to five times the maximum particle diameter. 

The main purpose of the wings was to provide continuity of the joint 

and prevent the upper part bending after large horizontal 

displacements during the numerical shear test in PFC2D. In addition, 

four walls were installed to provide the boundary conditions to the 

sample. The lower sample was fitted in a box defined by three fixed 

walls and a top wall was installed over the upper part. The normal 

pressure was then applied by means of a servo-control mechanism 

installed on the top wall, making the confinement stress constant 

during the numerical shear test. 

 



NUMERICAL CALCULATIONS WITH PFC2D | 33 
 

 

Figure 4.2. Carved specimen and wall installation during seating phase. 

 

4) Shear test. In the final step, the specimen was ready to be tested in 

the numerical shear test environment. In order to simulate a laboratory 

shear test, two grips were defined at the left and right sides of the upper 

part of the specimen, where the velocity was applied during the 

numerical shear test. The grip thickness was set to 1.5 times the 

maximum particle diameter and the velocity was gradually applied to 

the right (or left) grip until the desired velocity was reached in the 

numerical shear test. The grip velocity utilised in the numerical shear 

tests was increased until a maximum value of 0.05 m/s was reached. 

4.3. Methodology 

To investigate the capability of the shear test environment in PFC2D 

presented in chapter 4.2 to reproduce rock joint shear behaviour, a series 

of numerical shear tests were performed based on information from two 

perfectly mated rock joints with 60 mm by 60 mm and 200 mm by 200 

mm previously tested in the laboratory by Johansson (2016). The 

methodology presented in this chapter is a summary of the analysis 

procedure fully described in Paper II. 

The perfectly mated rock joint samples analysed by Johansson (2016) 

were tensile induced. The derived information from the performed high-

resolution optical scanning on the analysed rock joint samples was utilised 

to select three different two-dimensional profiles on each rock joint sample 

taken in the shearing direction (see Figure 2.1). Therefore, the mechanical 



34 | NUMERICAL CALCULATIONS WITH PFC2D 
 

behaviour of six different profiles (three for each rock sample) was 

investigated in PFC2D. 

The dimensions of the rock specimens in PFC2D had a relationship 

between height and width of 1:4. This means that the two-dimensional 

numerical shear tests were: 1) 15 mm in height and 60 mm in width and 2) 

50 mm in height and 200 mm in width, respectively. This ratio (1:4) was 

based on calibrations intended to find the optimal sample size in the shear 

test environment in PFC2D that reproduces numerically stable shear 

behaviour without cracking the samples and with a reasonable 

computational time. 

The two-dimensional profiles derived from scanning and analysed in 

the numerical shear test environment in PFC2D were created with a 

segment length of 0.3 mm. This segment length was based on the results 

from the previous laboratory direct shear tests performed by Johansson 

(2016). He found that the peak shear strength for the performed laboratory 

direct shear tests on a perfectly mated rock joint in hard rock occurred at a 

shear deformation of approximately 0.3 mm. This indicates that the size of 

the asperities that are active and consequently contribute most to the shear 

resistance at the peak shear strength for a perfectly mated joint is around 

0.3 mm. For this reason, in order to simulate and realistically reproduce 

the shear behaviour of the analysed rock samples, a segment length of 0.3 

mm was considered necessary. In addition, segment lengths smaller than 

0.3 mm would have increased the computational time considerably, since 

a smaller particle size in PFC2D would have been required. 

A particle resolution of 1.5 particles per segment length (radii = 0.08 

mm) for the 60 by 60 mm numerical rock specimens and 0.75 particles per 

segment length (radii = 0.16 mm) for the 200 by 200 mm numerical rock 

samples was considered to be optimal with respect to the selected segment 

length resolution and available computational time. The difference in the 

particle resolution between the 60 by 60 mm and the 200 by 200 mm 

numerical shear tests was based on computational limitations. Three 

additional numerical shear tests with 0.75 particles per segment length 

were performed on the selected profiles from the 60 by 60 mm rock sample 



NUMERICAL CALCULATIONS WITH PFC2D | 35 
 

to investigate the influence of particle resolution on the capability of PFC2D 

to accurately capture the shear behaviour. 

The intact rock specimen was generated with the material-modelling 

package functions (Potyondy 2015) provided by PFC2D using parallel 

bonded material (Potyondy and Cundall 2004). The calibrated values for 

the intact rock properties correspond to the granite samples that 

Johansson (2016) used in his laboratory shear tests. These samples were 

taken from the Emmaboda quarry (Emmaboda Granit 2017). Initial 

calibrations were performed to meet the uniaxial compressive strength 

(197 MPa), Young’s modulus and Poisson’s ratio of the tested rock in the 

laboratory (Emmaboda Granit 2017). However, after the first simulations 

in the numerical shear box in PFC2D tensile failure was observed to be the 

predominant failure mode along the asperities in the rock joint. For this 

reason, calibrations were therefore performed and the parallel bonds of the 

numerical rock specimens were calibrated against tensile strength (16.4 

MPa), Young’s modulus and Poisson’s ratio. Macro-properties of the intact 

rock and the calibrated micro-properties are presented in Table 4.1. 

Table 4.1. Macro-properties of the intact rock and calibrated micro-properties. 

Assembly properties Value 

Particle density (kg/m3) 2660 

Minimum particle radius sample 60 by 60 (mm) 0.06 

Minimum particle radius sample 200 by 200 (mm) 0.12 

Particle size ratio (-) 1.66 

Macro-properties Value 

Young’s modulus (GPa) 88.0 

Poisson’s ratio (-) 0.26 

Uniaxial compressive strength (MPa) 200 

Tensile strength (MPa) 16.4 

Particle properties Value 

Particle Young’s modulus (GPa) 88.0 

Particle kratio (-) 6.0 

Particle friction coefficient (-) 2.5 

Parallel bond properties Value 

Parallel bond Young’s modulus (GPa) 88.0 

Parallel bond kratio (-) 6.0 

Parallel bond friction angle (°) 0.0 

Parallel bond cohesive/tensile strength (MPa) 35.4 

Parallel bond cohesive/tensile Std. Dev. (MPa) 7.08 
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The smooth-joint contact model was assigned to all particle-particle 

contacts intersected by the rock joint profile. The assigned values of the 

shear stiffness and the friction coefficient to the smooth-joint contact were 

based on three laboratory shear tests on sawn and planar rock joints 

performed by Lazzari et al. (2014), which were performed on the same type 

of granite from the same quarry as the real shear test performed by 

Johansson (2016). On the other hand, due to interlocking between 

particles along the rock joint profile at relatively high confinement 

pressures, the assigned value to the smooth-joint normal stiffness, 𝑘n, was 

based on the material compressive strength and defined by 

 

𝑘n =
𝑈𝐶𝑆

2 𝑅ave
, (4.1) 

 

 

where 𝑈𝐶𝑆 is the uniaxial compressive strength of the intact rock and 𝑅ave 

is the average particle radius in the sample. 

The effect of increasing the smooth-joint contact normal stiffness was 

assumed to have a negligible influence on the calculated peak shear 

strength for the analysed rock profiles. It might be possible, however, that 

the elastic part of the stress-shear displacement curve could be slightly 

influenced by this assumption, due to the contribution from the local 

normal stiffness from inclined asperities to the global shear stiffness of the 

sample. 

The values for the smooth-joint contact properties used in the 

numerical simulations are presented in Table 4.2. In total, nine numerical 

shear tests were performed under a constant normal load (CNL) of 1 MPa 

on the selected two-dimensional rock profiles for the 60 by 60 mm and the 

200 by 200 mm rock samples. A sensitivity analysis with 0.75 and 1.5 
 

Table 4.2. Smooth-joint contact properties. 

Smooth-joint contact properties Value 

Smooth-joint contact normal stiffness (GPa/m) 1250.0 

Smooth-joint contact shear stiffness (GPa/m) 7.0 

Smooth-joint contact friction coefficient (-) 0.61 
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particles per segment length was performed on the three selected profiles 

from the 60 by 60 mm rock sample to investigate the influence of particle 

resolution on the capability of PFC2D to capture shear behaviour. 

Numerical shear tests on the selected profiles for the 200 by 200 mm rock 

sample were only performed with a particle resolution of 0.75 particles per 

segment length due to computer limitations as previously mentioned. The 

obtained results are presented in chapter 4.4. 

4.4. Results 

The results of the measured peak friction angle, ∅p, obtained in the 

performed numerical shear tests on the selected two-dimensional profiles 

from the analysed rock joint samples, together with the measured ∅p in the 

laboratory shear tests (Johansson 2016) are presented in Table 4.3. 

The results of the mobilised friction angle and the shear displacement 

from the performed numerical shear tests in PFC2D on the three selected 

rock profiles from the 60 mm by 60 mm rock joint sample with 0.08 and 

0.16 mm average particle radius are presented in Figure 4.3 and  
 

Table 4.3. Measured ∅p obtained in the numerical shear tests with PFC2D and during the 

laboratory shear tests performed by Johansson (2016) on Sample 1 (60 mm by 
60 mm) and Sample 2 (200 mm by 200 mm). 

Sample 1 (60 
mm by 60 mm) 

Measured ∅𝐩 () 

in PFC2D with 
0.08 mm avg. 
particle radius 

Measured ∅𝐩 () 

in PFC2D with 
0.16 mm avg. 

particle radius 

Measured ∅𝐩 () 

in the laboratory 
(Johansson 

2016) 

Profile 1 38.2 47.6 

65.0 Profile 2 47.7 55.1 

Profile 3 55.7 52.6 

Sample 2 (200 
mm by 200 mm) 

Measured ∅𝐩 () 

in PFC2D with 
0.08 mm avg. 
particle radius 

Measured ∅𝐩 () 

in PFC2D with 
0.16 mm avg. 

particle radius 

Measured ∅𝐩 () 

in the laboratory 
(Johansson 

2016) 

Profile 1 

- 

55.5 

67.6 Profile 2 50.9 

Profile 3 56.8 
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Figure 4.4, respectively. Figure 4.5 displays the mobilised friction angle 

and the shear displacement from the performed numerical shear tests in 

PFC2D on the three selected rock profiles from the 200 mm by 200 mm 

rock joint sample with 0.16 mm average particle radius. 

The results from the numerical simulations on Sample 1 with 0.08 mm 

average particle radius (Figure 4.3) show that a peak mobilised friction 

angle of 38.2°, 47.7° and 55.7° is reached in the numerical shear tests for 

profiles 1, 2 and 3, respectively. This gives a variability of 17.5° for the 

analysed rock profiles in the numerical shear test environment in PFC2D 

with 0.08 mm average particle radius. In addition, the peak mobilised 

friction angle for the analysed rock profiles is reached at a shear 

displacement of approximately 0.3 mm. This horizontal displacement is in 

good agreement with the results from the shear tests performed in the 

laboratory by Johansson (2016). 

The results from the simulations on Sample 1 with 0.16 mm average 

particle radius (Figure 4.4) show that a peak mobilised friction angle of 

47.6°, 55.1° and 52.6° is reached in the numerical simulations for profiles 1, 

2 and 3, respectively. This gives a variability of 5.0° for the analysed rock 

 

 

Figure 4.3. Mobilised friction angle for the three selected profiles in Sample 1 (60 mm by 60 
mm) with 0.08 mm average particle radius. 
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profiles in the numerical shear test environment in PFC2D with 0.16 mm 

average particle radius. In this case, the shear displacement at the peak is 

slightly higher than that observed from the simulations with 0.08 mm 

average particle radius and fluctuates between 0.45 and 0.6 mm for the 

analysed rock profiles. This may be related to the larger particle size. 

The results from the numerical shear tests on Sample 2 with 0.16 mm 

average particle radius (Figure 4.5) show that a peak mobilised friction 

angle of 55.5°, 50.9° and 56.8° is reached in the numerical simulations for 

profiles 1, 2 and 3, respectively. These values are close to the peak 

mobilised friction angle obtained from the 60 mm samples (Figure 4.3 and 

Figure 4.4). This gives a variability of 5.9° for the analysed rock joint 

profiles in the numerical shear test environment in PFC2D with 0.16 mm 

average particle radius. The shear behaviour from the 200 mm samples 

show a smoother transition into the post-peak compared with the 60 mm 

by 60 mm sample and the peak mobilised friction angle for the analysed 

rock profiles is reached at a shear displacement of approximately 0.7 mm. 

 

 

Figure 4.4. Mobilised friction angle for the three selected profiles in Sample 1 (60 mm by 60 
mm) with 0.16 mm average particle radius. 
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Figure 4.5. Mobilised friction angle for the three selected profiles in Sample 2 (200 mm by 
200 mm) with 0.16 mm average particle radius. 

4.5. Discussion 

The obtained results from the numerical shear tests indicate that the 

utilised shear test environment in PFC2D has the capability of realistically 

capturing the principal shear behaviour of rock joints qualitatively. 

However, from a quantitative point of view, the reached mobilised peak 

friction angles in the numerical shear tests with PFC2D on the selected 

profiles of the analysed rock joint samples were significantly lower 

compared with the performed laboratory shear tests (Johansson 2016). A 

comparison of the results from the numerical shear tests in PFC2D and the 

performed laboratory shear tests on Sample 1 and Sample 2 by Johansson 

(2016) is presented in Figure 4.6 and Figure 4.7. 

A possible reason for this discrepancy might be the reduced number of 

contact points due to the two-dimensional approach, leading to larger 

contact areas with lower asperity inclination along the analysed rock joints. 

In addition, the utilised shear test environment in PFC2D presents certain 

limitations. For instance, during the performed numerical shear tests the 

upper part of the numerical rock joint samples was always sheared 
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horizontally and it was not able to tilt and accommodate. This further 

contributes to fewer contact points compared with the real shear tests. 

Despite this discrepancy, the numerical model had the capability to 

capture the overall shear behaviour of the analysed samples, with a peak 

close to the horizontal displacement observed in the laboratory shear tests 

and a softening residual behaviour with increased shear displacement. 

In order to be able to realistically model the shear behaviour of rock 

joints in the future, a three-dimensional approach needs to be used. In 

addition, the shear box should have the ability to let the upper part of the 

sample freely rotate in the same way as real shear tests. By doing so, a more 

accurate number and size of the contact points will be achieved. 

Additionally, the use of the flat-joint bond model (Potyondy 2018) instead 

of the parallel bonded-particle model may remove the uncertainties 

concerning the asperity failure mode. 

 

 

Figure 4.6. Comparison between the average mobilised friction angle for Sample 1 (60 mm 
by 60 mm) with 0.08 and 0.16 mm average particle radius and the laboratory shear 
test. 
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Figure 4.7. Comparison between the average mobilised friction angle for Sample 2 (200 mm 
by 200 mm) with 0.16 mm average particle radius and the laboratory shear test. 
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5. Discussion 

The main purpose of this thesis was to investigate, develop and apply 

analytical and numerical techniques for estimation of peak shear strength 

of natural and unfilled rock joints. To accomplish this, the peak shear 

strength of rock joints was estimated by using the methodologies presented 

in this thesis, and the results were compared with the measured peak shear 

strength in the laboratory investigations. 

5.1. Analytical estimation of peak shear strength 

In a first step, the peak shear strength of sixteen different natural and 

unfilled rock joint samples was determined with a modified version of the 

analytical criterion developed by Johansson and Stille (2014). The 

analysed rock joint samples had previously been tested in the laboratory 

and divided in three different groups of rock joints with different degrees 

of matedness. Information from the high-resolution optical scanning was 

utilised to calculate the degree matedness based on average surface 

aperture measurements, as explained in chapter 3.2. 

Based on the results presented in chapter 3.4, the obtained peak friction 

angles, ∅p, after applying the suggested methodology to calculate rock joint 

surface matedness show a good agreement with the measured ∅p in the 

laboratory direct shear tests. There were, nonetheless, some exceptions 

where the comparison between measured and calculated peak shear 

strength showed relatively large discrepancies. These discrepancies may be 

related to overestimation of the rock joint surface matedness with the 

suggested methodology and the existence of an asperity failure component 
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during the laboratory shear tests, which is not fully taken into account in 

the utilised analytical criterion from Johansson and Stille (2014). 

Additionally, the suggested methodology implies certain difficulties 

when determining peak shear strength of natural rock joints in the field. 

An important aspect is how to perform aperture measurements on natural 

rock joints in the field. With the available equipment and measurement 

techniques nowadays, it may be possible to obtain the necessary 

information from visible traces in tunnels or from core-drilling through 

existing rock joints under a dam foundation for example. For instance, 

aperture measurements could be determined through BIPS-logging the 

boreholes. However, the resolution with this technique is limited to 

approximately 0.5 mm. Perhaps, BIPS-logging could be used for rock joints 

with larger apertures where the upper and lower surfaces of the joints are 

not in contact with each other, while high-resolution optical scanning 

could be used in core samples for rock joints with smaller aperture where 

contact exists between the upper and lower surfaces. This, together with 

additional information from the rock core samples on roughness and 

uniaxial compressive strength of the rock joint surfaces, might be sufficient 

to apply the suggested methodology to estimate the degree of matedness 

between the rock joint surfaces and determine ∅p using the analytical 

criterion from Johansson and Stille (2014). The extent of field 

investigations that needs to be performed to realistically account for the 

inherent uncertainties when determining peak shear strength of large-

scale natural rock joints is to be investigated in future studies. 

Another possible limitation with the utilised methodology is that the 

analysed rock joint samples were tested under a constant normal load of 1 

MPa. Further research needs to be done to investigate how the suggested 

methodology and the analytical criterion from Johansson and Stille (2014) 

is able to estimate the peak shear strength of natural and unfilled rock 

joints under higher normal load conditions. 

The combination of other existing criteria with the suggested 

methodology to calculate the degree of surface matedness on natural and 

unfilled rock joints might also be a possible way forward. For instance, 

Casagrande et al. (2018) have recently proposed a semi-analytical model 
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which can potentially predict peak and residual shear strength of rock 

joints in large scales. This promising approach has the capability of 

considering both sliding and shearing through the active asperities. 

However, the model does not account for surface matedness. For this 

reason, future research where the combination of this semi-analytical 

approach and the proposed methodology to calculate rock joint surface 

matedness in this thesis is suggested. 

5.2. Numerical estimation of peak shear strength 

The capability of the utilised shear test environment presented in chapter 

4.2 to realistically capture the principal shear behaviour of rock joints was 

investigated. In total, nine two-dimensional profiles taken from two rock 

joint samples previously tested by Johansson (2016) were analysed under 

constant normal load conditions. 

Based on the results presented in chapter 4.4, the utilised shear test 

environment in PFC2D has the capability of realistically capturing the 

principal shear behaviour of rock joints qualitatively. However, from a 

quantitative point of view, the obtained mobilised peak friction angles in 

the numerical shear tests with PFC2D on the selected two-dimensional 

profiles were significantly lower compared with the results from the 

laboratory direct shear tests previously performed by Johansson (2016). 

The observed discrepancies are believed to be related to the two-

dimensional approach. For instance, the number and size of the generated 

contact points along the rock profiles in PFC2D might be an important 

factor. If it is assumed that the contact pressure is close to the uniaxial 

compressive strength of the intact rock, and that this governs the total 

contact area, it will result in fewer but larger contact points in the two-

dimensional numerical sample. Larger contact points imply lower 

inclination angles of the asperities along the rock joint and thereby a lower 

mobilised friction angle for the numerical shear tests. 

In order to be able to realistically model the shear behaviour of rock 

joints through the use of numerical modelling, a three-dimensional 

approach needs to be used. By doing so, a more accurate number and size 
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of the contact points will be achieved. However, the development and use 

of a three-dimensional environment might be complex and time 

consuming with the computational capacity available today. 
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6. Conclusions and suggestions for future work 

The determination of rock joint shear strength is still a subject of debate. 

In recent decades, various attempts to relate the peak shear strength of 

rock joints to measurable parameters through developing empirical and 

analytical criteria have been carried out. However, the uncertainty in the 

estimation of the peak shear strength of rock joints is nonetheless still 

significant, especially at larger scales. 

The overall aim of this thesis was to investigate, develop and apply 

analytical and numerical techniques for estimation of peak shear strength 

of natural and unfilled rock joints. To accomplish this, the peak shear 

strength of rock joints was studied both from an analytical and a numerical 

approach. The results presented in this thesis have highlighted some 

important aspects of the two applied methodologies to study the 

determination of the peak shear strength of rock joints. 

The results presented in chapter 3 and in the appended Paper I show 

that rock joint aperture measurements may be used to realistically 

calculate the degree of surface matedness and determine the peak shear 

strength of natural and unfilled rock joints by using a modified version of 

the analytical criterion developed by Johansson and Stille (2014). 

However, further work is needed to investigate how the developed 

methodology can be applied in the field in order to determine peak shear 

strength of large-scale natural rock joints in-situ. 

Conversely, the results presented in chapter 4 and in the appended 

Paper II show, despite the fact that the utilised methodology to reproduce 

rock joint shear behaviour in PFC2D works qualitatively, that the reached 

peak shear strength on the analysed rock joint profiles was considerably 
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lower compared with the laboratory tests. A three-dimensional approach 

might be a possible solution. However, this is complex and time 

consuming, especially with the computer power available today. Therefore, 

the analytical methodology is considered the best possible way forward 

within this research project. 

To further develop the presented methodology and be able to determine 

peak shear strength on large-scale natural rock joints, the following areas 

for future research are suggested: 

 The applied methodology to estimate rock joint surface 

matedness and to determine peak shear strength with a 

modified version of the analytical criterion developed by 

Johansson and Stille (2014) has only been tested under CNL 

conditions with a normal stress of 1 MPa. Further research 

needs to be done to investigate the applicability of this 

methodology under higher normal stresses and constant 

normal stiffness conditions (CNS). 

 

 Further efforts need to be focused on the applicability of the 

suggested methodology to estimate peak shear strength on 

large-scale natural rock joints in-situ. This includes the 

determination of the extent of field investigations required to 

realistically account for the inherent uncertainties in the 

different parameters. 

 

 Further research is suggested to investigate how the 

combination of the analytical methodology utilised in this 

thesis with other available criteria can determine the shear 

strength on large-scale natural rock joints. This methodology 

could potentially be implemented together with the proposed 

semi-analytical stochastic criterion by Casagrande et al. 

(2018), accounting for rock joint surface matedness. 
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