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ABSTRACT 

Two new three-dimensional rock mass strength criteria are developed in this dissertation 

by extending an existing rock mass strength criterion. These criteria incorporate the effects of the 

intermediate principal stress, minimum principal stress and the anisotropy resulting from these 

stresses acting on the fracture system. In addition, these criteria have the capability of capturing 

the anisotropic and scale dependent behavior of the jointed rock mass strength by incorporating 

the effect of fracture geometry through the fracture tensor components. Another significant feature 

of the new rock mass strength criterion which has the exponential functions (equation 6.7) is 

having only four empirical coefficients compared to the existing strength criterion which has five 

empirical coefficients; if the joint sets have the same isotropic mechanical behavior, the number 

of the empirical coefficients reduces to two in this new strength criterion (equation 6.10). 

The new criteria were proposed after analyzing 452 numerical modeling results of the 

triaxial, polyaxial and biaxial compression tests conducted on the jointed rock blocks having one 

or two joint sets by the PFC3D software version 5. In this research to have several samples with the 

same properties a synthetic rock material that is made out of a mixture of gypsum, sand and water 

was used. In total, 20 joint systems were chosen and joint sets have different dip angles varying 

from 15 to 60 at an interval of 15 with dip directions of 30 and 75 for the two joint sets. Each 

joint set also has 3 persistent joints with the joint spacing of 42 mm in a cubic sample of size 160 

mm and the joints have the same isotropic mechanical behavior. The confining stress combination 

values were chosen based on the uniaxial compressive strength (UCS) value of the modeled intact 

synthetic rock. The minimum principal stress values were chosen as 0, 20, 40 and 60 percent of 

the UCS. For each minimum principal stress value, the intermediate principal stress value varies 

starting at the minimum principal stress value and increasing at an interval of 20 percent of the 
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UCS until it is lower than the strength of the sample under the biaxial loading condition with the 

same minimum principal stress value. 

The new rock mass failure criteria were developed from the PFC3D modeling data. 

However, since the joint sets having the dip angle of 60 intersect the top and bottom boundaries 

of the sample simultaneously, the joint systems with at least one of the joint sets having the dip 

angle of 60 were removed from the database. Thus, 284 data points from 12 joint systems were 

used to find the best values of the empirical coefficients for the new rock mass strength criteria.	 , 

p and q were found to be 0.675, 3.16 and 0.6, respectively, through a conducted grid analysis with 

a high  (coefficient of determination) value of 0.94 for the new criterion given by equation 6.9 

and a and b were found to be 0.404 and 0.972, respectively, through a conducted grid analysis with 

a high  value of 0.92 for the new criterion given by equation 6.10. 

The research results clearly illustrate how increase of the minimum and intermediate 

principal stresses and decrease of the joint dip angle, increase the jointed rock block strength. This 

dissertation also illustrates how different confining stress combinations and joint set dip angles 

result in different jointed rock mass failure modes such as sliding on the joints, failure through the 

intact rock and a combination of the intact rock and joint failures. 

To express the new rock mass strength failure criteria, it was necessary to determine the 

intact rock strengths under the same confining stress combinations mentioned earlier. Therefore, 

the intact rock was also modeled for all three compression tests and the intact rock strengths were 

found for 33 different confining stress combinations. Suitability of six major intact rock failure 

criteria: Mohr-Coulomb, Hoek-Brown, Modified Lade, Modified Wiebols and Cook, Mogi and 

Drucker-Prager in representing the intact rock strength was examined through fitting them using 

the aforementioned 33 PFC3D data points. Among these criteria, Modified Lade, Modified Mogi 
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with power function and Modified Wiebols and Cook were found to be the best failure criteria 

producing lower Root Mean Square Error (RMSE) values of 0.272, 0.301 and 0.307, respectively. 

Thus, these three failure criteria are recommended for the prediction of the intact rock strength 

under the polyaxial stress condition. 

In PFC unlike the other methods, macro mechanical parameters are not directly used in the 

model and micro mechanical parameter values applicable between the particles should be 

calibrated using the macro mechanical properties. Accurate calibration is a difficult or challenging 

task. This dissertation emphasized the importance of studying the effects of all micro parameter 

values on the macro mechanical properties before one goes through calibration of the micro 

parameters in PFC modeling. Important effects of two micro parameters, which have received very 

little attention, the particle size distribution and the cov of the normal and shear strengths, on the 

macro properties are clearly illustrated before conducting the said calibration. The intact rock 

macro mechanical parameter values for the Young’s modulus, uniaxial compression strength 

(UCS), internal friction angle, cohesion and Poisson's ratio were found by performing 3 uniaxial 

tests, 3 triaxial tests and 5 Brazilian tests on a synthetic material made out of a mixture of gypsum, 

sand and water and the joint macro mechanical parameter values were found by conducting 4 

uniaxial compression tests and 4 direct shear tests on jointed synthetic rocks with a horizontal 

joint. Then the micro mechanical properties of the Linear Parallel Bond Model (LPMB) and 

Modified Smooth Joint Contact Model (MSJCM) were calibrated to represent the intact rock and 

joints respectively, through the specific procedures explained in this research. The similar results 

obtained between the 2 polyaxial experiments tests of the intact rock and 11 polyaxial experimental 

tests of the jointed rock blocks having one joint set and the numerical modeling verified the 
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calibrated micro mechanical properties and further modification of these properties was not 

necessary. 

This dissertation also proposes a modification to the Smooth Joint Contact Model (SJCM) 

to overcome the shortcoming of the SJCM to capture the non-linear behavior of the joint closure 

varying with the joint normal stress. Modified Smooth Joint Contact Model (MSJCM) uses a linear 

relation between the joint normal stiffness and the normal contact stress to model the non-linear 

relation between the joint normal deformation and the joint normal stress observed in the 

compression joint normal stiffness test. A good agreement obtained between the results from the 

experimental tests and the numerical modeling of the compression joint normal test shows the 

accuracy of this new model. Moreover, another shortcoming associated with the SJCM application 

known as the interlocking problem was solved through this research by proposing a new joint 

contact implementation algorithm called joint sides checking (JSC) approach. The interlocking 

problem occurs due to a shortcoming of the updating procedure in the PFC software related to the 

contact conditions of the particles that lie around the intended joint plane during high shear 

displacements. This problem increases the joint strength and dilation angle and creates unwanted 

fractures around the intended joint plane. 
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CHAPTER 1. INTRODUCTION 

1.1 Overview 

Human history is full of rock engineering disasters which have occurred due to the lack of 

knowledge of mechanical behavior of rock masses. These events are not limited to one field and 

embrace wide range of science and engineering fields such as mining, petroleum and civil. Thus, 

understanding the mechanical behavior of rock masses is crucial to design safe and economical 

structures in or on jointed rock masses [1]. 

Jointed rock masses are known as the combination of intact rock blocks separated by the 

discontinuities. Therefore, the mechanical behavior of a rock mass is affected by the mechanical 

behavior of intact rocks and discontinuities in addition to the discontinuity geometry. These 

discontinuities include fractures, fissures, bedding planes, foliation, schistosity, joints and faults. 

Among these kinds of discontinuities, their size is the major difference. Discontinuity size can 

range from micrometers for fractures to kilometers for faults. Thus, depending on the domain of 

interest, each type of discontinuity can play a different role in the mechanical behavior of rock 

masses. Roughness, strength of asperities, filling, aperture, number of discontinuity sets, spatial 

orientation and spacing are the other important properties of rock discontinuities which can affect 

the mechanical behavior of rock masses. Thus, finding the mechanical behavior of an intact rock 

is relatively less complicated compared to that of a jointed rock mass due to the high number of 

parameters that affect the mechanical behavior of rock masses [1, 2]. 

Moreover, due to the presence of complicated discontinuity geometry patterns, the inherent 

statistical nature of discontinuity geometrical parameters, and the variabilities and uncertainties 
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involved in the estimation of discontinuity mechanical and geometrical properties, estimation of 

the mechanical behavior of discontinuous rock masses is difficult and challenging [1, 3]. 

Analytical, Empirical, and numerical are three available approaches to model mechanical 

behavior of rock masses [3-5]. In the analytical approach, to solve the problem, several 

simplifications are made. Therefore, this method is rarely applicable in dealing with field rock 

masses, and maybe applicable in a very few special cases [6, 7]. On the other hand, the empirical 

approach based on the rock mass classification systems is simple and it may be used in complicated 

conditions. In addition, rock mass classification systems can deal with the uncertainties. However, 

in all rock mass classification systems: GSI, Q, RMR as examples, personal judgment, and 

experience play crucial roles [8-10]. In addition, in the rock mass classification systems, the 

isotropic behavior is assumed for the rock masses. However, many rock masses show anisotropic 

behavior due to the existence of distinct orientations of discontinuity sets. [3, 11-14]. Also, scale 

effects are not handled adequately in empirical approaches. 

Nowadays through accessibility to extremely fast computers, numerical modeling can be 

used as an approach to cover shortcomings of the analytical and empirical approaches by 

incorporating the mechanical behavior of intact rocks and rock joints to find the mechanical 

behavior of rock masses [3, 13, 15]. Moreover, the new methods like digital photogrammetry and 

LiDAR can help to extract the geometrical properties of rock discontinuities with high resolution 

leading to better accuracy of numerical modeling results [16-18]. 

Estimation of reliable jointed rock mass strength, as one of the most important mechanical 

behavior of rock masses, is crucial to design rock-related structures and it has been the subject of 

considerable debates among scholars [19]. For jointed rock mass strength, in addition to the 

aforementioned parameters, the boundary and environmental conditions such as in-situ stress, 
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loading/unloading stress path, loading rate, pore pressure, temperature, humidity etc. are important 

[4]. Thus, numerical modeling is very useful because of its power to apply different boundary 

conditions on the models. Polyaxial (or true-triaxial) boundary stress condition is one the most 

important conditions which can be considered in numerical modeling. In the polyaxial stress 

condition, three principal stresses (maximum principal stress, , intermediate principal stress, , 

minimum principal stress, ,) are not equal ( ) [20]. Although the polyaxial stress is 

a common condition in the real field situation which has a significant effect on the jointed rock 

mass strength, it has been considered rarely in the rock mechanics literature. 

The Finite Element Method (FEM) and the Distinct Element Method (DEM) are two 

common methods used in modeling the jointed rock masses. The FEM is a continuum mechanics 

based method that divides materials to smaller size elements and defines discontinuities in an 

implicit form by interfaces or joint elements. On the other hand, DEM is a discontinuum mechanics 

based method that defines material by rigid or deformable blocks/particles, and by discontinuities 

between blocks/particles that are modeled by Newton’s second law of motion. The displacement 

compatibility condition is the main difference between the FEM and DEM. Because in DEM 

unlike FEM, the displacement compatibility is not necessary between the elements, the models can 

undergo large deformations. Therefore, the DEM is more suitable for jointed rock mass modeling 

[21, 22]. Besides, Fairhurst, and Pei [23] have shown the advantages of the DEM compared to the 

FEM in solving jointed rock mass problems considering the same task using these two methods. 

In the DEM, blocks or particles leading to different approaches resulting from different 

discretization methods can discretize the domain of interest. UDEC and 3DEC, as the most widely 

used DEM codes in the geomechanics field for two and three-dimensional models, respectively, 

use the block discretization approach. On the other hand, the Particle Flow Code (PFC) uses rigid 
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disks or spherical elements to represent particles in 2D or 3D respectively [24, 25]. The rigid 

particle assumption reduces the computational time by decreasing the number of degrees of 

freedom [26-28]. The PFC can conveniently model the fracture initiation and propagation between 

the particles, as well as the rupture, using the Bonded-Particle Models (BPMs) that adhere particles 

together in representing the intact rock [26, 29]. Moreover, in the PFC software to model the 

mechanical behavior of jointed rock masses the intact rock is modeled by BPMs, and the 

discontinuities are modeled by the Smooth-Joint Contact Model (SJCM) [30]. Therefore, the block 

breakage well as joint sliding can be accommodated [31].  

The main goal of this research is to develop a new rock mass strength criterion, as one of 

the most important mechanical behaviors of rock masses, in three dimensions, which is applicable 

for any type of rock mass, especially for non-sedimentary rock masses which generally have non-

orthogonal fracture systems. This model should also consider the effect of all principal stresses in 

three dimensions. Thus, experimental tests and PFC3D modeling are used to achieve this goal. 

For the experimental part, to have several samples with the same properties a synthetic 

material that is made out of a mixture of gypsum, sand and water is used. In the first step of the 

experimental program, uniaxial tests, standard triaxial tests and Brazilian tests are performed on 

intact synthetic rock as well as uniaxial compression tests and direct shear tests on jointed synthetic 

rocks with a horizontal joint. So, from these tests, macro mechanical parameter values of the 

Young’s modulus, uniaxial compressive strength (UCS), internal friction angle, cohesion and 

Poisson's ratio for the intact rock and normal stiffness, shear stiffness and friction angle for the 

joints are obtained. Since in PFC, compared to other methods, macro parameters are not directly 

used in the model and micro parameter values applicable between the particles should be calibrated 
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using the macro properties, these experimental tests are simulated in PFC3D and suitable micro 

mechanical parameter values are calibrated with a trial and error process. 

After finding the micro parameters, polyaxial (true-triaxial) compression test for the intact 

rock is simulated in PFC3D with different combinations of confining stresses to find the best intact 

rock failure criterion which is used to develop a new rock mass failure criterion. All simulated 

models are cubic with a size of 160 mm. Then, PFC3D modeling is extended to jointed rock blocks. 

Twenty different joint systems with one and two joint sets are chosen to cover different types of 

non-orthogonal fracture systems. Joint sets have different dip angles varying from 15 to 60 at an 

interval of 15 with dip directions of 30 and 75. Each joint set also has 3 joints with the joint 

spacing of 42 mm in a cubic sample of size 160 mm. 

It should be mentioned that polyaxial compression tests are performed in the laboratory as 

well as numerical modeling but with a limited number of boundary conditions and joint set 

systems, since experimental tests are expensive and the apparatus has limited load capacity. Then, 

the numerical results are compared with the experimental data of synthetic rock blocks. Eventually, 

if these two groups of results do not match, micro parameter values are modified until almost the 

same results are obtained with an acceptable error. According to these steps, finding appropriate 

micro mechanical properties is one of the most challenging parts of this project. 

After obtaining data and calibrating the numerical model with experimental data, the 

process of developing a new rock mass failure criterion is started using the best intact rock failure 

criterion and the fracture tensor concept which was introduced by Oda [32] and developed into the 

fracture tensor components by Kulatilake et al. [3]. Fracture tensor combines the joint orientation, 

joint size, joint density for each joint set and the number of joint sets by a second order tensor. 
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Thus, the Fracture tensor can show the anisotropy and scale effects of rock masses which are 

exhibited by the presence of joints. 

All the aforementioned procedures to develop a new rock mass failure criterion are shown 

in the flowchart in Fig. 1.1. 

 

 

Fig 1.1 Used flowchart to develop a new rock mass failure criterion 

1.2 Research focus and scope 

This thesis intends to develop a new three-dimensional rock mass failure criterion for the 

persistence rock joint systems in which the effect of the intermediate principle stress is considered 

as well as the minimum and maximum principal stresses. This criterion also shows the anisotropic 

behavior of rock masses due to the dip angle and dip direction of joint sets. To achieve this goal, 

the dissertation is structured as follows: 

In Chapter 2, a literature review is presented to cover the effects of different parameters 

which can affect the jointed rock mass strength with emphasis on the joint set geometry parameters, 
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the joint shear strength and the intact rock strength under polyaxial stress boundary condition. The 

advantages and limitations of the existing rock mass strength criteria are also reviewed in this 

chapter. Moreover, the fracture tensor is explained as a powerful method to quantify the joint 

geometry system. 

Chapter 3 is prepared to explain performed conventional experimental tests on the intact 

rock and the joint as well as the polyaxial compression tests on the intact rock and jointed samples. 

This chapter also includes the description of the samples, the laboratory equipment as well as the 

discussion of the experimental results. 

In Chapter 4, the PFC, as an employed numerical method, is explained in detail to provide 

a better understanding of this method. Then, the calibration procedure, as the most challenging 

part of the numerical modeling with PFC, is explained and the relations between the micro 

mechanical parameters and the macro mechanical behaviors are described. Then, two 

shortcomings of the PFC with respect to the modeling of joints are explained and the suggested 

methods to overcome these shortcomings are explained. Finally, the polyaxial test modeling for 

intact and jointed samples is explained and numerical results of these models are shown. 

Discussion about the numerical and experimental results of the polyaxial compression test 

to find the best intact rock failure criterion with the lowest Root Mean Square Error (RMSE) value 

is covered in Chapter 5. Besides, the effect of the limited data on the prediction accuracy of the 

common intact rock failure criteria is investigated through the RMSE value in this chapter. 

In Chapter 6, by incorporating the best intact rock failure criterion from the previous 

chapter and the fracture tensor, an attempt is made to find the best rock mass failure criterion for 

the collected results from the experimental and numerical modeling of polyaxial compression tests. 

Moreover, the effects of different confining stresses, number of joint sets, joint dip directions and 
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joint dip angles on the rock block strength are discussed in this chapter to provide a better 

understanding on the topic dealt with. 

The summary and conclusions of the thesis research are given in Chapter 7 as the last 

chapter of this dissertation. 

1.3 Practical implications 

Since several researchers [33-35] tried to find the best intact rock failure criterion based on 

the available polyaxial compression tests results and most of these data like for KTB amphibolite, 

Dunham dolomite, Solenhofen limestone, Westerly granite and Shirahama sandstone did not have 

any data for the high intermediate principal stress, , values, the influence of this lack of data in 

finding the best failure criterion was investigated in Chapter 5. The findings of this investigation 

(Chapter 5) hopefully helps researchers to find the best failure criterion for intact rock more 

accurately. 

In PFC modeling, the effect of some of the micro properties: particle size, coefficient of 

variation (cov) of the normal and shear bond strengths and friction coefficient on the macro 

properties of the synthetic rock was investigated in Chapter 4 to make the calibration procedure 

for researchers less complicated. Moreover, the suggested approaches to modify the joint models 

in PFC (Chapter 4), increase the accuracy of PFC in modeling the mechanical behavior of jointed 

samples especially the strength and sample deformation. 

Finally, the new three-dimensional rock mass strength criterion developed based on the 

fracture tensor (Chapter 6), helps to show the anisotropic behavior of jointed rock masses as well 

as the scale effect of joints and the effect of the intermediate principal stress, , for designing safe 

and economical structures in or on jointed rock masses. 
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CHAPTER 2. LITERATURE REVIEW ON ROCK MASS STRENGTH 

Finding the rock mass strength is one of the challenging parts of rock mechanics. It has 

been a subject of extensive discussion and deliberation since more than half a century ago. The 

intact rock strength, the joint mechanical properties including joint shear strength and the 

discontinuity geometry are main factors which control the strength of rock masses [1]. In this 

chapter, first, some important intact rock strength criteria are explained. Then some of the most 

important joint shear strength criteria are mentioned as well as the effect of rock joint roughness 

on the shear behavior of rock joints. Afterwards, important rock mass strength criteria with their 

advantages and limitations are cited.  

2.1 Intact rock strength criteria 

The intact rock strength is one of the basic properties needed to predict rock and rock mass 

behavior in geomechanics and geoengineering [36]. Several researchers have studied on the failure 

behavior of intact rock and have suggested several failure criteria. Some of the criteria have not 

incorporated the intermediate principal stress and have considered only the minimum and 

maximum principal stresses [33-35]. Some researchers have shown that the effect of the 

intermediate principal stress on rock strength is considerable [37-40]. Therefore, researchers have 

tried to incorporate the intermediate principal stress as well as the minimum and maximum 

principal stresses in developing the intact rock strength criteria. 

In general, six major failure criteria may be listed to represent strength of intact rock in 

geomechanics: (a) Mohr-Coulomb; (b) Hoek-Brown (1980); (c) Modified Lade; (d) Modified 

Wiebols and Cook; (e) Mogi and (f) Drucker-Prager. Fig. 2.1 shows the failure envelopes of these 

criteria for a sample with cohesion of 2 MPa and internal friction angle of 25. The Mohr-Coulomb 
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and Hoek-Brown criteria are the most common rock failure criteria, because of the simplicity on 

one hand and their extensibility to rock masses on the other hand. However, these two criteria 

unlike all other major failure criteria do not incorporate the intermediate principal stress. In the 

following these failure criteria are explained in detail. 

   

   

Fig 2.1 Failure envelopes for the Mohr-Coulomb, Hoek-Brown, Modified Lade, Modified Wiebols and 

Cook, Mogi and Drucker-Prager for a sample with cohesion of 2 MPa and internal friction angle of 25° 

2.1.1 Mohr-Coulomb criterion 

This criterion can be considered as the first criterion available in the rock mechanics. This 

criterion assumes that the failure happens when the shear stress on a specific plane reaches the 

shear strength. This criterion is defined by the following equation: 
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   tan                (2.1)  

where  is the shear strength,	  is the normal stress, c is the cohesion and  is the angle of 

internal friction. The angle of failure plane is 45  to the minimum principal stress direction. 

The normal vector of this plane is on the plane of maximum principal stress, , and minimum 

principal stress, . Therefore, in this criterion the intermediate principal stress, , does not have 

an effect on the strength of rock and this is a shortcoming of this criterion. Equation 2.1 can be 

written as equation 2.2 using the principal stresses. 

                 (2.2)  

where 

   2 tan 45                (2.3)  

and  

   tan 45                (2.4)  

In equations 2.2 and 2.3,  is the uniaxial compressive strength of the intact rock. As given 

in equation 2.2, the relation between the maximum and minimum principal stresses is linear and 

this assumption is too simple for intact rock materials. Consequently, Hoek and Brown [41] 

introduced a new criterion based on a nonlinear relation between  and . 

2.1.2 Hoek-Brown criterion 

The Hoek-Brown criterion [41] is defined by the following equation: 

   
.

              (2.5)  
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In equation 2.5,   and s are constants which depend on the rock type. For the intact rock 

s is equal to 1 and  is equal to , which is a material constant for the intact rock. Even though 

this is a non-linear criterion, compared to the Mohr-Coulomb criterion, it does not consider the 

intermediate principal stress. 

2.1.3 Drucker-Prager criterion 

Drucker and Prager [42] introduced their criterion in 1952 as an extended Von Mises 

criterion and both of those were first developed for soils and considered the intermediate principal 

stress as well as the minimum and maximum principal stresses. The Drucker-Prager equation is 

given by: 

   ⁄           (2.6) 

In equation 2.6, k and  express cohesion and internal friction properties of the intact rock 

respectively. By setting 0, this criterion reduces to Von Mises criterion. Drucker-Prager 

criterion has two forms: (a) Inscribed Drucker-Prager criterion and the (b) Circumscribed Drucker-

Prager criterion. The relation between the cohesion, internal friction, and k and  for the two types 

of Drucker-Prager criteria can be expressed through the following equations [33]: 

   				 			
√

       (2.7) 

   				 			 √    (2.8) 

2.1.4 Modified Lade criterion 

Lade [43] introduced his criterion in 1977 for soils and Ewy [36] in 1999 extended this 

criterion to rock by adding a parameter to represent the cohesion. He developed this criterion for 

wellbore stability analysis and it is used in petroleum engineering. Before this criterion, the Mohr-
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Coulomb and Drucker-Prager were the most common failure criteria used in the wellbore stability 

analysis. However, the Mohr-Coulomb does not incorporate the intermediate principal stress and 

the Drucker-Prager highly overestimated the strength of rock [36]. Equations 2.9 through 2.11 

show the first Lade criterion. This criterion considers all three principal stresses and the relation 

between these three stresses is nonlinear. 

   ⁄ 27 ⁄         (2.9) 

             (2.10) 

             (2.11) 

In equation 2.9,  is the atmospheric pressure and ′ and  are material constants. Since 

this criterion was developed for soils, Ewy [36] suggested a modification for this criterion to make 

it applicable for intact rock by setting ′ zero and introducing two new constants that are related 

to the cohesion and internal friction. This Modified Lade criterion can be expressed by the 

following equations: 

   ′ ′⁄ 27           (2.12) 

   ′                     (2.13) 

   ′                  (2.14) 

In the above equations, S and  are related to the cohesion and internal friction angle 

through the following equations: 

   
⁄

        (2.15) 

   4 tan 9 7 sin 1 sin⁄         (2.16) 
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Because determination of S and  directly by solving equations 2.12 - 2.14 is difficult, an 

indirect method is chosen to find those. In the indirect method, different values are chosen for S 

and  by selecting values for C and  from a grid in a reasonable range and using equations 2.15 

and 2.16. Then the failure stresses corresponding to different minimum and intermediate principal 

stresses are found through equations 2.12-2.14. Afterwards, the best combination of C and  is 

found by minimizing the error. 

2.1.5 Modified Wiebols and Cook criterion 

Before Ewy, Zhou [44] in 1994 suggested his criterion to model initial shape and extension 

of borehole breakout around a wellbore. This criterion is the extended form of the Drucker-Prager 

criterion but it predicts rock strength similar to the Wiebols and Cook criterion. Therefore, it is 

known as the Modified Wiebols and Cook criterion [33]. Wiebols and Cook [45] in 1968 

introduced their failure criterion based on the sliding cracks by additional energy storage around 

cracks which considers the intermediate principal stress. Modified Wiebols and Cook criterion can 

be expressed by equations 2.17 through 2.19. 

   ⁄          (2.17) 

   1 3⁄         (2.18) 

 ⁄ 	 3 2⁄ ⁄  (2.19) 

In the above equations,  is the mean effective confining stress,  is the octahedral shear 

stress and A, B and C are constants that are related to the cohesion and internal friction angle 

through the following equations: 

 √

.

.

.
         (2.20) 
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   √ 2 2          (2.21) 

   
√

                      (2.22) 

These equations show that A, B and C are not independent and they are also related to the 

minimum principal stress. Therefore, finding these coefficients directly from equation 2.17 is 

difficult. Thus, the best regression should be found by minimizing the error using a procedure 

similar to that used in working with the Modified Lade criterion. 

2.1.6 Mogi criterion 

The last major failure criterion is the Mogi criterion. Mogi [37] suggested his first intact 

rock strength criterion in 1967 by performing two types of triaxial tests 	&	

	and a biaxial test	 0  on different rock types. From these tests, he 

realized that the intermediate principal stress has influence on the rock strength but at a level less 

than that of the other two principal stresses. Thus, he introduced the following empirical equation 

for his criterion:  

   2⁄ /2      (2.23) 

In equation 34,  is a constant, which varies between 0 and 1 and  is an empirical function 

that depends on the rock type. Mogi [46] developed his second criterion in 1971 by extending Von 

Mises’ theory and suggested equation 2.24. The Mogi’s criterion incorporates the intermediate 

principal stress like Modified Lade, Modified Wiebols and Cook and Drucker-Prager, but, unlike 

these criteria, the Mogi’s criterion is an empirical one. 

            (2.24) 
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In equation 2.24,  is a monotonically increasing function. Mogi [46] found that the plane 

of failure is not exactly parallel to the plane the intermediate principal stress acts. Thus, he 

modified equation 2.24 to the following equation: 

           (2.25) 

where  is a constant, which varies between 0 and 1 and  like  is a monotonically increasing 

function. Several researchers have shown that linear and power functions are the two best functions 

for  and  [33, 34, 46, 47]. Mogi also mentioned that results of equations 2.24 and 2.25 are 

almost the same. 

2.2 Joint shear strength criteria 

Several researchers [48-52] have investigated which parameters affect the joint shear 

strength. In general, the response of a rock joint to shear loading can depend on the (a) rock type, 

(b) surface roughness, (c) mated or non-mated condition, (d) influence of weathering, (e) boundary 

conditions, (f) presence of water under pressure, (g) filling material, and (h) filling thickness. 

Although the effects of these parameters are sometimes so complicated on the mechanism of joint 

shearing, the most popular shear strength criterion of rock joints is based on the Coulomb’s law 

which can be written as: 

   tan       (2.26) 

where  is the maximum allowable shear stress before sliding,  is the normal stress on the 

joint plane,  is the joint cohesion,  is the water pressure acting on the joint, and  is the joint 

friction angle. In equation 2.26 irrespective of the normal stress value, the friction coefficient of 

the joint surface is a constant.  However, this value changes with the normal stress for rough joint 

surfaces. At the lower normal stresses for a rough joint, since the joint surfaces override on each 
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other, the summation of the dilation angle and the basic friction angle of the joint surfaces is the 

joint friction angle. However, for the higher normal stresses, since the normal displacement is 

restricted, the shear strength is controlled by asperity shearing than the dilation. This leads to an 

interpretation of peak shear strength with an apparent cohesion and a residual friction angle. Based 

on this argument, Patton [51] introduced his bilinear criterion for the cohesion less joints using the 

following equation: 

    
tan ; 					

tan ; 							      (2.27) 

where  is the basic friction angle of rock surface,  is the inclination angle of asperities,  is 

the residual friction angle,  is the apparent cohesion and  is a normal stress which demarcates 

the two equations given in equation 2.27. Equation 2.27 is shown in Fig. 2.2. In this equation 

turning to the residual friction angle occurs at one point since it assumes damage of all the 

asperities at the maximum shear stress corresponding to the normal stress of . However, in the 

reality this transition happens gradually since asperity degradation increases with increasing 

normal stress. 

To solve the aforementioned problem, Jeager [53], Ladanyi and Archambault [54-55] and 

Barton [56] proposed their empirical criteria. In Jaeger’s criterion, which is shown by equation 

2.28,  is a constant value based on the experimental tests. 

   1 tan       (2.28) 
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Fig 2.2 Patton’s bilinear joint friction criterion [52] 

Ladanyi and Archambault’s criterion is more complicated and it can be written as: 

          (2.29) 

where  is the proportion of joint area sheared through the asperities,  is the dilation rate at the 

peak shear stress and  is the shear strength of the intact rock material. Although these two 

equations can properly show the nonlinear behavior of shear strength of a joint as a function of the 

normal stress (Fig. 2.3), the Barton’s equation which is given in equation 2.30 is more popular 

because it is simple to apply in the field. 

   tan 	 log       (2.30) 

In equation 2.30,  is the Joint Roughness Coefficient which is defined by Barton and 

varies from 0 for the smooth joint to 20 for the roughest joint and  is the joint compressive 
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strength which is equal to the uniaxial compressive strength of intact rock if the joint surface is 

fresh and unweathered. In the field the  can be estimated through Schmidt hammer test. Barton 

proposed a table which is shown in Fig. 2.4 based on several experimental direct shear tests on 

different rock types with different joint surfaces as a reference to find the . In this method by 

placing a specific comb (Fig. 2.4) on the joint surface and pushing that on the surface, the surface 

roughness profile can be obtained. Then by matching that with the proposed profiles in the table 

the  value can be estimated. This value can be also estimated from the back analysis of the 

experimental direct shear tests. It should be also mentioned that the roughness causes the 

anisotropic behavior of the joint shearing and several researches [57-61] have provided different 

methods to quantify the roughness properly to model this anisotropy.  

 

Fig 2.3 Dilation to shearing asperities transition in Ladanyi and Archambault’s criterion [52] 
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Fig 2.4 Left: roughness comb; right: JRC roughness profiles [50] 

2.3 Rock mass strength criteria 

To find a suitable rock mass strength criterion researchers have been using Analytical, 

Empirical, and Numerical approaches which are briefly explained in the following sections. 

2.3.1 Analytical approach 

Analytical approaches provide analytical solutions for rock mass strength criteria based on 

selecting suitable intact rock and rock joint strength criteria and proposing a suitable method to 

combine them. This approach may be used to obtain a preliminary estimation for simple cases such 

as the conditions where the joints are parallel to one or two directions [6, 7]. Jaeger’s theory [62], 

which shows the effect of the joint orientation on the strength of a rock sample in two-dimensions, 

can be considered as a rock mass strength criterion belonging to the analytical approach. 
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(a) 

 

(b) 

Fig 2.5 Schematic pictures of the stress components on the joint plane for the (a) two-dimensional stress 

system and (b) polyaxial test (three-dimensional stress system) [63] 

The Jaeger’s theory assumes that a sample having an inclined persistent joint subjected to 

biaxial loading fails either through fracturing through the intact rock or sliding on the joint plane. 

Note that it does not assume failure through a combination of the said two modes is possible, even 

though for many dip angles of the joint that is the reality. For the joint shearing criterion, he used 

the Coulomb’s law with equation 2.23 without the water pressure and for the intact rock strength 

he used the Mohr-Coulomb criterion. 

 The shear and normal stresses on a joint plane in a jointed block sample can be rewritten 

using the principal stresses. Therefore, the maximum allowable major (or maximum) principal 

stress, , , can be found for the joint at the verge of sliding. On the other hand, based on the 

applied confining stresses the intact rock can bear a specific major principle stress, , . Thus, 

the strength, , of the jointed block sample with an inclined joint under compression test can be 

found by equation 2.31. 

   min , , ,        (2.31) 
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In the two-dimensional compression test the normal stress,	 , and the shear stress, , on 

the joint plane having a dip angle of  (Fig. 2.5a) are related by equations 2.32 and 2.33. 

   	 cos 2      (2.32) 

   	 sin 2        (2.33)  

By substituting 	 , and  from equations 2.32 and 2.33 in equation 2.23, ,  can be 

expressed using the following equation: 

   ,       (2.34) 

where k is ⁄ . Jaeger’s theory is schematically shown in Fig. 2.6a. The same procedure can be 

used for a sample with two or more joint planes having different orientations. Under that situation, 

the strength of a jointed sample may be expressed by the following equation: 

   min , , , , , , … , ,      (2.35) 

where ,  is the maximum allowable major principal stress for the ith joint. Fig. 2.7 shows the 

strength of a sample with 4 joint planes in which each joint forms a 45 angle with its adjacent 

joints. This figure is obtained by superimposing the strength of each joint and assuming a 45 angle 

between every two adjacent joints. 
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Fig 2.6 Jaeger’s theory for a sample with one joint having different joint orientations [64] 

 

Fig 2.7 Rock mass strength for a sample with 4 joints which are mutually inclined at 45° [64] 

In the polyaxial compression test the dip direction, , has an effect on , . Besides, , 

, and consequently ,  cannot be found by the simple aforementioned equations for the 
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polyaxial test. For that situation, the stress components on the joint plane should be expressed 

using the following equations: 

   ́         (2.36) 

   cos ́ ,         (2.37) 

where  is the rotation matrix,  is the jth axis of the basic coordinate system, ́  is the ith axis of 

the new coordinate system,  is the stress tensor for the basic coordinate system, and ́  is the 

stress tensor for the new coordinate system. After finding the stress components on the joint plane, 

the stress component that acts perpendicular to the joint plane (ie the normal stress ) and , the 

resultant of the two shear stress components acting parallel to the joint plane can be found (Fig. 

2.5b). Finally, by substituting these values in equation 4, ,  can be obtained. It should also be 

mentioned again that for the intact rock, different failure criteria can be used. For example, Amadei 

[65] used the same procedure and used the Hoek and Brown strength criterion for the intact rock. 

Most of the rock mass failure criteria do not consider the intermediate principal stress even 

though it plays an important role. Fig. 2.8 clearly illustrates this effect by applying Jaeger’s theory. 

Fig. 2.8a shows the effect of varying joint dip angle on the strength of the jointed sample in the 

biaxial test. Fig. 2.8b shows the effect of varying joint dip and dip direction on the strength of the 

jointed sample in the polyaxial test. In Fig. 2.8a the applied lateral stress is 1 MPa while in Fig. 

2.8b the minimum principal stress equals to 1 MPa is applied in the dip direction of 90 and the 

intermediate principal stress equals to 2 MPa is applied in the dip direction of 0. In both diagrams 

the intact rock has the uniaxial compressive strength of 5.57 MPa, internal friction angle of 23 

and the joint plane is cohesionless with a friction angle of 27.5. In these diagrams, the strength 

ratio of 1 corresponds to the intact rock failure for lower joint dip angles or the vertical joint, and 
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the strength ratio lower than 1 corresponds to sliding on the joint plane. In the polyaxial test, it can 

be seen that the dip direction affects the strength of the jointed sample. In the polyaxial test the 

shear strength of the joint when the joint dip direction is parallel to the intermediate principal stress 

(dip direction of 0) is higher than that when the joint dip direction is parallel to the minimum 

principal stress (dip direction of 90). The line shown in Fig. 2.8a is the same as the line given for 

the dip direction equal to 90 in Fig. 2.8b, because in both situations only the lateral stress of 1 

MPa is working against the joint sliding. 

(a) 

 

 

(b) 

 

Fig 2.8 The anisotropic behavior of a block sample with one joint for the (a) two-dimensional stress 

system according to Jaeger’s theory, and (b) polyaxial test according to Jaeger’s theory extended to 3-D 

(strength ratio is the ratio between the jointed rock strength and intact rock strength) [63]  

The major shortcomings of the analytical approach are the simplification of the rock mass 

joint systems to some persistent joint sets and its inability to model failure through a combination 

of the intact rock and joint. Besides, in the case of blocks having non-persistent joints, the model 

gets more complicated since the fracture mechanics also play a role. In the fracture mechanics, 

these joints are considered as frictional shearing fractures which have very complicated behavior, 

especially with respect to the interactions in rock masses. Some researches [66, 67] tried to solve 
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the aforementioned shortcomings using statistics to find the critical weak plane in complicated 

joint systems. These models have several parameters which make them complicated with respect 

to practicability. Besides, due to the complexity of the mechanics behind the rock mass failure, 

they could not incorporate all the factors. 

2.3.2 Empirical approach 

Empirical rock mass strength criteria are obtained based on the rock mass classification 

systems. In the rock mass classification systems parameters such as, the intact rock strength, joint 

condition, joint spacing and ground water condition are quantified based on the proposed rating 

tables. Then for each system, through a specified manner one number is assigned to each rock 

mass. Although the main purpose of these systems is to propose suitable reinforcement systems 

for underground constructions, they are also used to find mechanical properties of rock masses 

such as the rock mass strength and rock mass deformation modulus. 

During the past century from the first attempt of Ritter [68] in 1879 several rock mass 

classification systems have been developed such as: Terzaghi’s rock mass classification [69], Rock 

Structure Rating (RSR) [70], Rock Mass Rating system (RMR) [8, 71], Rock Tunneling Quality 

Index (Q) [9], Geological Strength Index (GSI) [72] and Rock Mass index (RMi) [73]. RMR, Q 

and GSI are the most widely used systems all around the world. 

In 1973, RMR was introduced by Bieniawski [8] in detail and over the years it was 

developed. A major development was applied by Bieniawski [71] in 1989 with a reconsideration 

on the ratings which are assigned to each parameter. In this system, six parameters are used: (a) 

the uniaxial compressive strength of the intact rock, (b) the Rock Quality Designation index 

(RQD), (c) joint spacing, (d) joint conditions, (e) Ground water conditions and (f) joint orientation 

with respect to excavation advancement direction. RQD was introduced by Deere [74] as the ratio 



54 
 

of the total length of core pieces with the length greater than 4 inches (100 mm) to the total core 

length in percentage. The first version of the RMR was obtained based on the civil engineering 

constructions and in the 1989 developed version, Bieniawski tried to make it more applicable to 

the mining structures as well. However other researchers [75-77] also modified this system for 

mining which is known as the Modified Rock Mass Rating system (MRMR). It should be also 

mentioned that RMR scales from 0 to maximum of 100. 

Tunneling quality index which is known as Q system was proposed by Barton et al. [56] 

from the Norwegian Geotechnical Institute. In this system, six parameters are used: (a) the RQD, 

(b) joint set number, (c) joint roughness, (d) joint alteration conditions, (e) Joint water conditions 

and (f) stress reduction factor. Q system has a range from 0.001 to 1000. 

After RMR and Q, GSI system was introduced by Hoek et al. [78]. The first purpose of 

this system unlike the other two systems was to find the mechanical behavior of rock masses while 

the other two methods were developed for engineering practice and the prediction of mechanical 

properties of rock masses was a byproduct of them. Thus, the GSI just considers the inherent 

properties of rock masses and the other parameters like the in-situ stresses and the shape of 

excavation are considered in the numerical models. In the GSI system, the rock mass structure and 

joint surface condition are used as the two major factors. The GSI system as the same as the RMR 

system has the range from 0 for the disintegrated rock masses to 100 for the blocky rock masses. 

Because the first GSI table to quantify rock masses was descriptive and qualitative, several 

investigators tried to develop and modify the original GSI system. Among these modified versions, 

the versions which were proposed by Sönmez and Ulusay [79] (known as the Turkish method) and 

Cai et al [80] (known as the Canadian method) have become more popular. It should be mentioned 

that some equations are proposed to convert among RMR, Q and GSI systems. 
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The Hoek-Brown strength criterion is the most popular criterion for rock masses. In 

equation 2.5,  depends on the rock type and s is related to rock mass characterization. Before 

the introduction of the RMR,  and s had to be found by data regression but later Hoek and 

Brown [81] in 1988 proposed the following equations to predict these two parameters from the 

RMR value. 

           (2.38) 

            (2.39) 

By proposing the previous equations, the Hoek-Brown strength criterion obtained more 

popularity due to the lack of alternatives. This method overestimated the tensile strength. 

Therefore, Hoek et al. [78] in 1992 introduced the new constant parameter of a and modified the 

original equation to the following equation. 

          (2.40) 

By assigning different values to a, different curves can be obtained to fit the failure envelop 

more accurately. Later by introducing the GSI system, Hoek et al. [72] replaced RMR with GSI 

and proposed the following equations to calculate ,  and  for rock masses. 

   for	GSI 25	

0.5

    (2.41) 

   for	GSI 25	 0
0.65

    (2.42) 
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It should be mentioned that the new sets of equations were developed by Hoek et al. [82] 

and Hoek and Diederichs [83] to increase the accuracy of the rock mass strength criterion. 

Although this criterion is receiving more and more popularity, it has some major problems. The 

inability of this method to capture the anisotropic behavior of rock masses and the effect of the 

intermediate principal stress on the rock mass strength are some of these shortcomings. Some 

researchers [84-92] tried to modify the Hoek-Brown criterion to solve these shortcomings. 

However, even these developments still cannot capture the effect of joint orientation and scale 

(resulting from joint size) on rock mass strength properly.  

Yudhbir et al. [93] and Sheorey et al. [94] used different functions to predict the rock mass 

strength using Q and RMR to fit experimental tests. However, these criteria still have the same 

shortcomings the Hoek-Brown criterion has. Ramamurthy [95] instead of using the rock mass 

classification systems to quantify the effect of rock joint systems, proposed a joint factor parameter 

which is related to the joint frequency and the joint orientation. However, it does not consider the 

complete effect of joint orientation on rock mass strength resulting from multiple sets. In addition, 

this criterion does not consider the scale effect and the effect of the intermediate principal stress 

on the rock mass strength. 

2.3.3 Numerical approach 

Numerical modeling can be used to estimate rock mass strength by incorporating fracture 

geometry and using constitutive models for the intact rock and rock joint behavior. Generally, 

numerical modeling is used to model underground or surface rock mass structures and to find their 

stability. However, due to the high number of discontinuities that exist in these large rock mass 

structures computers cannot process the calculation if all the discontinuities are included in the 

model. Therefore, the Representative Elementary Volume (REV) concept is used to reduce the 
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number of discontinuities included in the model. The REV is the minimum volume of a rock mass 

which by increasing the volume of the rock mass, the mechanical behavior of the rock mass does 

not change in a practical sense. Therefore, instead of including all the discontinuities that exist in 

a rock mass structure, only the major discontinuity geometry and their properties are included 

explicitly in the rock mass structure and the remaining minor discontinuity geometry and their 

properties in the rock mass structure are combined with the intact rock properties and represented 

through the REV rock mass properties in investigating the stability of the rock mass structure [13, 

96]. 

As mentioned before several parameters affect the strength of rock masses. Therefore, 

numerous experimental tests are required to find the effect of these parameters on the strength of 

rock masses. That task is time consuming, very costly and impractical. To solve this problem some 

researches modeled rock masses with numerical modeling to propose new rock mass failure 

criteria. In this method at first a numerical model is calibrated with a limited number of 

experimental tests and physical modeling of the rock masses and then the calibrated model is 

expanded to more complicated situations with more diverse conditions [7, 13, 97, 98]. Kulatilake 

et al. [97] used this procedure incorporating 3DEC to find the effect of the joint geometry 

parameters on the deformability properties of rock masses. To quantify the joint geometry 

parameters, they used an extended form of the fracture tensor concept which is explained in the 

next section. Kulatilake et al. [97, 99, 100] and He et al. [101] also extended the fracture tensor 

concept to fracture tensor components and proposed new rock mass strength criteria. 

2.4 Fracture tensor 

Oda [32] in 1982 proposed the fracture tensor concept to quantify the density of fractures, 

and the dimension and orientation distributions of fractures. He assumed each fracture to be a very 
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thin disk having an area A with an equivalent radius of r ( ) and two normal vectors of n 

and -n (bold italic letter represent a vector) for each side of the disk. Orientation of each fracture 

was identified with its normal vector. The fracture density  for the assumed volume of V was 

defined as the ratio of the number of fracture centers inside the volume (m(V)) to the volume (

⁄ ). To describe the orientation of fractures the probability density function of E(n,r) was 

proposed which should satisfy the equation 2.43. ( , )   represents the fraction of fracture 

surfaces whose radii are within the range of r to r+dr with the normal vector oriented within the 

solid angle of . 

   , 	 	 2 , 	 	⁄ 1   (2.43) 

where  is the entire unit hemisphere which is shown in Fig. 2.9a. Since each fracture surface has 

two normal vectors, E(n,r) is equal to E(-n,r). If n is statistically independent of r, E(n,r)= E(n) 

f(r), in which f(r) is the density function of the fracture radius and E(n) is the density function of 

the fracture normal vector orientation. Oda showed the fraction of fractures in a cylindrical volume 

(dNi) with the cylinder axis’s normal vector of i can be found by the following equation: 

   2 	 , 	 	       (2.44) 

where  is the height of volume and  is the projection of  on the direction of i (Fig. 2.9b). Then 

to incorporate the effect of the fracture size he proposed the fracture vector m=2rn. By 

multiplication of this vector with equation 2.44,  was defined by equation 2.45.  represents 

the vector sum of all fracture radii in the defined cylindrical volume associated with the unit length 

of the cylinder axis. 

   . 4 	 , 	 	 .   (2.45) 
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The vector  in equation 2.45 can have projection on any directions like j. Therefor the 

fracture tensor,  (i,j={1,2,3}), can be defined as the following equation: 

   4 	 , 	 	⁄    (2.46) 

Oda [102] showed the discrete version of equation 2.46 as equation 2.47. 

   ∑ 2      (2.47) 

Since rock mass generally has different joint sets, Kulatilake et al. [97] recommended that 

the fracture tensor for a rock mass can be obtained through equation 2.48 by summing all the 

fracture tensors of the joint sets belonging to the rock mass 

   ∑        (2.48) 

In this equation  is the fracture tensor of the rock mass,  is the fracture tensor of the 

 joint set and  is the total number of joint sets. 

 

(a) 
 

(b) 

Fig 2.9 (a)  in the unit hemisphere of ; (b) a column of volume Ah with the scanning line i [33] 
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CHAPTER 3. LABORATORY TESTS 

As mentioned in the previous chapter, in the numerical modeling approach a new rock 

mass strength criterion should be developed based on the computational results obtained from the 

calibrated model which used the experimental results for the calibration. Besides, since in this 

research the PFC software is used, the micro mechanical properties of the numerical modeling 

should be obtained using the macro mechanical properties obtained from the experimental tests. 

Therefore, conventional experimental tests should be performed on the intact rock and on the 

synthetic rock joints to find the macro mechanical properties. In the following, the experimental 

test results obtained related to this research and the macro mechanical properties estimated based 

on these results are presented. Besides, a limited number of polyaxial compression tests was also 

performed on the intact rock and jointed samples to compare and verify the numerical modeling 

results with the experimental results. These tests are also explained and their results are presented 

and discussed in this chapter. 

For the experimental part, to have several samples with the same properties, a synthetic 

material that is made out of a mixture of gypsum, sand and water was used. This model material 

exhibits different mechanical properties depending on the mixture ratio. This ratio was designed 

to have the samples based on the loading limitation of the machines which were used in the 

laboratory. The experimental tests were performed at the China University of Mining and 

Technology, Beijing (CUMTB) because a true triaxial test equipment is not available at the 

University of Arizona. However, the test preparation and loading conditions were designed by 

Professor Kulatilake’s research group at the University of Arizona. The water to gypsum ratio of 

each sample is 0.6:1 by weight. After casting the gypsum samples in the mold, samples were kept 

in the room temperature (202C) for one day. Then, samples were placed in a humidity chamber 
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which can control temperature and humidity at different levels. Samples were kept in a humidity 

chamber for a week with the temperature offset to 202C and the relative humidity set to 100%. 

Finally, samples were moved out from the humidity chamber and kept in the room temperature 

(202C) until they were used for experimental tests. 

3.1 Intact rock experimental tests 

In the first step of the experimental program, uniaxial tests, triaxial tests and Brazilian tests 

were performed on the synthetic material. Thus, from these tests, macro mechanical parameter 

values of the Young’s modulus, uniaxial compression strength (UCS), internal friction angle, 

cohesion and Poisson's ratio for the intact rock were obtained. 

For the uniaxial and triaxial compression tests cubic samples of side dimension 160 mm 

were used. Since the samples are cubical, polyaxial compression test facility available at the 

CUMTB was used to apply forces on all the sides of the samples. This machine which is shown in 

Fig. 3.1 can apply a maximum force of 500 KN on each of the three perpendicular directions (two 

horizontal directions and the vertical direction) with 0.5% accuracy. Applied load is measured in 

each of the perpendicular directions. Two LVDT deformation sensors are used to measure the 

deformation in each of the perpendicular directions. The deformation range for each direction is 

150 mm with 0.4% accuracy. Loading, data collection and saving are done automatically through 

a data acquisition and a computer system. 
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Fig 3.1 The polyaxial testing machine at CUMTB  

In total 3 uniaxial tests and 3 triaxial tests were performed to obtain Young’s modulus, 

Poisson’s ratio, cohesion and internal friction angle. Table 3.1 and Fig. 3.2 show the experimental 

results of these tests. Fig. 3.3 also illustrates the relation obtained between the minimum and 

maximum stresses for samples GAA1 – GAA6 to find the internal friction angle and cohesion of 

the synthetic material. 

Table 3.1 Uniaxial and triaxial test results 

Test type Sample σx = σy (MPa) σz (MPa) 

Uniaxial Test 

GAA1 0 5.28 

GAA2 0 6.09 

GAA3 0 5.33 

Triaxial test 

GAA4 0.53 7.04 

GAA5 1.11 9.09 

GAA6 1.64 8.77 
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Fig 3.2 Uniaxial and triaxial test results: GAA1, GAA2 and GAA3 (σx = σy = 0); GAA4 (σx = σy = 0.53 

MPa); GAA5 (σx = σy = 1.11 MPa); GAA6 (σx = σy = 1.64 MPa) 

 

Fig 3.3 Relation between the minimum and maximum principal stresses for samples GAA1 - GAA6 

To find the tensile strength of the synthetic material 5 Brazilian tests were performed on 

disk samples of diameter 50 mm and thickness 25 mm. The Brazilian test results are presented in 

Table 3.2. Fig. 3.4 shows a disk sample under the Brazilian test in which the vertical tensile fracture 
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after the failure is clearly seen. The summary of the macro mechanical properties obtained for the 

synthetic rock from the results of the aforementioned laboratory tests are given in Table 3.3. 

 

Fig 3.4 Disk sample after the failure under the Brazilian test with the vertical tensile fracture 

Table 3.2 Brazilian test results 

Sample Diameter (mm) Thickness (mm) PMax (KN) σt (MPa) Average σt (MPa) 

GT1 50 24.86 2.231 1.142 

1.23 

GT2 50 24.82 2.279 1.169 

GT3 50 24.84 2.012 1.031 

GT4 50 24.88 3.079 1.576 

GT5 50 26.02 2.546 1.246 

Table 3.3 Macro mechanical property values estimated for the synthetic rock from the laboratory tests 

 
Uniaxial 

strength (MPa) 

Tensile 
strength 
(MPa) 

Cohesion 
(MPa) 

Angle of 
internal friction 

(deg.) 

Young’s 
modulus 

(GPa) 

Poisson’s 
ratio 

Experimental 
test 

5.57 1.23 1.9 24 1.07 0.2 

3.2 Rock joint experimental tests 

In addition to estimating the macro mechanical properties of the intact rock, it was 

necessary to estimate the macro mechanical properties of the synthetic rock joint. The joint friction 

angle, , joint cohesion, , joint normal stiffness, , and the joint shear stiffness, , are 

important mechanical properties of the synthetic rock joint. The joint normal stiffness and the joint 
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shear stiffness were used by Goodman et al. [35] to define the deformability of a joint element in 

the finite element modeling. These two are important parameters to describe the deformation of 

discontinuities in rock. 

The slope of the joint normal stress versus the joint normal displacement diagram defines 

the joint normal stiffness and the slope of the joint shear stress versus the joint shear displacement 

diagram defines the joint shear stiffness. The joint friction angle, joint cohesion and the joint shear 

stiffness should be found by direct shear tests on the joint and the joint normal stiffness should be 

found by uniaxial compression tests on the samples with a horizontal joint plane. Therefore, in this 

research 4 direct shear tests and 4 joint normal stiffness tests were performed on the synthetic joint 

to find the macro mechanical properties of the joint. The joint normal stiffness test is a uniaxial 

compression test on a sample with a horizontal joint plane placed at the mid-height of the sample. 

For the direct shear tests, cylindrical samples with a 50 mm diameter, and a height of 50 mm were 

used.  For the joint normal stiffness tests, cylindrical samples with a 50 mm diameter, and a height 

of 100 mm were used. 

In the direct shear test two parts of the sample were placed on each other while the bottom 

part was fixed. Then the designed normal force was applied perpendicular to the joint plane and it 

was kept constant during the test. Afterwards, the shear force was applied parallel to the joint plane 

on the top part until it started to slide on the other part. In the joint shear stress versus the joint 

shear displacement diagram of this test, the maximum value of the shear stress is the shear strength 

and the linear part before the yield point represent the joint shear stiffness (Fig. 3.5). To find the 

joint cohesion and joint friction angle, different direct shear tests with different constant normal 

stresses were performed on samples. Then by drawing the diagram of the maximum joint shear 

stress versus the joint normal stress, these two parameters were calculated through the linear 
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regression on the data using the Coulomb’s law with equation 2.26. In this research since the joints 

are cohesionless, the joint cohesion is zero. Figs. 3.5 and 3.6 and Table 3.4 show the direct shear 

test results. 

 

Fig 3.5 Shear stress-shear displacement diagrams based on the direct shear tests 

 

Fig 3.6 Relation between the maximum shear stress and the normal stress in the direct shear tests 

Table 3.4 Direct shear test results 

Sample 
σn 

(MPa) 
TMax 

(MPa) 
Ks 

(GPa/m) 
Average Ks 

(GPa/m) 
Joint friction 

coefficient 

GS1 0.56 0.245 0.49 

0.57 0.52 
GS2 0.56 0.316 0.4 

GS3 1.11 0.532 0.91 

GS4 1.67 0.905 0.48 
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As was mentioned before in the joint normal stiffness test, the slope of the joint normal 

stress versus the joint normal displacement diagram (Fig. 3.7) defines the joint normal stiffness. 

Several researchers realized that the joint normal stiffness varies with the normal stress acting on 

the joint surfaces. They have proposed different relations to describe the joint normal displacement 

under the normal compressive stress, such as the semi-logarithmic relation [103], hyperbolic 

relation [49], modified hyperbolic relation [104], power-law model based on Hertzian contact 

theory [105] and exponential relation [106]. 

 

Fig 3.7 Normal stress versus intact rock (top figure), rock with fracture (top figure), and fracture (bottom 

figure) deformation for granodiorite [49] 



68 
 

Kulatilake et al. [107] mentioned that the exponential function in equation 3.1 provides the 

best fit for the normal compressive stress, , versus joint normal displacement, , relation. 

              (3.1) 

In equation 3.1, A, and B are empirical constants that can be determined by performing 

regression analysis on the experimental test data. By applying the natural logarithm on both sides 

of equation 3.1, and differentiating with respect to , they showed that the joint normal stiffness 

has a linear relation with the normal stress as given by equation 3.2. 

             (3.2) 

The experimental results from 4 joint normal stiffness tests are shown in Fig. 3.8. In this 

figure, the normal stress versus total normal displacement of the sample is presented. However, in 

order to estimate A, and B from the experimental results, first, the normal stress versus the joint 

normal deformation diagram should be obtained from each experimental test. Kulatilake et al. 

[107] explain that the joint normal deformation can be calculated by subtracting the elastic 

deformation from the total normal deformation of the sample. To calculate the elastic deformation, 

they suggest estimation of the Young’s modulus from the linear portion of the normal stress-total 

normal deformation diagram (this is the tail end of the diagram). Fig. 3.9 shows the normal stress-

joint normal deformation diagrams drawn for experimental samples based on the aforementioned 

method and the summary of the results are also presented in Table 3.5. 
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Fig 3.8 Normal stress- normal total deformation diagrams of the experimental joint normal stiffness tests 
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Fig 3.9 Normal stress-joint normal deformation diagrams for 4 samples with exponential fits 

Table 3.5 Joint normal stiffness coefficients obtained based on the new method for experimental tests 

Sample A Average A B Average B 

GA1 0.0228 

0.066 

36.85 

28.98 
GA2 0.091 19.76 

GA3 0.044 32.08 

GA4 0.106 27.23 

3.3 Polyaxial compression tests 

Polyaxial compression test was performed on a limited number of intact rock and jointed 

rock samples with one joint set to verify the numerical modeling performed on the polyaxial test 

with the PFC. The same polyaxial testing machine explained in Section 3.1 was used to perform 

the polyaxial compression test on the cubic intact rock and jointed rock samples with the dimension 

of 160 mm. In this test, first the minimum principal stress was applied on the sample in all three 

perpendicular directions. Then the stress on one lateral direction was kept constant ( ) and the 

stress equal to the intermediate principal stress was applied in the other two directions. Finally, the 
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stress in the second lateral direction was kept constant ( ) and the axial stress in the vertical 

direction was increased until the sample failed. 

The jointed rock samples have 3 joints with the joint spacing of 42 mm, the dip direction 

of 30 and the dip angles of 15 or 30 for the different samples. Fig. 3.10 shows the schematic 

diagrams of these jointed samples. Due to the importance of the direction of the applied principal 

stresses on the jointed samples for their polyaxial compression test, the same direction was used 

for each principal stress. For the jointed samples the maximum principal stress was applied 

vertically and the other two principal stresses were applied horizontally where the angles between 

the intermediate and minimum principal stress directions and the joint dip direction were 30 and 

60 respectively (Fig. 3.10). Figs. 3.11 through 3.23 show the results of the aforementioned 

experimental tests. 

(a) 

 

(b) 

 

Fig 3.10 Schematic diagrams of the jointed rock samples which have 3 joints with the dip direction of 30 

and the dip angles of (a) 15, (b) 30 (the maximum principal stress on the top face, the intermediate 

principal stress on the left front face and the minimum principal stress on the right front face) 
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Fig 3.11 Polyaxial compression test results of the intact rock sample subjected to σ2 = 1.128 MPa and σ3 

= 0 

 
Fig 3.12 Polyaxial compression test results of the intact rock sample subjected to σ2 = 2.256 MPa and σ3 
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Fig 3.13 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = 3.384 MPa and σ3 = 1.128 MPa 

 

Fig 3.14 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = 4.512 MPa and σ3 = 1.128 MPa 
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Fig 3.15 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = σ3 = 2.256 MPa 

 

Fig 3.16 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = 5.640 MPa and σ3 = 2.256 MPa 
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Fig 3.17 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = 7.896 MPa and σ3 = 2.256 MPa 

 

Fig 3.18 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 15 subjected to σ2 = σ3 = 3.384 MPa 
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Fig 3.19 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 30 subjected to σ2 = 5.640 MPa and σ3 = 1.128 MPa 

 

Fig 3.20 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 30 subjected to σ2 = σ3 = 2.256 MPa 
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Fig 3.21 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 30 subjected to σ2 = 5.640 MPa and σ3 = 2.256 MPa 

 

Fig 3.22 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 30 subjected to σ2 = 7.896 MPa and σ3 = 2.256 MPa 
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Fig 3.23 Polyaxial compression test results of the jointed rock sample having the joint dip direction of 30 

and dip angle of 30 subjected to σ2 = σ3 = 3.384 MPa 

Table 3.6 Polyaxial experimental test results for the intact rock and the jointed rock having 3 joints with 

the dip direction of 30° and joint dip angles of 15° or 30° 

 sample σ3 (MPa) σ2 (MPa) σ1 (MPa) 

Intact rock 
GB1 0 1.128 6.030 

GB2 0 2.256 6.642 

Jo
in

te
d

 r
oc

k
 (

d
ip

 d
ir

ec
ti

on
 =

 3
0

) 

Dip =15 

GC15-1 1.128 3.384 8.301 

GC15-2 1.128 4.512 9.075 

GC15-3 2.256 2.256 9.165 

GC15-4 2.256 4.512 10.792 

GC15-5 2.256 7.896 10.856 

GC15-6 3.384 3.384 11.266 

Dip =30 

GC30-1 1.128 5.640 8.124 

GC30-2 2.256 2.256 8.304 

GC30-3 2.256 5.640 9.311 

GC30-4 2.256 7.896 9.578 

GC30-5 3.384 3.384 9.460 

Table 3.6 shows the summary of the intact rock and jointed rock strength results for the 

aforementioned experimental polyaxial tests. This table shows that for the same minimum 

principal stress, the strength of the intact rock and jointed rock increases with increasing 
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intermediate principal stress. Figs. 3.24 through 3.27 also illustrate this behavior. In Figs. 3.26 and 

3.27, the polyaxial compression tests with the intermediate principal stress equals to 7.896 MPa 

have a slightly higher strength compared to that of the polyaxial compression tests with the 

intermediate principal stress equals to 4.512 MPa. However, their post peak behavior show a 

slightly lower strength. Moreover, Table 3.5 and Figs. 3.28 through 3.30 show a strength reduction 

as the dip angle of the joint set increases from 15° to 30°under the same confining stresses. 

 

Fig 3.24 Comparison of the intact rock strength under the polyaxial compression test with the same 

minimum principal stress equal to 0 and different intermediate principal stresses 
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Fig 3.25 Comparison of the jointed rock strength for samples having dip direction of 30 and dip angle of 

15  under the polyaxial compression test with the same minimum principal stress equals to 1.128 MPa 

and different intermediate principal stresses 

 

Fig 3.26 Comparison of the jointed rock strength for samples having dip direction of 30 and dip angle of 

15  under the polyaxial compression test with the same minimum principal stress equals to 2.256 MPa 

and different intermediate principal stresses 
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Fig 3.27 Comparison of the jointed rock strength for samples having dip direction of 30 and dip angle of 

30  under the polyaxial compression test with the same minimum principal stress equals to 2.256 MPa 

and different intermediate principal stresses 

 

Fig 3.28 The effect of changing the dip angle on the strength of the jointed sample having the dip 

direction of 30 for the polyaxial compression test with σ2 = σ3 = 2.256 MPa 
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Fig 3.29 The effect of changing the dip angle on the strength of the jointed sample having the dip 

direction of 30 for the polyaxial compression test with σ2 = 4.512 MPa and σ3 = 2.256 MPa 

 

Fig 3.30 The effect of changing the dip angle on the strength of the jointed sample having the dip 

direction of 30 for the polyaxial compression test with σ2 = 7.896 MPa and σ3 = 2.256 MPa 
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CHAPTER 4. NUMERICAL MODELING 

As mentioned in the introduction chapter, for numerical modeling, PFC (Particle Flow 

Code) software is chosen because it can conveniently model the block breakage with BPMs as 

well as joint sliding with SJCM for the modeling of the rock masses. PFC is a Distinct Element 

Method (DEM) based software, which uses disks or spherical elements to represent particles. DEM 

method was introduced by Cundall [21] and developed for granular material by Cundall and Strack 

[24]. In this method, particles are assumed as rigid and Newton’s second law controls the 

interactions between the particles. Particles can have contact with adjacent particles and force-

displacement law acts at contacts. 

In this method, macro properties of a synthetic material can be numerically estimated by 

assigning micro mechanical parameter values for particles. This feature also helps to observe the 

effect of confining stresses on the strength. However, due to the presence of higher number of 

micro mechanical parameters compared to the available macro properties and complex behavior 

of the micro mechanical parameters, calibration of micro mechanical parameters is a complicated 

procedure [20, 26, 108, 109]. 

The calibration is one of the most critical and challenging parts in modeling with the PFC. 

Several researches [20, 26, 99, 109, 110] have dealt with this calibration seriously and have 

indicated their findings between the micro and macro parameters. In addition, several others have 

used PFC in modeling intact rock or jointed rock masses [111-117]. However, limited efforts [20, 

109, 118] have been made on the calibration and modeling of the joints with the smooth joint 

contact model (SJCM). 
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In this research, after explanation of the different contact models in the PFC, the micro 

mechanical parameters of the particle flow model for the intact rock are calibrated based on the 

obtained macro mechanical properties and some investigations are made to study the effect of 

some micro parameters on macro properties of the intact rock. Then some of the shortcomings of 

the SJCM to improve its use in modeling jointed rock masses are addressed and solved and micro 

mechanical properties of the particle flow model for the rock joints are calibrated based on the 

experimental tests. Then in Chapters 5 and 6 based on the calibrated micro mechanical properties 

the polyaxial test modeling for the intact rock and jointed samples is explained. 

4.1 Bonded Particle Models 

In the PFC, the intact rock is represented by the bonded particle models (BPMs) as an 

assembly of rigid discs (2D) or spheres (3D) while adjacent discs or spheres are bonded together 

at their contacts. Since particles are rigid, displacement occurs through the penetration, sliding and 

rotation of particles around each other, and the separation of particles. In the PFC, contacts are 

created between each pair of adjacent particles whenever the distance of two adjacent particles (or 

the contact gap, gc,) is lower than the user specified value which is known as the reference gap 

(gr). In the PFC, the result of the subtraction of the reference gap from the contact gap is known 

as the surface gap (gs = gc - gr) [26, 27]. 

In BPMs each contact has two modes: (1) the bonded mode, and (2) the unbonded mode. 

The contact is in the bonded mode when the two particles are bonded to each other at the time of 

assembly. Then if the bonded contact fails due to the applied stress and its strength limit, the 

contact mode changes to the unbonded mode. The Linear Contact Model (LCM) is the common 

unbonded contact model of BPMs. It should be mentioned that it is possible that in the particle 

assembly mode, due to the positive surface gap between the two particles, a bonded contact to be 
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non-existent between them. However, during the execution of the model, their surface gap can 

become zero (or negative), and a new contact can emerge between them. This new contact is also 

a LCM. The LCM can also be used solely to model materials like the cohesionless soil. 

The LCM provides the contact stiffness model which is the linear elastic behavior in the 

normal and shear directions by having the constant normal stiffness, kn, and the constant shear 

stiffness, ks, at the contact point. However, in the shear direction, the maximum shear force, ,  

is limited by imposing the Coulomb criterion with the friction coefficient of . This behavior also 

known as the contact slip model which can be expressed by equation 4.1 [27]. 

                        (4.1) 

In equation 4.1,  is the normal force on the contact between the two particles. The normal 

stiffness and shear stiffness have the following relations with the average radius, , of the two 

particles in a contact, and the Young’s modulus of contact,	 	[27]. 

   	 4	                      (4.2) 

In equation 4.2,  is the ratio of normal to shear stiffness. In PFC by defining  and , 

normal stiffness and shear stiffness are calculated internally and are applied to particle contacts. 

 The LCM cannot bear a tensile force. This means that when the surface gap becomes 

positive the contact is deactivated. Fig. 4.1 shows the rheological components of the LCM. It 

should also be mentioned that since the LCM considers a contact as an infinitesimal interface, it 

could not resist relative rotation. 
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Fig 4.1 Rheological components of the LCM [27] 

The first BPM is the Linear Contact Bond Model (LCBM). In the LCBM, the linear elastic 

behavior is the same as the LCM. However, the LCBM can bear the tensile force, , and the shear 

force, SF, (Fig. 4.2). When the bond breaks in the LCBM due to either the shear force or the normal 

force exceeding the corresponding resistive capacity, the contact changes from the bonded mode 

to the unbonded mode. It should be mentioned that if the bonded contact breaks due to the tensile 

failure, the contact deactivates because the broken contact moves to a LCM, and the surface gap 

becomes positive. Tensile force and shear force caps have the following relations with the normal 

bond strength, ,	and shear bond strength, 	[27]: 

   4                      (4.3) 

   4                     (4.4) 

In the PFC shear and normal bond strengths of LCBM are defined by the mean and standard 

deviation values. 

  

Fig 4.2 Rheological components of the LCBM for the bonded mode [27] 

The LCBM like the LCM, cannot resist relative rotation. In order to solve this problem, the 

Linear Parallel Bond Model (LPBM) was introduced [26]. This model assumes the two particles 
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are cemented to each other with a notional rectangular (2D) or cylindrical (3D) shape of contact 

with the dimension equal to the average diameter of the two particles (2 ). Therefore, this model 

can represent the intact rock behavior better. The LPBM in the bonded mode has two interfaces. 

The first interface is exactly the same as the LCM, and the second interface is called the parallel 

bond. The parallel bond can carry the moment as well as the force. It also has the linear elastic 

behavior with the tensile strength cap ( ), and the shear strength cap ( ̅ ). The relations of shear 

and normal bond strengths of the LPBM with shear force,	 , normal force,	 , normal 

moment,	 , and shear moment,	 , are given by the following equations [26]: 

   
|	 |

                 (4.5) 

   ̅
| | |	 |

          (4.6) 

                       (4.7) 

                     (4.8) 

                    (4.9) 

In the above equations,  is the disk cross section’s moment of inertia,  is the disk cross 

section’s polar moment of inertia and A is the area of the disc cross section. In the PFC, normal 

and shear bond strengths of the LPBM are defined by the mean and standard deviation values. It 

should also be mentioned that a fraction of the average radius can be used instead of  in the 

previous equations. This fraction is ̅ and can have a constant value between 0 and 1. 

LPBM works like a cement material and cement bond particles together. Thus, LPBM can 

model rock material better than LCBM. LPBM is deformable in shear and normal directions 

according to the following stiffnesses [27]. 
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   	 	        (4.10) 

In equation 4.10,  and  are the normal stiffness and shear stiffness of the LPBM, 

respectively;  is the Young’s modulus; L is the distance between the centers of two spheres that 

bond to each other and  is the ratio of normal to shear stiffness of the LPBM. In the PFC,  and 

 are defined instead of  and  [27]. 

  

Fig 4.3 Rheological components of the LPBM for the bonded mode [27] 

In the first proposed LPBM, the shear strength had a constant value while currently this 

value can vary by changing the normal stress according to the Mohr-Coulomb failure criterion. In 

the Mohr-Coulomb failure criterion, the cohesion, ̅, and the friction angle, , should be specified 

for the contact bond. When the parallel bond breaks due to either the tensile stress or the shear 

stress exceeding the corresponding strength value, the parallel bond interface is removed, and the 

LCM interface is activated. Fig. 4.3 shows the rheological components of the LPBM during the 

bonded mode. 

The major problem of LCBM, and LPBM is their inability to model the failure envelop for 

the whole spectrum of rock types. Those can only model rocks with the low internal friction angles, 

and the low ratios of compressive to tensile strength [110, 114]. In order to solve this problem 

some researchers have proposed different methods. Fakhimi [114] proposed the high pressure 

particle assembly by generating the slightly overlapped particles which lead to the higher genesis 
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pressure. Potyondy and Cundall [26] used clustered particles which are made by assembling a 

number of particles with unbreakable bonds to solve the aforementioned problem. 

 

(a) 

 

(b) 

Fig 4.4 (a) Schematic picture of FJCM; (b) partially failing of a contact [27] 

Recently Potyondy [119] proposed the Flat-Joint Contact Model (FJCM) which is used in 

PFC to solve the aforementioned problem. FJCM assumes that the two adjacent particles are 

connected to each other at the interface of the two notional surfaces while each surface is rigidly 

connected to one particle (Fig. 4.4a). This interface is discretized into the finite elements, and the 

two surfaces are bonded to each other in these elements. Therefore, this contact between the two 

particles can break partially through the elements (Fig. 4.4b). In fact, FJCM can show the edge of 

microstructural grains in rocks which causes the model to have a higher internal friction angle. It 

should also be mentioned that for each element, the bond behavior is the same as the bonded 

interface of the LPBM, and the unbonded behavior is the same as the unbonded interface of the 

LPBM while it acts along one element instead of one point (Fig. 4.5). Since this model is relatively 

new, several aspects of FJCM are unknown and it needs more studies. Moreover, the synthetic 

material which is used in this study has the low internal friction angle and low ratios of 

compressive to tensile strength. Thus, LPBM can model the intact rock properly and it is used in 

this research to model the intact rock. 
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Fig 4.5 Rheological components of one element in the FJCM for both bonded and bonded phases [27] 

4.2 Intact rock calibration 

As mentioned above, for the LCBM, 7 micro mechanical parameters ( , , , mean and 

standard deviation of  and  ) and for LPBM, 10 micro mechanical parameters ( , , ,	  

,	 ,	 ̅, mean and standard deviation of  and ̅  ) are necessary. These parameters need to be 

calibrated using macro properties like the uniaxial and standard triaxial strengths, the Young’s 

modulus, tensile strength and Poisson’s ratio. Moreover, particle size distribution should be added 

to micro parameters because the particle size significantly affects macro properties of the modeled 

sample. Therefore, calibration of micro parameters is a very complicated task and some 

assumptions should be used to simplify the calibration procedure. Setting of , 

,	 ̅  and ̅ 1 in LPBM and  in LCBM are some of these assumptions [26, 109] 

Moreover, the effect of each micro parameter on the mechanical behavior of the macro 

sample should be investigated. The PFC manual and some researchers have explained their 

experiences of some effects of these micro parameters [26, 109, 110]. However, the reported 

findings are not comprehensive and further investigations are required to clarify the remaining 

doubts. In this research, mainly the LPBM is used for modeling. However, both the LCBM and 

LPBM are used in certain sections to investigate the effect of different micro parameters.  
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The calibration of micro parameters is based on a trial and error procedure in which the 

micro mechanical parameter values are varied iteratively to match the macro mechanical behaviors 

of the selected synthetic material. In this study, a special calibration sequence suggested by Yang 

et al. [109] was followed to minimize the number of iterations. First, the aforementioned 

assumptions were chosen to reduce the number of independent parameters. Then, the Young’s 

modulus was calibrated by setting the material strengths to a large value and varying  and  to 

match the Young’s modulus between the numerical and laboratory specimens. Next, by changing 

 and , the Poisson’s ratio of the numerically simulated intact synthetic cylindrical specimen 

was matched to that of the laboratory specimen. After calibrating the aforementioned micro 

mechanical parameters, the peak strength between the numerical and laboratory specimens was 

matched by gradually reducing the normal and shear bond strengths of the parallel bonds. 

In the sections given below the effects of some of the micro parameters which have not 

received sufficient attention are explained and investigated based on macro mechanical property 

values of the synthetic rock that are used in this study. 

4.2.1 Particle size 

The first step in PFC modeling is to select the particle size distribution. In this study, the 

uniform distribution is chosen by defining the minimum radius,	 , and the ratio of maximum 

to minimum radius,	  to represent the particle size distribution. Since the particle size is an 

inherent part of material properties, it is not an independent parameter that increases the resolution 

of modeling [26]. By reducing the particle size the ratio of contacts to particles can be increased 

slightly. This ratio increases significantly with reduction of . In the literature, most of the 

researchers have chosen a value between 1.5 and 2 for . In the following section effect of 

particle size on macro parameters is studied for LPBM. 
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Potyondy and Cundall [26] showed reduction in the particle size leading to higher Young’s 

modulus and strength of a macro sample. Fig. 4.6 illustrates this effect on a cubic sample of 

dimension of 288 mm with micro parameter values of 1.66, = =1.25 GPa, = =2.5, 

=0.6, ̅ =1, mean = mean ̅ = 4.4 MPa, std. dev. = std. dev. ̅ =1.1 MPa which were obtained 

from the calibration of the synthetic material. This figure shows that increase of the ratio of sample 

dimension to minimum particle diameter through the reduction of the particle size leads to higher 

strength and Young’s modulus for the modeled sample. 

 

Fig 4.6 Uniaxial compression test results for 288 mm cubic sample with minimum particle diameters of 

2.7 mm, 5.4 mm, 8.1 mm and 10.8 mm; the other micro mechanical parameter values are the same as the 

values given in Table 4.1 

In this modeling, two different methods are used to calculate the stress and strain. The first 

method is based on creating a measurement region using the “measure” command given in the 

PFC software. This command makes a spherical region with a definable radius in the sample and 

calculates stresses and strains based on the forces act between the particles and displacements of 

the particles that are located in this region. In the second method, the stress is found by dividing 
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the total force acting on each wall by its area and the strain is found by calculating the displacement 

of each wall. The strength and Young’s modulus of a sample obtained through the two methods 

are different and the values obtained through the wall method are lower than that obtained through 

the measurement method for the higher values of the particle size. On the other hand, for lower 

values of the particle size, the values obtained through the wall method may exceed that obtained 

through the measurement method. When the ratio of sample dimension to minimum particle size 

is between 60 and 80, the two methods provide very close values. This behavior is illustrated in 

Fig. 4.7. 

 

(a) 

 

(b) 

Fig 4.7 Effect of particle size on (a) Young’s modulus and (b) UCS of modeled sample 

Equations 4.2 and 4.10 show that change of the value of radius of particles affects the 

normal stiffness and shear stiffness of contact and parallel bonds. Therefore, another method was 

chosen to study the effect of particle size on macro parameters in order to eliminate this effect. In 

the new method, the minimum particle size was kept constant and the dimension of the sample 

was increased. 2.7 mm was chosen for the minimum particle diameter and the dimension of the 

cubic sample was varied from 36 mm to 288 mm. Fig. 4.8 shows that increase of the ratio of sample 
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dimension to minimum particle diameter by increasing the sample dimension leads to higher 

strength and Young’s modulus of the sample. 

 

Fig 4.8 Uniaxial compression test results for cubic samples with the minimum particle diameter of 2.7 

mm, and sample dimensions of 36 mm, 72 mm, 108 mm, 144 mm, 180 mm, 216 mm, 252 mm and 288 

mm; the other micro mechanical parameter values are the same as the values given in Table 4.1 

For this analysis too, it was found that the values of strength and Young’s modulus based 

on the wall method are lower than that based on the measurement method for the lower ratio of 

sample dimension to minimum particle diameter. However, as the sample dimension increases 

these values merge and for higher ratio of sample dimension to minimum particle diameter the 

values based on the wall method exceed that based on the measurement method. When the ratio 

of sample dimension to minimum particle size is between 70 and 80, the two methods provide very 

close values. This behavior is illustrated in Fig. 4.9. 
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(a) 

 

(b) 

Fig 4.9 Effect of ratio of sample dimension to minimum particle diameter on (a) Young’s modulus and 

(b) UCS of modeled sample 

Also, it should be mentioned that by increasing both the particle size and sample size and 

keeping the ratio of the sample dimension to minimum particle size constant, increases the uniaxial 

compressive strength but keeps the Young’s modulus more or less constant. This behavior is 

shown in Fig. 4.10 for the cubic sample with the same micro property values as for the cases dealt 

with previously and having sets of minimum particle size/sample dimension of 1.35/54 mm, 

2.7/108 mm, 5.4/216 mm and 10.8/432 mm, respectively. 
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Fig 4.10 Uniaxial compression test results for cubic samples with the minimum particle size/sample 

dimension of 1.35/54 mm, 2.7/108 mm, 5.4/216 mm and 10.8/432 mm, respectively; the other micro 

mechanical parameter values are the same as the values given in Table 4.1 

  

Fig 4.11 Sample used in PFC3D modeling of compression tests 

As mentioned before, the particle size is not a parameter that increases the resolution of 

modeling. Therefore, the convergence analysis that is common with the Finite Element Method 

(FEM) is not applicable in the particle flow approach. Based on all previous illustrations, for 
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further PFC modeling of this study, minimum particle diameter,  = 2.7 mm and  = 1.66 

were selected to perform modeling with a cubic sample of side dimension of 160 mm. Based on 

this selection 103,663 particles and 275,824 contacts are produced in the selected sample (Fig. 

4.11). 

4.2.2 Micro mechanical strength parameters 

Mean values of  and  in LCBM or mean values of  and ̅  in LPBM are assumed to 

be equal in most of the PFC modeling research reported in the literature. Yang et al. [109] showed 

that changing the ratio of 	 ̅⁄  in LPBM affects the failure mode in the sample and the ratio of 1 

is the best value for modeling of synthetic material. Here also this ratio is chosen as 1. 

 

Fig 4.12 PFC3D simulations of uniaxial compression tests using the LPBM with different cov of strength 

values 
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Fig 4.13 PFC3D simulations of uniaxial compression tests using the LCBM with different cov of strength 

values 

For the standard deviation of  and  in the LCBM or the standard deviation of  and 

̅  in the LPBM researchers generally select values equal to 20%-30% of their mean values [99, 

109] note that the % value given here is for the parameter coefficient of variation (cov) of strength. 

The PFC software manual indicates that the standard deviation influences the yield point and range 

of the plastic part in compression tests. In this research, an attempt is made to find other effects of 

this value in modeling. It is clear from the literature that by increasing the cov of the strength and 
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sample can be reduced significantly. However, by increasing ,  and 	in LCBM or ,  ,	  

and ̅  in LPBM along with increase of the cov of the strength the compressive strength and 

Young’s modulus of the sample can be kept constant. Under these conditions, increase of the cov 

of the strength increases the ductile behavior of the sample. Fig. 4.12 and Fig. 4.13 show this effect 

on LCBM and LPBM, respectively. Also, note that increase of cov of strength in LPBM changes 

the failure mode as shown in Fig. 4.14. In Fig. 4.14, the red discs indicate the tensile failures and 

blue discs indicate the shear failures. It is important to note that for the same values of cov of 
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strength and , the LPBM produces more brittle behavior compared to that of the LCBM (Fig. 

4.15). Also note that the LPBM can produce better failure mode compared to that of LCBM (Fig. 

4.16). 

 

(a) 

 

(b) 

 

(c) 

Fig 4.14 Effect of the cov of strength on failure mode of the LPBM (a) cov of strength = 0.1, (b) cov of 

strength = 0.25 and (c) cov of strength = 1.0; red discs stand for tensile failures and blue discs stand for 

shear failures 

 

Fig 4.15 PFC3D simulations of uniaxial compression tests using the LCBM and LPBM with the same cov 

of strength = 0.1 and  = 0.5 
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Fig 4.16 Effect of different bond model (a) LPBM and (b) LCBM on failure mode using the same values 

for cov of strength; red discs stand for tensile failures and blue discs stand for shear failures 

4.2.3 Coefficient of friction 

The other important micro mechanical parameter is . The PFC manual indicates that this 

value affects the post peak behavior; but this effect was found to be insignificant. Generally, the 

Young’s modulus and compressive strength increase with increasing . But by reducing ,  

and 	in LCBM or ,  ,	  and ̅  in LPBM along with increase of  the compressive strength 

and Young’s modulus of the sample can be kept constant (Fig. 4.17 and Fig. 4.18). Accordingly, 

 does not have important influence in the post peak behavior. Numerical modeling shows that by 

increasing the  the internal friction angle of the sample can be increased significantly (Fig. 4.19). 

 

Fig 4.17 PFC3D simulations of uniaxial compression tests using the LPBM with different	  
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Fig 4.18 PFC3D simulations of uniaxial compression tests using the LCBM with different  

 

Fig 4.19 Influence of  on the internal friction angle of the modeled sample 

4.2.4 Calibration 

Based on all the aforementioned findings, the finally calibrated micro parameter values are 

given in Table 4.1 for LPBM. LPBM is chosen since it can better show the properties of rock 

materials. The results of the experimental uniaxial and triaxial compression tests and the simulated 

uniaxial compression test through PFC3D based on the micro parameter values given in Table 4.1 

are illustrated in Fig. 4.20 and Fig. 4.21. Note that in Fig. 4.20 and Fig. 4.21, the laboratory 

experimental curves show a non-linear portion for low axial stress values. It is not possible to 
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simulate that with PFC3D modeling. Therefore, for better comparison between the laboratory 

curves and the PFC3D simulation, the PFC3D curve is shifted to the right to skip the non-linear 

portion of the laboratory curves. Table 4.2 also shows the obtained macro mechanical parameter 

values based on PFC3D simulations. Fig. 4.20, Fig. 4.21 and Table 4.2 show the accuracy and 

capability of the particle flow approach for the considered synthetic rock. It should be mentioned 

that the calibrated micro mechanical parameter values of Table 4.1 for PFC2D are obtained with 

the same procedure that was applied for PFC3D and they are used to show the accuracy of a 

modification conducted on the PFC with respect to the smooth joint contact model which is 

explained in Section 4.3 of this chapter. However, note that the two-dimensional analysis is not 

used to propose a new rock mass strength criterion. 

Table 4.1 Calibrated micro mechanical parameter values of the LPBM for the synthetic intact rock in 

PFC2D and PFC3D 

PFC2D PFC3D 

0.9	mm	

⁄ 1.66	

0.75	GPa	

1.5	

0.5	

mean	 	mean	 ̅ 	4.5	MPa	

std.	dev.	 	std.	dev.	 ̅ 1.125	MPa	

̅	 1 

2.7	mm	

⁄ 1.66	

1.25	GPa	

2.5	

0.6	

mean	 	mean	 ̅ 	4.4	MPa	

std.	dev.	 	std.	dev.	 ̅ 1.1	MPa	

̅	 1 

Table 4.2 Macro mechanical property values estimated for the synthetic rock from laboratory tests and 

PFC3D modeling results 

 
Uniaxial 

strength (MPa) 

Tensile 
strength 
(MPa) 

Cohesion 
(MPa) 

Angle of internal 
friction (deg.) 

Young’s 
modulus 

(GPa) 

Poisson’s 
ratio 

Experimental 
test 

5.57 1.23 1.9 24 1.07 0.2 

PFC3D 
modeling 

5.63 1.35 2.0 22 1.03 0.22 
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Fig 4.20 Comparison between experimental and PFC3D simulation results of uniaxial compression test 

 

Fig 4.21 Comparison between experimental and PFC3D simulation results of triaxial compression tests 

4.3 Smooth-joint contact model (SJCM) 

Before the SJCM was introduced to the PFC, joints were modeled by removing the bonds 

of the contacts around the intended joint plane or degrading their strength. This process also 
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bond removing or degrading was applied on any contact in which the centers of the two particles 

lied on the opposite sides of the intended joint plane. Later, by defining a region with a thickness 

for the intended joint, bond removing or degrading was applied on any contact in which the particle 

centers were located inside this region, or on any contact in which the center of one of the two 

particles was located inside this region and the center of the other particle was located outside this 

region (Fig. 4.22). This method was first used on the bonded particle assembly with LCBM by 

Cundall [120] in 2D, and Kulatilake et al. [99] in 3D. Later other researchers [121, 122] used this 

method on the bonded particle assembly with LPBM to study on the shear behavior of rock joints. 

As shown in Fig. 4.23a, in this method the particles on the opposite sides of the intended joint 

should slide on their perimeters. Therefore, the imposed joint plane of the LCM of the PFC code 

is not the intended joint plane. The imposed joint plane is a tangent line to the contact point of the 

two particles and it results in an inherent roughness on the joint [99]. This roughness leads to 

unrealistic behaviors such as a preliminary dilation and a higher friction angle. In order to solve 

this problem Cundall and his colleagues [123] proposed the SJCM. 

 

(a) 

 

(b) 

 

(c) 

Fig 4.22 The bonded model (a) before removing the bonds, (b) after removing the bonds corresponding to 

the joint plane, and (c) after removing the bonds corresponding to the joint region having a finite 

thickness (black line(s) represent(s) the intended joint plane, orange lines show the implemented joint 

planes, green lines represent bonded contacts, and red points show the removed bonded contacts). 
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In the SJCM, a hypothetical joint plane is created at the contact between each pair of 

particles parallel to the intended joint plane if the two particle centers lie on the opposite sides of 

the intended joint plane (Fig. 4.23b). On this hypothetical joint plane, the two particles are able to 

cross each other by sliding along their hypothetical joint plane instead of moving on their 

perimeters (Fig. 4.23b). Therefore, the SJCM eliminates the unwanted roughness that occurred in 

the bond removing or degradation method. Therefore, in each time step of the execution of the 

model, displacements, and forces are calculated in the normal and tangential directions with 

respect to the two surfaces of each smooth-joint contact [31]. 

 

 

(a) 

 

 

(b) 

Fig 4.23 Force components, and particle motion of (a) the linear contact model, and (b) the smooth-joint 

contact model (after [27]) 

The SJCM provides the linear elastic behavior in the normal and shear directions by 

specifying the constant normal stiffness, kn
J, and the constant shear stiffness, ks

J
, along the contact 
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line. The SJCM can be bonded or unbonded to model the cohesive or non-cohesive joints, 

respectively. For the unbonded SJCM, the maximum shear force is limited by imposing the 

Coulomb criterion with the friction coefficient of  J. However, for the bonded SJCM, this model 

provides the linear elastic behavior with the tensile strength cap ( ), and the shear strength cap 

( ). The shear strength can vary according to the Mohr-Coulomb failure criterion by specifying 

the cohesion, c J, and friction angle, . When the bond breaks, the bonded SJCM changes to the 

unbonded SJCM (Fig. 4.24). 

 
  

Fig 4.24 Rheological components of the SJCM [27] 

The SJCM can have two modes: (1) the small strain mode, and (2) the large strain mode. 

In the small strain mode, irrespective of the surface gap value, the contact is always active. 

However, in the large strain mode, the contact is active only if the surface gap is negative. The 

smooth-joint contacts are usually assigned in the bonded particle assembly by replacing those 

bonded contacts in which the centers of the two particles lie on the opposite sides of the intended 

joint plane. In other words, the bonded contact is replaced by the smooth-joint contact if the 

intended joint plane intersects the hypothetical contact line that connects between the centers of 

the two particles. 

During the particle assembly in the PFC, if the surface gap between the two particles is 

positive, a contact does not occur between them. However due to the particle movements, if the 
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surface gap between these two particles becomes zero, a new contact occurs between the two 

particles. This contact is a smooth-joint contact if the line between the two particle centers 

intersects the intended joint plane; otherwise, this contact is a linear contact. 

Although the SJCM has increased the versatility and accuracy of the PFC in the jointed 

rock mass modeling and several researchers [109, 116, 117, 124] have used SJCM as a part of 

jointed rock mass modeling in different geomechanical problems, limited efforts [118, 125] have 

been made to find and improve the shortcomings of this model as well as the effects of the micro 

parameters of the SJCM on the macro mechanical behavior of a joint. In the following sections, 

two shortcomings of the SJCM are explained and some methods are proposed to solve them. 

4.3.1 Interlocking problem 

Bahaaddini et al. [126] during a two-dimensional modeling of the direct shear test on a saw 

cut joint using the PFC2D realized that when the shear displacement of the joint exceeds the 

minimum particle diameter, the shear stress suddenly increases from the constant value of the joint 

shear strength. They explained this behavior by introducing the concept of interlocking particles 

(Fig. 4.25). As it was mentioned before, the smooth-joint contacts are generally created in the 

bonded particle assembly by replacing those bonded contacts for which the lines connecting the 

centers of the particles intersect the intended joint plane. Due to that, the rock sample is cut into 

two separate bonded parts, which are named as: (1) the upper bonded part, and (2) the lower 

bonded part based on their relative positions with respect to the intended joint plane. These two 

parts are connected to each other at the smooth-joint contacts (Fig. 4.25a). When a new contact 

occurs later due to movement of the particles, if the line between the two particle centers intersects 

the intended joint plane, it is a smooth-joint contact; otherwise, it is a linear contact. Bahaaddini 

et al. [126] indicated that some of these new linear contacts make this interlocking problem. 
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(a) 

 

(b) 
  

(c) 

Fig 4.25 (a) The created upper and lower bonded parts after applying an intended joint plane; the 

interlocking particle is shown in purple color, and the center of it is located beneath the intended joint 

plane, and belongs to the lower bonded part; (b) the created new linear contact due to the center of the 

purple ball crossing the intended joint plane after applying the normal, and shear stresses (green lines 

represent bonded contacts, red lines show the smooth-joint contacts, and the yellow dot shows the linear 

contact); (c) the stress concentration on the interlocking particle (yellow lines represent compressive 

forces, and red lines represent tensile forces) (modified after [126]) 

During the direct shear test, due to the normal and shear stresses, it is possible for a particle 

that belongs to either the upper or the lower bonded parts to cross the intended joint plane, and to 

get located in the opposite side of the intended joint plane. Then, due to sliding, it is possible for 

this particle to have a new contact with a particle belonging to the opposite bonded part. This new 

contact is a linear contact because these two particles are now located in the same side of the 

intended joint plane, and the hypothetical line between the two particle centers does not intersect 

the intended joint plane. On the other hand, this particle still has bonded contact with the particles 

of its own bonded part that is located on the opposite side of the intended joint plane in regards to 

the current position of this particle. It seems that the PFC software does not change these bonded 

contacts to the smooth-joint contacts even though the lines connecting their centers cross the 

intended joint plane. Therefore, the new contact is a part of the joint even though this contact is 

not a smooth-joint contact (Fig. 4.25b). In this situation, the two particles of this contact cannot 
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slide on each other parallel to the intended joint plane and they should slide on their perimeters. 

Moreover, the defined normal stiffness and shear stiffness for the LCM are generally much higher 

compared to that of the SJCM. Consequently, these particles give rise to a rigid asperity on the 

joint surface. In this situation, the stress concentrates around this contact (Fig. 4.25c) and the shear 

stress increases if it is calculated based on the particle forces acting on the lateral walls on the 

opposite halves of the direct shear box in the opposite directions. However, if the shear stress is 

calculated based on the shear forces acting on the smooth-joint contacts, the shear stress drops due 

to the stress concentration acting on the non-smooth-joint contacts (Fig. 4.26). The reason for this 

is the omission of the shear force acting on the non-smooth joint in the calculation. A particle that 

creates this problem is termed as an interlocking particle. 
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(b) 

Fig 4.26 The effect of interlocking particles on the shear strength of the joint in the direct shear test based 

on calculating the shear stress from the particle forces acting on the lateral walls on the opposite halves of 

the direct shear box in the opposite directions (red line), and based on the shear forces acting on the 

smooth-joint contacts (blue dash-line) in (a) PFC2D, and (b) PFC3D (for PFC3D and PFC2D, the minimum, 

and maximum particle diameters were 1 mm, and 1.5 mm, respectively; note the shear box length is 60 

mm; the LPBM was chosen for modeling of the intact rock with mean tensile, and shear strengths of 5 

MPa, and standard deviations of 1 MPa,  a friction coefficient of 0.5, and a Young’s modules of 1.2 GPa; 

for the SJCM, a normal stiffness of 10 GPa/m, a shear stiffness of 2 GPa/m, and a friction coefficient of 

0.5 were chosen) 

Figure 4.26a shows that at the shear displacement of 0.9 mm which is close to the minimum 

particle diameter (Dmin = 1 mm) the interlocking occurs, and the values of shear stress from the 

two different methods deviate. This problem occurs for the PFC2D around the minimum particle 

diameter because in the joint shearing the new contact is created when one particle crosses the 

other particle through their smooth-joint contact, and is placed on the other side of that. In the 

PFC3D, due to the spatial arrangement of the particles in 3-D, it occurs at a lower shear 

displacement. On the other hand, due to the spatial arrangement of the particles in 3-D, the dilation 
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angle caused by the interlocking behavior is lower than that of the PFC2D. Therefore, the effect of 

the interlocking particle on the shear strength of the joint is lower in the PFC3D compared to that 

of the PFC2D. These two differences between the PFC2D and PFC3D are illustrated in Fig. 4.26. In 

this figure, the interlocking starts at a shear displacement of 0.9 mm for the PFC2D while it occurs 

at a shear displacement of 0.35 mm for the PFC3D. Besides, in the PFC2D the shear stress based on 

the wall increases more than twice of the shear strength of the joint while this increase in the PFC3D 

is less than half of the joint shear strength. Moreover, in the PFC3D because the number of particles 

around the joint plane is higher, and the particles have spatial arrangement in 3D, the number of 

interlocking particles is higher than that in the PFC2D. Thus, the number of unwanted fractures 

around the joint is also higher in the PFC3D compared to that of the PFC2D. 

The interlocking problem is dependent on not only the shear displacement along the joint 

plane but also on the normal stress acting on the joint plane, the joint normal stiffness, the length 

of the joint, and the particle size. The expected value of the number of interlocking incidents 

decreases in response to several factors. These include cases with lower normal stress, higher joint 

normal stiffness, higher ratio of the particle size to the joint length, and higher ratio of the particle 

size to the shear displacement. These conditions can potentially bring down the number of 

interlocking incidents to as low as zero. 

The interlocking happens when the centers of some particles are close to the intended joint 

plane. In this situation, with small displacements, the centers of these particles can cross the 

intended joint plane, and potentially make this problem. In order to solve this issue Bahaaddini et 

al. [126] suggested the Shear Box Genesis (SBG) approach as a new approach for the particle 

generation in the modeling of the direct shear test. In this approach, the particles are generated 

separately in two different halves of the box to represent the shear box in the direct shear test. Then 



112 
 

these two halves are placed on each other, and the intended joint plane is added at their common 

boundary. Finally, the SJCM is applied on the contacts that connect the two boxes together (Fig. 

4.27). In this way, the centers of the particles that lie on the opposite sides of the intended joint 

plane are far enough from the intended joint plane to avoid creating the interlocking particles. 

Applying a joint with specific surface topography is the other benefit of this method that helps to 

study asperity degradation during joint shearing. 

 

 

(a) 

 

(b) 

Fig 4.27 Shear box genesis approach: (a) generating particles in two different boxes; (b) assembling the 

two boxes and adding the smooth joint contacts between them (after [126]) 

Generally, the purpose of the direct shear test modeling is to estimate the micro mechanical 

properties of the smooth-joint contact to use them on the modeling of jointed rocks. Unfortunately, 

in the SBG approach the number of smooth-joint contacts between the two boxes is smaller than 

that in the regular approach. For example, in Fig. 4.27 the number of primary smooth-joint contacts 

is 4, while this number is 14 in Fig. 4.26. Thus, in SBG, the stress concentrates on a limited number 

of particles in applying the normal force. This stress concentration increases the possibility of the 

sample failure at a lower value of the normal stress. This possibility gets worse in PFC3D due to 

the spatial position of the particles in 3D. Due to the aforementioned reasons, even though the 

SBG is useful to model the direct shear test, it has limited applicability to model the joints in 
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jointed rock masses. Therefore, to solve the interlocking problem two new approaches are 

proposed as follows: (1) joint plane checking approach, and (2) joint sides checking approach. The 

difference of these two approaches compared to the regular approach, unlike the SBG approach, 

is in the checking of the contacts around the intended joint plane, and they do not have any 

modification on the smooth joint contact creation procedure currently exist in the particle 

generation in the PFC2D and PFC3D. 

4.3.1.1 Joint plane checking approach 

As it was mentioned before, in the Joint Plane Checking (JPC) approach, unlike the SBG 

approach, a method similar to the regular approach is used to add the smooth joint contacts on the 

bonded particle assembly. The difference of this approach compared to the regular approach is in 

the checking of the contacts around the intended joint plane during the numerical modeling 

process. In each time step, the contacts between the particles in one side of the intended joint plane 

with the particles in the other side of the intended joint plane are checked to have the SJCM. If a 

non-smooth-joint contact is found, it is replaced by the smooth-joint contact (Fig. 4.28). Thus, the 

particles in the opposite sides of the intended joint plane are always separated from each other by 

the smooth-joint contacts, and the interlocking problem never occurs. 

 

(a) 

 

(b) 



114 
 

Fig 4.28 Joint plane checking approach: (a) the purple particle is located beneath the joint plane after 

applying an intended joint plane; (b) the bonded contacts of the purple particle are replaced by the 

smooth-joint contacts due to the purple particle crossing the intended joint plane during shearing 

Fig. 4.29 shows the PFC2D results for the direct shear test performed on a saw cut joint with 

a normal stress of 1 MPa. In this modeling, the LPBM is chosen to model the intact rock and the 

unbonded SJCM with no dilation angle is chosen to model the saw cut joint. The bond average 

shear, and tensile strengths ( , and ̅ ) are 5 MPa with a deviation of 1 MPa, the LPBM Young’s 

modulus,	  , and the LCM Young’s modulus,	 , are 1.2 GPa, the LPBM stiffness ratio,	 , and 

the LCM stiffness ratio, , are 1.5, and the LPBM friction coefficient, , and the LCM friction 

coefficient,	 , are 0.5. For the unbonded SJCM, the normal stiffness, , is 10 GPa/m, the shear 

stiffness,	  , is 2 GPa/m, and the friction coefficient,	 , is 0.5. Besides, the minimum, and 

maximum particle sizes are 1 mm, and 1.5 mm respectively. 
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(b) 

   

(c) 

Fig 4.29 PFC2D results for the direct shear test on a saw cut joint with a normal stress of 1 MPa: (a) shear 

stress based on the walls versus shear displacement; (b) shear stress based on the smooth-joint contacts 

versus shear displacement; (c) joint normal displacement versus shear displacement 
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Fig. 4.29 shows that the interlocking problem is solved by using the JPC approach but it 

underestimates the shear strength if the shear stress is calculated based on the particle forces acting 

on the lateral walls on the opposite halves of the direct shear box in the opposite directions. This 

behavior can be explained by the procedures of this approach clearly shown in Fig. 4.28. In Fig. 

4.28a, the smooth-joint contacts are assigned between the particles which are located in opposite 

sides of the intended joint plane. Then in Fig. 4.28b, the purple ball crosses the intended joint 

plane. Such a particle is potentially can be an interlocking particle. Therefore, the JPC approach 

replaces the bonded contacts between the purple ball and the yellow balls with the smooth-joint 

contacts because the lines connecting their centers intersect the intended joint plane. In this 

manner, the purple particle is separated from the two bonded parts, and behaves like a filling 

between the two joint surfaces. This behavior is also visible in Fig. 4.29c through the higher normal 

deformation compared to the regular approach. It should be mentioned that it may not be 

appropriate to change the smooth-joint contact of the purple particle with the particles of the upper 

bonded part to the bonded contact due to the high overlap of these particles. Moreover, in reality 

it is impossible that one piece is detached from one part, and is attached to the opposite part. 

4.3.1.2 Joint sides checking approach 

To solve the JPC shortcoming, the Joint Sides Checking (JSC) approach is proposed. In 

this approach, after applying the SJCM for the contacts around the intended joint plane like in the 

regular approach, before the shearing starts, the particles with their centers located beneath the 

joint are marked as downside particles, and the particles with their centers located above the joint 

are marked as upside particles (Fig. 4.30a). Then during the shear displacement, irrespective of the 

location of the centers of the two particles, the new contacts between the downside particles, and 
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upside particles are checked to be the SJCM; if a non-smooth-joint contact is found, this contact 

is changed to a smooth-joint contact (Fig. 4.30b). 

 

(a) 

 

(b) 

Fig 4.30 Joint side checking approach: (a) marking of particles on the opposite sides of the intended joint 

plane [the upside (yellow), and the downside (green)]; (b) the new smooth-joint contact created between 

the purple particle from the downside group and the orange particle from the upside group 

Fig. 4.29 shows that the results obtained by implementing the JSC approach is more 

accurate than that obtained through the other approaches. Besides, the results for the regular 

approach and the JSC approach are the same before the interlocking occurs in the regular approach. 

After the interlocking, the shear stress based on the walls increases (Fig. 4.29a), and the shear 

stress based on the smooth-joint contacts decreases (Fig. 4.29b) while the shear stress stays 

constant for the JSC approach in both diagrams. Moreover, after the interlocking, the joint normal 

displacement increases rapidly in the regular approach while in the JPC and JSC approaches the 

joint normal displacement continues its decreasing trend. Although based on the theory the joint 

normal displacement should stay constant, because the number of smooth-joint contacts reduces 

during the shearing, the normal force on each contact increases, and thus the sample compresses 

more. This reduction in the number of the smooth-joint contacts is due to two reasons. The first 

one is due to the disk shape of particles. Because of the disk shape, the two particles get separated 



118 
 

from each other during a small displacement. The second reason is the reduction of the connected 

area of the two joint surfaces. 

It should be mentioned that the slight difference between the numerical modeling and the 

theory before reaching the shear strength in Fig. 4.29 arises from the failure of a few bonds around 

the joint. Moreover, the 0.1 mm compaction of the sample at the zero shear displacements in Fig. 

4.29c comes from the normal stress implementation on the sample before the shearing starts. Fig. 

4.31 shows the bond failures of the aforementioned direct shear test around the intended joint plane 

due to the shearing for different joint adding approaches. In the regular approach, the interlocking 

particles cause more cracks around them. However, in the JPC, and JSC approaches only a few 

cracks occur in some bonds around the intended joint plane. 

 

(a) 

 

(b) 

 

(c) 

Fig 4.31 Bond failures close to the intended joint plane in the (a) regular approach, (b) JPC approach, and 

(c) JSC approach (blue lines are the tensile bond failures, and red lines are the shear bond failures) 

In order to show the effect of the different joint adding approaches in jointed rock mass 

modeling, different types of compression tests on a sample with one joint are modeled using PFC2D 

and PFC3D after the joint calibration with the experimental results. 
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4.3.2 Modified smooth-joint contact model 

As mentioned in the previous chapter, the joint normal stiffness and the joint shear stiffness 

are two important parameters to describe the deformation of discontinuities in rock and the joint 

normal stiffness varies with the normal stress acting on the joint surfaces. However, in the SJCM, 

the joint normal stiffness, , is assigned a constant value. Therefore, the normal stress-

displacement law for the SJCM has a constant slope equal to  (Fig. 4.32a). If this model is used 

to model a joint in a sample, depending on the values used for the joint normal stress and joint 

normal stiffness, the joint closure value can be either overestimated or underestimated. Therefore, 

equation 4.1 is proposed to introduce a new nonlinear model for the SJCM based on the Kulatilake 

et al. [107] model which was explained in chapter3.  In using Kulatilake et al. [107] model the 

following equation is used to update  proportional to the normal stress on the smooth-joint 

contact,	 . 

   max ,              (4.1) 

where  is the minimum value for , and  is a constant coefficient. Because in the PFC, 

the unit of   is , the unit of B should be . The normal stress-displacement law for this 

Modified Smooth-Joint Contact Model (MSJCM) is shown in Fig. 4.32b.  

Fig. 4.33 shows the effect of  and  on the normal compressive stress versus the 

joint normal displacement diagram using PFC2D. The same figure shows the comparison for the 

same relation using the linear SJCM model and the non-linear MSJCM model. In the MSJCM, as 

 increases the curvature of the normal stress - joint normal displacement diagram increases and 



120 
 

the normal joint displacement decreases. Increase of  reduces the joint normal displacement 

by decreasing the initial joint normal displacement.  

 

(a) 

 

(b) 

Fig 4.32 Normal stress - normal displacement law for (a) SJCM and (b) MSJCM 

 

Fig 4.33 Normal compressive stress versus joint normal displacement for SJCM and MSJCM 

Bahaaddini et al. [127] suggested another method to obtain the non-linear behavior for the 

normal stress – joint normal displacement relation in working with the SBG approach. They 

proposed to use two different values for . The lower one is used for the primary smooth-joint 
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contacts of the joint plane, and the higher one is used for the secondary smooth-joint contacts that 

occur later due to the application of the normal stress. Although it leads to a non-linear behavior, 

in this research MSJCM is suggested because it is practical in jointed rock mass modeling and has 

physical and theoretical backgrounds. 

4.3.3 Calibration 

As mentioned before, estimation of the micro mechanical parameters is a trial and error 

procedure. The direct shear and joint normal stiffness tests were modeled using the PFC2D as well 

as the PFC3D to estimate appropriate micro mechanical parameter values that can reproduce the 

macro property values as close as possible to the property values given in Table 3.5. In the joint 

test modeling, the micro mechanical properties in Table 4.1 are used for the intact rock. In this 

research for the rock joint, the MSJCM is chosen for the final numerical modeling. Besides, in the 

next section, in order to illustrate the influence of the different joint creating approaches on the 

biaxial and polyaxial test results, micro properties for the MSJCM are found for the regular, JPC, 

and JSC joint creating approaches. Table 4.3 shows the micro parameter values obtained for the 

MSJCM. 

Table 4.3 Calibrated micro mechanical parameter values of the MSJCM for the synthetic rock joint in 

PFC2D and PFC3D 

 PFC2D PFC3D 

 regular JPC JSC regular JPC JSC 

 0.5 0.5 0.5 0.5 0.5 0.5 

 
(GPa/m) 

1.0 1.0 1.0 1.0 1.0 1.0 

 
(GPa/m) 

4.0 4.0 4.0 4.0 4.0 4.0 

 
(1/mm) 

29.5 31.0 29.5 31.0 31.5 31.0 
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(a) 

 

(b) 

Fig 4.34 (a) Shear stress-shear displacement diagrams for 2 direct shear tests and PFC modeling results; 

(b) normal stress-joint normal deformation diagrams based on 4 experimental jointed uniaxial 

compression test results, the average of exponential fit for normal stress-joint normal deformation 

relation, and PFC modeling result based on the MSJCM 
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Fig. 4.34a and Fig. 4.34b show the numerical results for the modeling of the direct shear 

test and the joint normal stiffness test, respectively. To avoid cluttered diagrams, in this figure, 

only the result obtained using the PFC3D with the JSC approach is shown. For the shear test except 

for the regular smooth joint approach and for the joint normal stiffness test all of the numerical 

results for the different approaches with PFC2D and PFC3D have close results to the results shown 

in Fig. 4.34. In the direct shear test, for the regular smooth joint approach, the result obtained prior 

to interlocking occurs are also similar to the ones shown in figure 4.34a. It should be mentioned 

that for the final models which are used to find the new rock mass failure criterion, the MSJCM 

with JSC approach is used in the PFC3D. 

4.3.4 Comparison of different joint adding approaches 

To find the effect of the different joint adding approaches on the biaxial test results, this 

test is modeled using the PFC2D for each joint adding approach on a sample having a joint at the 

middle of the sample with a dip angle varying from 0 to 90 at an interval of 15. The sample has 

160 mm height and 60 mm width and a confining stress of 1 MPa applied on the lateral sides. 

Values given in Tables 4.1 and 4.3 were used in representing the micro properties of the particles 

and the joints used in the model. The numerical modeling results are also compared with the 

Jaeger’s theory. 

Several researchers [14, 19, 99] showed that in the experimental tests with persistent joints, 

unlike what is assumed in the Jaeger’s theory, it is not correct to separate the mode of failure to 

just sliding along the joint plane or just failing through the intact rock for all the dip angles. For 

most dip angles a mixed mode of failure generally occurs partly through the intact rock and partly 

along the joint. When the dip angle is close to 45 plus half the internal friction angle (say around 

60) the jointed sample almost fails sliding on the joint only. When the joint dip angle is either 
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zero or 90 the jointed sample mainly fails through the intact rock. However, they also showed 

that the strength of a jointed sample with a vertical joint is usually lower than that of a jointed 

sample with a horizontal joint and the strength of a jointed sample with a horizontal joint is usually 

slightly lower than that of an intact sample. Therefore, the most reliable values from Jaeger’s 

theory correspond to 60, 0 and 90. For dip angles 15 and 30 the correct strength of the jointed 

sample should be lower than that predicted by the Jaeger’s theory because the jointed sample fails 

through a mixed mode rather than only through the intact rock. For dip angles 45 and 75 the 

correct strength of the jointed sample should be higher than that predicted by the Jaeger’s theory 

because the jointed sample fails through a mixed mode rather than only sliding on the joint.  

 

Fig 4.35 Effect of different joint representing approaches on the strength-joint dip angle relation of the 

jointed sample for the biaxial test with 1 MPa confining stress using PFC2D 

Fig. 4.35 shows that all of the aforementioned experimental test behavior are captured by 

the JSC approach as follows: (a) the strength value of the modeled sample is close to the Jaeger’s 

theory for the dip angles of 0, 60 and 90; (b) the strength value of the modeled sample is lower 
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than that of the Jaeger’s theory for the dip angles of 15 and 30; and (c) the strength value of the 

modeled sample is higher than that of the Jaeger’s theory for the dip angles of 45 and 75. 

Fig. 4.35 also shows that the JPC approach results are close to the JSC approach results 

with a slight underestimation. However, it is clear that the regular approach overestimates the 

strength of the jointed sample (compare the results for 60). This overestimation is due to the 

interlocking problem. Fig. 4.36 shows the difference of the sample fracturing for different joint 

adding approaches for a sample having a joint with 60 dip angle. For this joint dip angle with a 

confining stress of 1 MPa the sample should slide along the joint without fracturing through the 

intact rock; it is captured by the JPC and JSC approaches (see Fig. 4.36b and Fig. 4.36c). However, 

due to the interlocking problem in the regular approach, several fractures have occurred around 

the intended joint plane (see Fig. 4.36a). For the dip angle of 75 because the joint intersects the 

top and the bottom boundaries of the sample rather than the lateral faces, the sample cannot slide 

freely on the joint plane. Due to this the different approaches show almost the same strength results 

(Fig. 4.35). 

The polyaxial test is used for checking the difference among the different joint adding 

approaches as well as to check the power and accuracy of the PFC3D in modeling the jointed 

samples. In this part, two groups of tests are modeled with all different joint adding approaches to 

cover different possible situations. In the first group, the joint has a dip direction of 0 and the dip 

angle varies from 0 to 90 at an interval of 15. In the second group, the dip angle is 60 and the 

dip direction varies from 0 to 90 at an interval of 15. In all tests the minimum principle stress 

(  is parallel to the dip direction of 90 with a value of 0.5 MPa, and the intermediate principle 
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stress (  is parallel to the dip direction of 0 with a value of 1 MPa. The numerical modeling 

results are also compared with the Jaeger’s theory extended to 3-D. 

 

(a) 

 

(b) 
 

(c) 

Fig 4.36 Bond failure at the selected value of the axial stress in the biaxial test on the jointed sample with 

confining stress of 1 MPa and joint dip angle of 60 for the different joint representing approaches (a) 

regular approach, (b) JPC approach, and (c) JCS approach (blue lines indicate tensile cracks, and red lines 

indicate shear cracks) 

Fig. 4.37 shows the difference among all joint adding approaches for the aforementioned 

two test groups. Fig. 4.37a shows a similar behavior as explained in the previous section. However, 

the difference of the results between the regular joint adding approach and the other two 

approaches is much lower for the polyaxial test using the PFC3D compared to that of the biaxial 

test using the PFC2D. This behavior has occurred due to the higher number of particles around the 

joint plane and the spatial arrangement of the particles in 3D modeling; these aspects reduce the 

sensitivity of the results on the interlocking particles. Although the strength difference of the 

regular approach compared to the other two approaches is less significant, it still causes several 
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unwanted fractures around the intended joint plane. For example, in the sample with the joint dip 

direction of 0 and the dip angle of 60 the number of failed bonds at the peak shear stress is 418 

for the JSC approach, 450 for the JPC approach and 987 for the regular approach. 

 

(a) 

 

(b) 

Fig 4.37 The effect of different joint representing approaches on the strength-joint orientation (dip and dip 

direction angles) relation for the jointed sample in the polyaxial test with 0.5 MPa minimum principle 

stress in the direction of 90 from north, and 1 MPa intermediate principle stress in the direction of 0 
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from north using PFC3D: (a) the strength-joint dip angle relation for the jointed sample having joint dip 

direction of 0; (b) the strength-joint dip direction angle relation for the jointed sample having joint dip 

angle of 60 

Fig. 4.37b shows that the PFC3D can model the effect of the varying dip direction on the 

strength of the sample. In this figure by changing the dip direction from 0 to 90, the lateral stress 

which resists the joint sliding varies from  = 1 MPa to  = 0.5 MPa. Therefore, the strength of 

the sample reduces by increasing the dip direction in this range. Note that the strength values 

obtained with the regular joint adding approach for all the dip direction values are higher than that 

obtained using the JPC and JSC approaches. This is due to the interlocking behavior playing a role 

in the regular joint adding approach. In Fig. 4.37, the JPC values are either slightly lower than that 

of the JSC values or they are equal as in Fig. 4.35. This confirms the consistency of the JPC and 

JSC approaches with respect to the accuracy. 
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CHAPTER 5. INTACT ROCK STRENGTH 

In this chapter, an attempt is made to find the best failure criterion for the intact rock by 

considering the six major failure criteria discussed in Chapter 2. Existing attempts in the literature 

are based on the experimental tests on different rock types with lack of data for the high  values 

or low  values. Thus, a possibility exists for this lack of data to influence the strength criteria 

fitting results. To remove this shortcoming, in this research numerical modeling is used to model 

a synthetic rock failure incorporating a wide range of confining stresses. The obtained numerical 

data are then used to fit the aforementioned intact rock failure criteria in Chapter 2. Then, these 

criteria are compared and the accuracy of the criteria is investigated based on the obtained Root 

Mean Square Error (RMSE) values. The RMSE is calculated using the following equation: 

   ∑ 	                    (5.1) 

where, n is the number of data,  is the ith strength value which is obtained by a failure criterion 

and  is the ith strength value obtained from the numerical modeling. 

5.1 Numerical modeling 

In the numerical modeling, three different test types are simulated on the synthetic intact 

rock using PFC3D to find a suitable intact rock failure criterion for the selected model material. In 

these simulations, cubic samples of side dimension 160 mm were used with micro mechanical 

property values given in Table 4.1. The first test is the triaxial test ( ). In simulating 

this test, the hydraulic stress equal to the minimum principal stress was applied on the sample until 

the sample reached the equilibrium (Fig. 5.1a). Then the stresses on the lateral faces were kept 

constant ( ) and the axial stress was increased until the sample failed (Fig. 5.1b). 
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(a) 

 

(b) 

Fig 5.1 Different steps of applying the confining stresses for the triaxial compression tests  

The second type of test simulated is the polyaxial (true-triaxial) test ( ). In this 

test like in the conventional triaxial test, the hydraulic stress equal to the minimum principal stress 

was applied on the sample until the sample reached the equilibrium (Fig. 5.2a). Then the stress on 

one lateral direction was kept constant ( ) and the stress equal to the intermediate principal 

stress was applied in the other two directions until the sample reached the equilibrium (Fig. 5.2b). 

Finally, the stress in the second lateral direction was kept constant ( ) and the axial stress in 

the vertical direction was increased until the sample failed (Fig. 5.2c). 

 

(a) 

 

(b) 

 

(c) 

Fig 5.2 Different steps of applying the confining stresses in the polyaxial compression tests 
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The third test type simulated is the biaxial test ( ). In this test like in the two 

previous tests, the hydraulic stress equal to the minimum principal stress was applied on the sample 

until the sample reached the equilibrium (Fig. 5.3a). Then the stress on one lateral direction was 

kept constant ( ) and the stresses in the other two directions were increased until the sample 

failed (Fig. 5.3b). 

 

(a) 

 

(b) 

Fig 5.3 Different steps of applying the confining stresses in the biaxial compression tests  

Fig. 5.4 and Table 5.1 show the test results obtained from the PFC3D modeling for the all 

aforementioned tests. For convenience, the polyaxial test is used for all the aforementioned 

modeled tests. These data show that the intermediate principal stress has a significant effect on the 

intact rock strength and it can increase the intact rock strength up to about 25%. Moreover, the 

intermediate principal stress changes the fracturing plane direction in a sample. Fig. 5.5 shows that 

the distribution of the normal vector direction to the fracturing plane of the bonds is more or less 

isotropic when the minimum and intermediate principal stresses are equal. However, with 

increasing difference between the intermediate principal stress and minor principal stress the 

normal vector direction to the fracturing plane gradually rotates to the minimum principal stress 

direction. 
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Table 5.1 Polyaxial test results from PFC modeling for the intact rock 

 σ2 (MPa) σ1 (MPa) 

σ3 = 0 

0.000 5.519 

1.128 6.431 

2.256 6.763 

3.384 6.800 

4.512 6.623 

σ2=σ1 6.343 

σ3 = 1.128MPa 

1.128 8.349 

2.256 9.225 

3.384 9.741 

4.512 10.025 

5.640 10.118 

6.768 10.017 

7.896 9.681 

σ2=σ1 9.376 

σ3 = 2.256MPa 

2.256 10.596 

3.384 11.447 

4.512 12.002 

5.640 12.363 

6.768 12.538 

7.896 12.587 

9.024 12.435 

10.152 12.071 

σ2=σ1 11.561 

σ3 = 3.384MPa 

3.384 12.749 

4.512 13.661 

5.640 14.284 

6.768 14.729 

7.896 14.985 

9.024 15.089 

10.152 15.098 

11.280 14.919 

12.408 14.478 

σ2=σ1 13.726 
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Fig 5.4 Polyaxial test results obtained from PFC3D modeling 

It is important to note that the increasing confining stresses lead to increasing the ratio 

between the number of shear cracks and tensile cracks that occur on bonds. However, the 

increasing difference between the intermediate principal stress and minor principal does not affect 

this ratio. 
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(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

Fig 5.5 Bond fracturing plane directions on an equal area stereonet at the peak stress for different minor 

and intermediate principal stress values: a) σ3 = σ2 = 0; b) σ3 = 0 and σ2 = 1.128 MPa; c) σ3 = 0 and σ2 = 

2.256 MPa; d) σ3 = σ2 = 1.128 MPa; e) σ3 = 1.128 MPa and σ2 = 2.256 MPa; f) σ3 = 1.128 MPa and σ2 = 

3.384 MPa; g) σ3 = σ2 = 2.256 MPa; h) σ3 = 2.256 MPa and σ2 = 3.384 MPa; i) σ3 = 2.256 MPa and σ2 = 

4.512 MPa (σ1 is in the vertical direction, σ2 is in the north-south direction and σ3 is in the east-west 

direction) 

Figs. 5.6 and 5.7 compare the results of the experimental tests with that of the numerical 

modeling. They show that the numerical model is reasonably accurate. 
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Fig 5.6 Comparison of the experimental test and PFC modeling of the intact rock for the polyaxial 

compression test with the confining stresses of σ3 = 0 and σ2 = 1.128 MPa 

 

Fig 5.7 Comparison of the experimental test and PFC modeling of the intact rock for the polyaxial 

compression test with the confining stresses of σ3 = 0 and σ2 = 2.256 MPa 
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5.2 Intact rock failure criteria 

In the following sections, the aforementioned six major failure criteria’s fitting results for 

the data obtained through PFC3D numerical modeling are discussed in detail. 

5.2.1 Mohr-Coulomb criterion 

Fig. 5.8 illustrates the regression relation obtained between the major and minor principal 

stresses of the numerical modeling data for the Mohr-Coulomb failure criterion (equation 2.2) with 

R2 value of 0.95. Therefore, equation 5.2 can be used to express the Mohr-Coulomb failure 

criterion for this synthetic rock. 

   2.303 6.692                        (5.2) 

Fig. 5.9 shows the comparison obtained between the Mohr-Coulomb failure criterion fitting 

lines (solid lines) and the polyaxial data given in Fig. 5.4. The obtained RMSE value for this 

criterion is 0.642. It is obvious that this model is not able to capture the effect of intermediate 

principal stress. 

 

Fig 5.8 Relation obtained between the maximum and minimum principal stresses for the Mohr-Coulomb 

failure criterion (R2 value is 0.95) 
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Fig 5.9 Obtained Mohr-Coulomb failure criterion fits and the polyaxial data given in Fig. 5.4 for the 

synthetic intact rock 

5.2.2 Hoek-Brown criterion 

Fig. 5.10 shows the regression relation obtained between the major and minor principal 

stresses of the numerical modeling data for the Hoek-Brown failure criterion (equation 2.5) with 

R2 value of 0.95. The Hoek-Brown failure criterion obtained for the synthetic intact rock material 

is given by equation 5.3: 

   6.506	 3.586
.

1		                (5.3) 

Fig. 5.11 shows the comparison obtained between the Hoek-Brown failure criterion fitting 

lines (solid lines) and the polyaxial data given in Fig. 5.4. The obtained RMSE value for this 

criterion is 0.618. It is obvious that the Hoek-Brown failure criterion is not able to capture the 

effect of the intermediate principal stress. 
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Fig 5.10 Relation obtained between the maximum and minimum principal stresses for the Hoek-Brown 

criterion (R2 value is 0.95) 

 

 

Fig 5.11 Obtained Hoek-Brown failure criterion fits and the polyaxial data given in Fig. 5.4 for the 

synthetic intact rock 
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5.2.3 Drucker-Prager criterion 

Fig. 5.12 shows the relation obtained between and ⁄  for the Drucker-Prager failure 

criterion (equation 2.6) with R2 value of 0.87. Therefore, the Drucker-Prager failure criterion for 

the synthetic intact rock material can be given by equation 5.4: 

   ⁄ 0.381 2.462                (5.4) 

Fig. 5.13 shows the obtained Drucker-Prager lines along with the polyaxial data given in 

Fig. 5.4. This failure criterion lines significantly deviates from the polyaxial data. The obtained 

RMSE value of 0.952 for this criterion shows even a higher error than that obtained for Hoek-

Brown and Mohr-Coulomb criteria. 

 

Fig 5.12 Relation obtained between J1 and J1
1/2 for the Drucker-Prager failure criterion (R2 value is 0.87) 
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Fig 5.13 Obtained Drucker-Prager failure criterion fits along with the polyaxial data given in Fig. 5.4 for 

the synthetic intact rock 

5.2.4 Modified Lade criterion 

In the Modified Lade criterion since determination of S and  directly by solving equations 

2.12-2.14 is difficult, an indirect method is chosen to find those. In the indirect method, different 

values are chosen for S and  by selecting values for C and  from a grid in a reasonable range 

and using equations 2.15 and 2.16. Then the failure stresses corresponding to different minimum 

and intermediate principal stresses are found through equations 2.12-2.14. Afterwards, the best 

combination of C and  is found by minimizing the RMSE. In Fig. 5.14, the obtained RMSE 

values are shown for different values of cohesion and internal friction angle. The minimum RMSE 

found was 0.272 MPa. It resulted in the best values for the internal friction angle and cohesion as 

20.00o and 1.97 MPa, respectively. 
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Fig 5.14 Obtained RMSE values for the Modified Lade failure criterion for different combinations of 

friction angle and cohesion 

Fig. 5.15 shows the obtained Modified Lade strength criterion fits along with the polyaxial 

data given in Fig. 5.4. This criterion seems to fit the data well. 

 

Fig 5.15 Obtained Modified Lade failure criterion fits and the polyaxial data given in Fig. 5.4 for the 

modeled synthetic intact rock 
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5.2.5 Modified Wiebols and Cook criterion 

In the Modified Wiebols and Cook criterion, finding A, B and C coefficients directly from 

equation 2.17 is difficult. Thus, the best regression should be found by minimizing the RMSE 

using a procedure similar to that used in working with the Modified Lade criterion. 

 

Fig 5.16 Obtained RMSE values for the Modified Wiebols and Cook failure criterion for different 

combinations of friction angle and cohesion 

In Fig. 5.16, the obtained RMSE values are shown for different values of cohesion and 

internal friction angle. The minimum RMSE found was 0.307 MPa. It resulted in the best values 

for the internal friction angle and cohesion as 21.40o and 1.81 MPa, respectively. Fig. 5.17 shows 

the obtained Modified Wiebols and Cook strength criterion fits along with the polyaxial data given 

in Fig. 5.4. This figure shows that this criterion fits data well but its accuracy is slightly less than 

that of the Modified Lade criterion fit. 
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Fig 5.17 Obtained Modified Wiebols and Cook failure criterion fits and the true-triaxial data given in Fig. 

5.4 for the modeled synthetic intact rock 

5.2.6 Mogi criterion 

As mentioned in Chapter 2, the Mogi and Modified Mogi criteria are empirical criteria with 

equations 2.24 and 2.25 in which the linear and power functions are the two best functions for  

and  in these equations. Fig. 5.18 shows the linear and power function regressions obtained 

between  and  with the same R2 value of 0.97. Mogi’s 1971 failure criterion for the 

modeled synthetic intact rock material can be given by equations 5.5 and 5.6: 
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Fig 5.18 Obtained linear (the blue solid line) and power regression (the red dash line) fits between τoct and 

(σ1 + σ3) for the Mogi 1971 failure criterion (R2 value for both the linear and power regressions is 0.97) 

 

Fig 5.19 Obtained Mogi 1971 criterion fits and the polyaxial data given in Fig. 5.4 for the modeled 

synthetic intact rock based on the linear (eqn. 5.5) and power (eqn. 5.6) functions 
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Fig. 5.19 shows the obtained Mogi’s 1971 criterion fits along with the polyaxial data given 

in Fig. 5.4 for the linear (eqn. 5.5) and power (eqn. 5.6) functions. This criterion fits the data well 

with the RMSE values of 0.409 and 0.370 for the linear and power functions, respectively. Because 

the difference between the RMSE values for the linear and power functions is negligible and use 

of the linear function is simpler, it is recommended to use the linear function. 

In the Modified Mogi 1971 criterion (based on equation 2.25), the best  value should be 

found properly. Fig. 5.20 shows the effect of  on RMSE for the linear and power functions. The 

best  values for the linear and power functions were found to be 0.14 and 0.13, respectively. 

Since these values are small, the results of this criterion are not much different to that of Mogi 

1971 criterion based on equation 2.24. 

 

Fig 5.20 Relation between  and RMSE for the Modified Mogi 1971 failure criterion (eqn. 2.25) based 

on the linear and power functions 
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Fig. 5.21 shows the obtained Modified Mogi 1971 criterion fits (based on eqns. 5.7 and 

5.8) along with the polyaxial data given in Fig. 5.4. This criterion fits the data very well with the 

obtained RMSE values of 0.341 and 0.301 for the linear and the power functions, respectively. 

Since the Modified Mogi failure criterion with the power function has the lowest RMSE value 

among the other Mogi’s criteria this criterion is used to represent the Mogi’s criterion in this 

research. 

 

Fig 5.21 Obtained Modified Mogi 1971 criterion fits and the polyaxial data given in Fig. 5.4 for the 

modeled synthetic intact rock based on the linear (eqn. 5.7) and power (eqn. 5.8) functions 

5.3 Comparison between the failure criteria  

The aforementioned analyses show that the three best strength criteria are the Modified 

Lade (ML), Modified Wiebols and Cook (MWC) and Modified Mogi (MM). Among these three 

strength criteria, the Modified Lade criterion has the lowest RMSE value and the RMSE values 

0

4

8

12

16

0 5 10 15

σ 1
(M

P
a)

σ2 (MPa)

σ3 = 0

σ3 = 1.128 Mpa

σ3 = 2.256 MPa

σ3 = 3.384 MPa

Modified Mogi (linear)

Modified Mogi (power)

σ1 = σ2



147 
 

obtained for the Modified Wiebols and Cook and Modified Mogi criteria are about 10% higher 

than that of the Modified Lade criterion which is very low. The Modified Wiebols and Cook 

criterion slightly underestimates the strength for lower values of  compared to the Modified 

Mogi and Modified Lade criteria. Besides, for higher values of  the Modified Lade and Modified 

Wiebols and Cook criteria predict higher strength compared to the Modified Mogi criterion. Fig. 

5.22 shows the differences between these three strength criteria. However, their differences are 

small. 

 

Fig 5.22 Comparison between the Modified Mogi, Modified Lade and Modified Wiebols and Cook 

failure criteria for the modeled synthetic intact rock 
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fitting results. To investigate the effects of this issue on these three failure criteria, regression 

analyses were performed using only a part of the available PFC3D modeling data. Just the data 

available for the lowest three   values for each  level was chosen for the new analyses termed 

as “limited data” analyses. Therefore, only 12 data points out of the available 33 data points were 

used in the limited data analyses. These 12 data points are the first three data points with the lowest 

intermediate principal stresses for each minimum principal stress sets. 

The RMSE values obtained for the limited data analyses for the Modified Lade, Modified 

Wiebols and Cook and Modified Mogi criteria based on the aforementioned 12 data points (n=12 

in eqn. 5.1) turned out to be 0.21, 0.22 and 0.09, respectively. The RMSE value based on the 

Modified Mogi is about 50% lower than that of the other two criteria values. The fittings obtained 

from the limited data analyses were then used to make predictions for all 33 confining stress 

combinations. The RMSE values resulted from the latter mentioned analyses based on all 33 data 

(n=33 in eqn. 5.1) turned out to be 0.34, 0.47 and 0.40 for the Modified Lade, Modified Wiebols 

and Cook and Modified Mogi criteria, respectively. This indicated that although the difference 

among these values is small, the Modified Lade criterion encountered the least effect in extending 

the prediction from the limited data analysis to full data analysis. In other words, it turned out to 

be the most stable prediction. Moreover, the Modified Mogi criterion has the highest difference 

between RMSE values based on the limited and total data. 
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Fig 5.23 Difference between the total data and the limited data fits for the Modified Lade failure criterion 

 

Fig 5.24 Difference between the total data and the limited data fits for the Modified Wiebols and Cook 

failure criterion 
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Fig 5.25 Difference between the total data and the limited data fits for the Modified Mogi failure criterion 

with the power function regression 
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principal stresses and the predicted strength values based on the limited data are lower than the 

predicted strength values based on the total data. 
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CHAPTER 6. RESULTS AND ANALYSES ON ROCK MASS STRENGTH 

To develop a suitable rock mass failure criterion, PFC3D modeling should be extended to 

jointed rock blocks. Therefore, various jointed rock blocks with diverse joint dip angles and dip 

directions are selected for the numerical modeling. Twenty different joint systems with one and 

two joint sets are chosen to cover different types of non-orthogonal fracture systems. Joint sets 

have different dip angles varying from 15 to 60 at an interval of 15 with dip directions of 30 

and 75. Each joint set has 3 joints with the joint spacing of 42 mm in a cubic sample of size 160 

mm. 

In this chapter, first the numerical compression test results on the jointed rock blocks are 

presented and the effects of joint system and boundary conditions on the strength of the jointed 

rock blocks are discussed. Besides, the numerical modeling results are compared with the 

experimental test results to verify the accuracy of the PFC3D in modeling of the jointed rock blocks. 

Then a new rock mass strength criterion is proposed by incorporating the minor and intermediate 

principal stresses as well as the fracture tensor components to quantify the effect of the fracture 

systems. 

6.1 Numerical modeling of jointed rock blocks 

Similar to the numerical modeling performed on the intact rock (see the previous chapter), 

three different compression test types: (a) biaxial test, (b) triaxial test and (c) polyaxial (or true-

triaxial) test were simulated on all twenty joint systems using the same confining stress 

combinations that were used for the PFC3D modeling of the intact rock. In the PFC3D modeling of 

the jointed rock blocks, the calibrated micromechanical properties of the intact rock from Table 

4.1 for the LPBM and the calibrated micromechanical properties of the joints from Table 4.3 for 
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the MSJCM with the JSC approach were used. In the following, the numerical results are presented 

and discussed based on their joint systems. 

6.1.1 Jointed samples with one joint set having dip direction of 30 

In this section, the numerical modeling results of the jointed rock models having 3 joints 

with 41 mm joint spacing, 30 joint dip direction and various joint dip angles from 15 to 60 at 

an interval of 15 are presented. Fig. 6.1 shows the schematic diagrams of the jointed rock blocks 

and their PFC3D model geometries. In Fig. 6.1, the angle between the intermediate principal stress 

direction and the joint dip direction is 30. This means  has more effect on the mechanical 

behavior of the jointed blocks compared to that of . In the schematic diagrams of Fig. 6.1, green, 

red and blue axes represent the directions of ,  and , respectively.  

a) 
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b) 

 
 

c) 
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d) 

 
 

Fig 6.1 Schematic (left) and modeled PFC3D (right) diagrams of the jointed rock blocks which have 3 

joints with dip direction of 30 and dip angles of (a) 15, (b) 30, (c) 45 and (d) 60 (the maximum 

principal stress, the intermediate principal stress and the minimum principal stresses are applied on the 

top face, on the front left face and on the right front face, respectively). 

Table 6.1 and Figs. 6.2-6.5 show the rock block strength values for the jointed and intact 

rock models under different confining stress conditions. The jointed rock models have resulted in 

lower strength values compared to that of the intact rock model for each combination of the 

confining stresses. However, for each  level in the jointed rock models, the reduction of the 

strength after reaching the peak strength due to increase of  seems to be lower compared to that 

of the intact rock model; in some cases, the strength reduction does not seem to exist especially 

for low  values and high joint set dip angles. This behavior is influenced by the direction and 

magnitude of the intermediate principal stress which is explained in detail in the following 

paragraphs. 

Since the intermediate principal stress operates against the joint sliding in the jointed rock 

blocks, increase of  boosts the shear strength of the joints. For low dip angles since the jointed 



156 
 

rock bocks fail through the intact rock even for low  values, increase of the shear strength of the 

joints does not play an important role on increasing the jointed rock block strength; therefore, 

increase of the  value should have the same effect on the strength of the jointed rock block 

models compared to those of the intact rock models. For example, in Fig. 6.2 for the jointed rock 

block with the dip angle of 15, the jointed rock block strength variation due to the  variation 

for each minimum principal stress has the same trend compared to that of the intact rock. The same 

behavior also exists for high joint dip angles subjected to high  values because under these 

conditions the jointed rock blocks fail predominantly through the intact rock, irrespective of the 

 value, similar to the jointed rock blocks with low dip angles. 

 On the other hand, for high joint dip angles subjected to low , jointed rock blocks tend 

to fail sliding on the joints; thus, joint shear strength plays a major role on the strength of the 

jointed rock blocks. Under these conditions, since increase of  increases the shear strength of 

the joints, the jointed rock bock strength increases monotonically. As an example, the strength of 

the jointed rock block having the dip angle of 45 under the minimum principal stress values of 0 

and 1.128 (green and violet dash points in Fig. 6.4) shows this behavior. 

It should be mentioned that the aforementioned two behaviors can be considered as two 

extreme cases of jointed rock block behaviors due to  variation.  The other possible behaviors 

depend on the minimum principal stress value and the joint set orientations. The jointed rock block 

failure due to  variation can be classified into the following 5 different behaviors: (a) failure 

only through sliding on the joints, (b) failure only through the intact rock, (c) a  transition mode of 

failure between the failure only through sliding on the joints and failure only through the intact 

rock, (d) a transition mode of failure between the failure only through sliding on the joints and the 

mixed mode failure through the joints and intact rock and (e) a transition mode of failure between 
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the mixed mode failure through the joints and intact rock and failure only through the intact rock. 

It should be also mentioned that for jointed rock blocks having more than one joint set, failure 

through sliding on the joints can switch from one joint set to another joint set by changing . 

Moreover, all of the aforementioned behaviors can be also observed for the variation of   or the 

joint set orientations. 

For the compression polyaxial test on the jointed rock blocks, boundary stress 

combinations similar to those applied for the intact rock were applied. Certain jointed samples did 

not reach the equilibrium conditions only after applying the confining stresses (even before 

increasing the axial stress) according to the loading procedures mentioned in Chapter 5 for the 

polyaxial tests. This status is labeled as “unstable” in Tables 6.1-6.5. 

 

Table 6.1 Polyaxial compression test results from the PFC3D modeling for the intact rock model and the 

jointed rock models having 3 joints with the dip direction of 30° and different joint dip angles from 15° to 

60° at an interval of 15° 

  Intact rock strength 
Jointed rock block strength with one joint 

set (dip direction=30°) 
   Dip=15° Dip=30° Dip=45° Dip=60° 
 σ2 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) 

σ 3
 =

 0
 

σ2=σ3 5.519 4.931 2.815 0.969 1.021 

1.128 6.431 5.732 4.583 3.763 3.591 

2.256 6.763 6.048 5.314 4.355 4.241 

3.384 6.800 6.112 5.482 4.277 Unstable 

4.512 6.623 Unstable Unstable Unstable Unstable 

σ2=σ1 6.343 5.778 5.415 4.884 4.944 

σ 3
 =

 1
.1

28
 M

P
a 

σ2=σ3 8.349 7.130 5.652 5.390 5.360 

2.256 9.225 7.965 6.842 6.589 7.040 

3.384 9.741 8.325 7.386 7.108 7.527 

4.512 10.025 8.475 7.647 7.285 7.445 

5.640 10.118 8.524 7.595 7.232 7.098 

6.768 10.017 8.384 Unstable Unstable Unstable 

7.896 9.681 Unstable Unstable Unstable Unstable 

σ2=σ1 9.376 8.413 7.722 7.379 7.179 
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σ 3
 =

 2
.2

56
 M

P
a 

σ2=σ3 10.596 9.200 7.742 7.563 7.983 

3.384 11.447 10.266 8.855 8.752 9.254 

4.512 12.002 10.761 9.459 9.280 9.854 

5.640 12.363 11.000 9.723 9.410 10.120 

6.768 12.538 11.108 9.807 9.379 10.044 

7.896 12.587 11.151 9.779 9.346 9.692 

9.024 12.435 11.063 Unstable Unstable Unstable 

10.152 12.071 Unstable Unstable Unstable Unstable 

σ2=σ1 11.561 10.710 9.842 9.453 9.180 

σ 3
 =

 3
.3

84
 M

P
a 

σ2=σ3 12.749 11.447 9.751 9.448 10.149 

4.512 13.661 12.569 10.951 10.688 11.297 

5.640 14.284 13.166 11.599 11.372 12.104 

6.768 14.729 13.480 11.976 11.654 12.621 

7.896 14.985 13.667 12.115 11.672 12.748 

9.024 15.089 13.853 12.197 11.592 12.623 

10.152 15.098 13.835 12.318 11.506 12.388 

11.280 14.919 13.788 12.308 Unstable Unstable 

12.408 14.478 13.323 Unstable Unstable Unstable 

σ2=σ1 13.726 13.073 12.421 11.478 11.562 

 

 

Fig 6.2 Polyaxial test results obtained from PFC3D modeling for the intact rock model and jointed rock 

model having 3 joints with the dip angle and dip direction of 15° and 30°, respectively. 

0

2

4

6

8

10

12

14

16

0 5 10 15

σ 1
(M

P
a)

σ2 (MPa)

Jointed rock, dip angle = 15°, dip direction = 30°
(cricle: intact rock, dash: jointed rock)

σ3=0

σ3=1.128 MPa

σ3=2.256 MPa

σ3=3.384 MPa

σ1=σ2

σ3=0

σ3=1.128 MPa

σ3=2.256 MPa

σ3=3.384 MPa



159 
 

 

Fig 6.3 Polyaxial test results obtained from PFC3D modeling for the intact rock model and the jointed rock 

model having 3 joints with the dip angle and dip direction of 30° and 30°, respectively. 

 

Fig 6.4 Polyaxial test results obtained from PFC3D modeling for the intact rock model and jointed rock 

model having 3 joints with the dip angle and dip direction of 45° and 30°, respectively. 
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Fig 6.5 Polyaxial test results obtained from PFC3D modeling for the intact rock model and jointed rock 

model having 3 joints with the dip angle and dip direction of 60° and 30°, respectively. 

Increase of the minimum principal stress also increases the normal stress acting on the rock 

joint planes at a less degree compared to the effect of intermediate principal stress. Therefore, 

joints can resist against sliding for the high minimum principal stresses. Figs. 6.6-6.9 show this 

behavior. These figures show the percentage of the strength drop due to the  value and the dip 

angle variations for each  level. For example, for the dip angle of 45 in these figures, the 

maximum value of the strength drop reduces with increasing . This maximum value decreases 

from about 93% for  = 0 to about 25% for  = 3.384 MPa. Moreover, these figures show that 

increase of , reduces the percentage of strength drop for each dip angle except for the low dip 

angle of 15. However, because of the nonlinear effect of the intermediate principal stress on the 

intact rock strength for a constant minimum principal stress on one hand and the different failure 

behaviors of the jointed rock blocks which were explained earlier, the percentage of strength drop 

due to the increase of  does not decrease monotonically. 
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Fig 6.6 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the joint set dip angle and the intermediate principal stress for the minimum principal stress equals to 0 

 

Fig 6.7 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the joint set dip angle and the intermediate principal stress for the minimum principal stress equals to 

1.128 MPa 
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Fig 6.8 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the joint set dip angle and the intermediate principal stress for the minimum principal stress equals to 

2.256 MPa 

 

Fig 6.9 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the joint set dip angle and the intermediate principal stress for the minimum principal stress equals to 

3.384 MPa 

Increase of the joint dip angle reduces the strength of the sample; but this phenomenon 

reduces with increasing confining stresses. This behavior is shown in Figs. 6.10-6.13. These 

figures show the percentage of strength drop due to change of  and  for each joint dip angle. 
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In these figures the maximum value of strength drop increases with increasing joint dip angle for 

each . For example, for  = 0 the maximum value increases from about 11% for the joint dip 

angle of 15 to about 89% for the joint dip angle of 60. 

 

Fig 6.10 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the minimum and the intermediate principal stresses for the joint set dip angle equals to 15° 

 

Fig 6.11 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the minimum and the intermediate principal stresses for the joint set dip angle equals to 30° 
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Fig 6.12 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the minimum and the intermediate principal stresses for the joint set dip angle equals to 45° 

 

Fig 6.13 Strength drop for the jointed rock models having 3 joints with dip direction of 30° due to change 

of the minimum and the intermediate principal stresses for the joint set dip angle equals to 60° 

Figs. 6.2-6.13 also show that the increase of  and decrease of the joint dip angle reduce 

the effect of the joint shearing on the jointed rock block strength. Thus, for low confining stresses 

and high joint dip angles, change of  has more effect on the strength of the jointed samples (Figs. 

6.2-6.13). 
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6.1.2 Jointed samples with two joint sets in which the first joint set has dip direction of 30° 

and dip of 15° 

In this section, the numerical modeling results of the jointed rock models having a total of 

6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip direction 

and 15 joint dip angle for the first joint set and 75 joint dip direction and various joint dip angles 

from 15 to 60 at an interval of 15 for the second joint set are presented. 

Fig. 6.14 shows the schematic diagrams of the jointed rock blocks and their PFC3D model 

geometries. In Fig. 6.14, the angle between the intermediate principal stress direction and the first 

and the second joint set dip direction is 30 and 75, respectively. This means  has more effect 

on the mechanical behavior of the first joint set and  has more effect on the mechanical behavior 

of the second joint set. In the schematic diagrams of Fig. 6.14, green, red and blue axes represent 

the directions of ,  and , respectively. 

a) 
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b) 

 
 

c) 
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d) 

 

 

Fig 6.14 Schematic (left) and modeled PFC3D (right) diagrams of the jointed rock blocks which have a 

total of 6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip 

direction and 15 joint dip angle for the first joint set and 75 joint dip direction and dip angles of (a) 15, 

(b) 30, (c) 45 and (d) 60 for the second joint set (the maximum principal stress, the intermediate 

principal stress and the minimum principal stresses are applied on the top face, on the front left face and 

on the right front face, respectively) 

Table 6.2 and Figs. 6.15-6.18 show the rock strength values for the jointed rock models 

with 2 joint sets under different confining stress conditions compared to the strength of intact rock 

model and jointed rock models having 1 joint set with the same properties as the first joint set of 

the rock sample with 2 joint sets (dip = 15 and dip direction = 30). The jointed rock with 2 joint 

sets models have resulted in a lower strength value compared to that of the intact rock model and 

the one joint set jointed models for each combination of the confining stresses. However, for each 

 level in the jointed rock models with two joint sets the reduction of the strength after reaching 

the peak strength due to increase of  is lower compared to that of the intact rock model and in 

some cases the strength reduction is hardly observable. 
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 As explained in Section 6.1.1 this behavior is influenced by the direction and magnitude 

of the intermediate principal stress which lead to different failure behaviors. In this set of results 

since  has more effect on the first joint set which has the low constant dip angle equals to 15 

for all the models, and this joint set does not play an important role on the jointed sample failure 

behavior;  variation also does not have a serious effect on sample failure behavior. 

However, since  has more effect on the second joint set which can have high dip angle 

values, the minimum principal stress plays a major role on the jointed rock failure when the second 

joint dip angle is 30, 45 or 60. For example, in Fig. 6.17 for a constant  value equals to 0 

(green cross points) since the sample fails through the second joint set,  variation does not affect 

the sample failure mode and failure occurs only through sliding on the second joint set. However, 

in Fig. 6.15 for a constant  value equals to 3.384 (red cross points), since jointed sample fails 

through the intact rock,  variation has similar effect on the strength compared to that of the intact 

rock. 

Table 6.2 Polyaxial test results from PFC3D modeling for the intact rock model, the jointed rock model 

having 3 joints with 41 mm joint spacing, 30 joint dip direction and 15 joint dip angle and the jointed 

rock models having 6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 

joint dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction and various joint 

dip angles from 15 to 60 at an interval of 15 for the second joint set 

  Intact rock 
strength 

Jointed rock block 
strength with 1 joint 

set 

Jointed rock block strength with 2 joint 
sets (dip of the second joint set) 

   Dip=15 Dip=15 Dip=30 Dip=45 Dip=60 
 σ2 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) 

σ 3
 =

 0
 

0.000 5.519 4.931 4.271 2.844 0.948 1.213 

1.128 6.431 5.732 5.129 3.271 Unstable Unstable 

2.256 6.763 6.048 5.281 3.072 Unstable Unstable 

3.384 6.800 6.112 5.213 Unstable Unstable Unstable 

4.512 6.623 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 6.343 5.778 5.186 3.391 1.068 1.377 



169 
 

σ 3
 =

 1
.1

28
 M

P
a 

1.128 8.349 7.130 6.628 5.590 5.435 5.534 

2.256 9.225 7.965 7.313 5.886 5.705 5.811 

3.384 9.741 8.325 7.545 5.954 5.710 5.935 

4.512 10.025 8.475 7.484 5.922 5.669 5.971 

5.640 10.118 8.524 7.421 Unstable Unstable Unstable 

6.768 10.017 8.384 Unstable Unstable Unstable Unstable 

7.896 9.681 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 9.376 8.413 7.397 5.938 5.731 6.051 

σ 3
 =

 2
.2

56
 M

P
a 

2.256 10.596 9.200 8.715 7.863 7.585 8.141 

3.384 11.447 10.266 9.439 8.244 7.799 8.695 

4.512 12.002 10.761 9.694 8.403 7.931 8.933 

5.640 12.363 11.000 9.820 8.426 8.030 9.063 

6.768 12.538 11.108 9.903 8.489 8.062 9.088 

7.896 12.587 11.151 10.004 Unstable Unstable 8.902 

9.024 12.435 11.063 Unstable Unstable Unstable Unstable 

10.152 12.071 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 11.561 10.710 9.883 8.651 8.203 8.758 

σ 3
 =

 3
.3

84
 M

P
a 

3.384 12.749 11.447 11.140 10.174 9.828 10.497 

4.512 13.661 12.569 12.074 10.604 10.165 11.323 

5.640 14.284 13.166 12.390 10.798 10.226 11.705 

6.768 14.729 13.480 12.604 10.985 10.388 11.913 

7.896 14.985 13.667 12.741 11.064 10.584 12.035 

9.024 15.089 13.853 12.931 11.185 10.622 11.965 

10.152 15.098 13.835 12.954 11.416 10.851 11.825 

11.280 14.919 13.788 12.948 Unstable Unstable Unstable 

12.408 14.478 13.323 Unstable Unstable Unstable Unstable 

σ2=σ1 13.726 13.073 12.832 11.515 10.928 11.515 

 



170 
 

 

Fig 6.15 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 15 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 15 joint dip angle for the first 

joint set and 75 joint dip direction and 15 joint dip angle for the second joint set 
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Fig 6.16 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 15 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 15 joint dip angle for the first 

joint set and 75 joint dip direction and 30 joint dip angle for the second joint set 
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Fig 6.17 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 15 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 15 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 
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Fig 6.18 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 15 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 15 joint dip angle for the first 

joint set and 75 joint dip direction and 60 joint dip angle for the second joint set 

Figs. 6.19-6.22 show the percentage of strength drop due to the second joint set dip angle 

and  value variations for each  level. Increase of the minimum principal stress increases the 

normal stress acting on the second joint set because the dip direction of the joint set makes a small 

angle with the minimum principal stress direction. Therefore, joints can resist against sliding for 

the high minimum principal stresses as shown in Figs. 6.19-6.22. For example, for the second joint 

set dip angle of 45 in the aforementioned figures the maximum value of the strength drop reduces 

with increasing . This range for the drop from the intact rock and jointed rock with one joint set 

decreases from about 82% and 81% for  = 0 to about 30% and 23% for  = 3.384 MPa, 

respectively. These figures also show that the maximum strength drop occurs when  =  = 0 

and the minimum one happens when  = 3.384 MPa and  = . 
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It should be also mentioned that in these figures, since the properties of the first joint set is 

the same as the properties of the joint set in rock sample with one joint set, the difference between 

the two data sets for the same dip angle and the intermediate stress shows the effect of the first 

joint set on the strength drop. Moreover, the strength drop value from the jointed rock with 1 joint 

set shows the effect of the second joint set on the sample strength. Thus, these figures show that 

the effect of the second joint set on the strength drop in all cases is higher than that of the first joint 

set except when the dip angle of the second joint set is 15 ; note that for this case both joint sets 

have the same dip angle. However, in the other cases because of the higher dip angle of the second 

joint set compared to that of the first joint set, it has higher effect on the jointed rock block strength. 

 

Fig 6.19 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 0 
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Fig 6.20 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 1.128 MPa 
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Fig 6.21 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 2.256 MPa 
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Fig 6.22 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 3.384 MPa 

Increase of the second joint set dip angle, reduces the strength of the sample; but this 

phenomenon reduces with increasing confining stresses. This behavior is shown in Figs. 6.23-6.26. 

These figures show the percentage of the strength drop due to  and  variations for each second 

joint set dip angle. In these figures the maximum value of the strength drop increases with 

increasing dip angle of the second joint set for each . For example, for  = 0 the maximum 

value increases from about 15% for the second joint set dip angle of 15 to about 75% for the 

second joint set dip angle of 60 when the dropped value is calculated from the jointed rock 

strength with 1 joint set. 
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In Figs. 6.23-6.26 as same as the Figs. 6.19-6.22, the strength drop value from the jointed 

rock with 1 joint set shows the effect of the second joint set on the jointed sample strength and the 

difference between the two data sets for the same minimum principal stress and  shows the 

effect of the first joint set on strength drop. As you can see in these figures except for Fig. 6.23 the 

effect of the second joint set on the strength drop is higher than that of the first joint set because 

of its higher dip angle and its direction which is closer to the minimum principal stress. However, 

in Fig. 6.23 since the second joint set has the dip angle equals to the first joint set dip angle (= 

15), the effect of the first joint set on the strength drop is either higher than or equal to the effect 

of the second joint set. 

 

Fig 6.23 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.24 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction and 30 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.25 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction and 45 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

 

Fig 6.26 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 15 joint dip angle for the first joint set and 75 joint dip direction and 60 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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30 joint dip angle for the first joint set and 75 joint dip direction and various joint dip angles 

from 15 to 60 at an interval of 15 for the second joint set are presented. 

Fig. 6.27 shows the schematic diagrams of the jointed rock blocks and their PFC3D model 

geometries. In Fig. 6.27, the angle between the intermediate principal stress direction and the first 

and the second joint set dip direction is 30 and 75 respectively. This means  has more effect 

on the mechanical behavior of the first joint set and  has more effect on the mechanical behavior 

of the second joint set. In the schematic diagrams of Fig. 6.27, green, red and blue axes represent 

the directions of ,  and , respectively. 

a) 
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b) 

 
 

c) 
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d) 

  

Fig 6.27 Schematic (left) and modeled PFC3D (right) diagrams of the jointed rock blocks which have 6 

joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip direction and 

30 joint dip angle for the first joint set and 75 joint dip direction dip angles of (a) 15, (b) 30, (c) 45 

and (d) 60 for the second joint set (the maximum principal stress, the intermediate principal stress and 

the minimum principal stresses are applied on the top face, on the front left face and on the right front 

face, respectively) 

Table 6.3 and Figs. 6.28-6.31 show the rock strength values for the jointed rock models 

with 2 joint sets under different confining stress conditions compared to the strength of intact rock 

model and jointed rock models having 1 joint set with the same properties as the first joint set of 

the rock sample with 2 joint sets (dip = 30 and dip direction = 30). The jointed rock models with 

2 joint sets have resulted in a lower strength value compared to that of the intact rock model and 

the jointed rock models having one joint set for each combination of the confining stresses. 

However, for each  level in the jointed rock models, the reduction of the strength after reaching 

the peak strength due to increase of  is lower compared to that of the intact rock model and in 

some cases the strength reduction does not exist. 
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As explained in Section 6.1.1 this behavior is influenced by the direction and magnitude 

of the intermediate principal stress which lead to different failure behaviors. In this set of results 

since  has more effect on the first joint set which has the constant dip angle of 30 for all the 

models, changing  have effect on the shear strength of the joints. However, since  has more 

effect on the second joint set which can have higher dip angle values than the dip angle of the first 

joint set, minimum principal stress plays a major role on the failure of the jointed rock blocks with 

the second joint set dip angles higher than 30. For example, in Figs. 6.28-6.31 for the data sets 

with constant  equals to 0 (green cross points) by increasing the second joint set dip angle leads 

to a transition from the sliding on the first joint set to the second joint set on the jointed block 

failure. Therefore, when the second joint set dip angle is either 45 or 60 in the aforementioned 

example, increase  does not significantly affect the jointed rock strength because the sample can 

fail freely sliding on the second joint set. 

 

Table 6.3 Polyaxial test results from PFC3D modeling for the intact rock model, the jointed rock model 

having 3 joints with 41 mm joint spacing, 30 joint dip direction and 30 joint dip angle and the jointed 

rock models having 6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 

joint dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction and various joint 

dip angles from 15 to 60 at an interval of 15 for the second joint set 

  Intact rock 
strength 

Jointed rock block 
strength with 1 joint 

set 

Jointed rock block strength with 2 joint sets 
(dip of the second joint set) 

   Dip=30 Dip=15 Dip=30 Dip=45 Dip=60 
 σ2 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) 

σ 3
 =

 0
 

0.000 5.519 2.815 2.783 2.273 0.746 0.834 

1.128 6.431 4.583 4.285 2.919 Unstable Unstable 

2.256 6.763 5.314 4.749 2.745 Unstable Unstable 

3.384 6.800 5.482 4.792 Unstable Unstable Unstable 

4.512 6.623 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 6.343 5.415 4.975 3.060 1.137 1.287 
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σ 3
 =

 1
.1

28
 M

P
a 

1.128 8.349 5.652 5.601 4.936 4.861 4.962 

2.256 9.225 6.842 6.381 5.368 5.304 5.541 

3.384 9.741 7.386 6.723 5.469 5.328 5.743 

4.512 10.025 7.647 6.830 5.492 5.300 5.835 

5.640 10.118 7.595 6.646 Unstable Unstable Unstable 

6.768 10.017 Unstable Unstable Unstable Unstable Unstable 

7.896 9.681 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 9.376 7.722 6.851 5.558 5.392 5.839 

σ 3
 =

 2
.2

56
 M

P
a 

2.256 10.596 7.742 7.730 7.119 6.963 7.351 

3.384 11.447 8.855 8.752 7.621 7.383 8.042 

4.512 12.002 9.459 8.988 7.749 7.570 8.441 

5.640 12.363 9.723 9.062 7.818 7.595 8.594 

6.768 12.538 9.807 8.901 7.859 7.635 8.640 

7.896 12.587 9.779 8.868 Unstable Unstable Unstable 

9.024 12.435 Unstable Unstable Unstable Unstable Unstable 

10.152 12.071 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 11.561 9.842 9.058 7.996 7.759 8.475 

σ 3
 =

 3
.3

84
 M

P
a 

3.384 12.749 9.751 9.721 9.104 9.003 9.413 

4.512 13.661 10.951 10.717 9.709 9.367 10.221 

5.640 14.284 11.599 11.008 9.944 9.603 10.551 

6.768 14.729 11.976 11.135 10.060 9.672 10.622 

7.896 14.985 12.241 11.232 10.114 9.690 10.809 

9.024 15.089 12.499 11.388 10.171 9.837 10.976 

10.152 15.098 12.679 11.523 Unstable Unstable Unstable 

11.280 14.919 12.878 Unstable Unstable Unstable Unstable 

12.408 14.478 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 13.726 12.735 11.830 10.516 10.085 11.046 
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Fig 6.28 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 30 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 15 joint dip angle for the second joint set 
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Fig 6.29 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 30 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 30 joint dip angle for the second joint set 
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Fig 6.30 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 30 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 
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Fig 6.31 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 30 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 60 joint dip angle for the second joint set 

Increase of the minimum principal stress increases the normal stress acting on the rock 
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direction and the minimum principal stress direction is small. Therefore, joints can resist against 
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respectively. These figures also show that the maximum strength drop from the intact rock occurs 

when  =  = 0 and the minimum one happens when  = 3.384 MPa and  = . 

As mentioned in Section 6.1.2, the strength drop value from the jointed rock models with 

1 joint set shows the effect of the second joint set on the sample strength and the difference between 

the two data sets for the same dip angle and intermediate principal stress shows the effect of the 

first joint set on the strength drop. In Fig. 6.32 the trend of the strength drop from the intact rock 

based on  variation is downward while the trend of the strength drop from the jointed rock with 

one joint set based on  variation is upward for most of the  values. This means the gap between 

the two data sets decreases with increasing . This behavior decreases as the minimum principal 

stress increases; increase of the intermediate principal stress reduces the effect of the first joint set 

shearing on the strength of jointed rock blocks. A similar behavior but at a lower level is also 

visible in Fig. 6.33. However, for high minimum principal stresses (Figs. 6.34 and 6.35) this 

behavior occurs only for low intermediate principal stresses (the left part of the figures) since for 

the high confining stresses samples just fail through the intact rock and the joint shearing does not 

play a major role. 
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Fig 6.32 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 0 

 

Fig 6.33 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction for the second joint 
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set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 1.128 MPa 

 

Fig 6.34 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 2.256 MPa 
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Fig 6.35 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 3.384 MPa 

Increase of the joint dip angle of the second joint set reduces the strength of the sample; 

but this phenomenon reduces with increasing confining stress. This behavior is shown in Figs. 

6.36-6.39. These figures show the percentage of the strength drop due to  and  variation for 

each second joint set dip angle. In these figures the maximum value of the strength drop increases 

with increasing second joint set dip angle for each . For example, for  = 0 the maximum value 

increases from about 50% and 12% for the second joint set dip angle of 15 to about 85% and 78% 

for the joint second dip angle of 60 when the dropped value is calculated from the intact rock and 

jointed rock strength with 1 joint set, respectively. 

As explained in Section 6.1.2, in Figs. 6.36-6.39, the strength drop value from the jointed 

rock with 1 joint set shows the effect of the second joint set on the sample strength and the 

difference between the two data sets for the same minimum principal stress and  shows the 

effect of the first joint set on strength drop. As you can see in Figs. 6.36 and 6.37 since the second 

joint set has a lower or equal dip angle compared to the dip angle of the first joint set, the effect of 

the first joint set on the strength drop is either higher or equal to that of the second joint set. 

However, in Figs. 6.38 and 6.39 the effect of the second joint set on the strength drop is higher 

than that for the first joint set for  = 0 because of its high dip angle and its dip direction being 

close to the minimum principal stress direction and leading to joint sliding on the failure of jointed 

rock blocks. 
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Fig 6.36 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.37 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction and 30 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

 

Fig 6.38 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction and 45 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.39 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 30 joint dip angle for the first joint set and 75 joint dip direction and 60 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

6.1.4 Jointed samples with two joint sets in which the first joint set has dip direction of 30° 

and dip of 45° 

In this section, the numerical modeling results of the jointed rock models having 6 joints 

formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip direction and 

45 joint dip angle for the first joint set and 75 joint dip direction and various joint dip angles 

from 15 to 60 at an interval of 15 for the second joint set are presented. 

Fig. 6.40 shows the schematic diagrams of the jointed rock blocks and their PFC3D model 

geometries. In Fig. 6.40, the angle between the intermediate principal stress direction and the first 

and the second joint set dip direction is 30 and 75 respectively. This means  has more effect 

on the mechanical behavior of the first joint set and  has more effect on the mechanical behavior 
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of the second joint set. In the schematic diagrams of Fig. 6.40, green, red and blue axes represent 

the directions of ,  and , respectively. 

a) 

 
 

b) 
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c) 

 
 

d) 

  

Fig 6.40 Schematic (left) and modeled PFC3D (right) diagrams of the jointed rock blocks which have 6 

joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip direction and 

45 joint dip angle for the first joint set and 75 joint dip direction dip angles of (a) 15, (b) 30, (c) 45 

and (d) 60 for the second joint set (the maximum principal stress, the intermediate principal stress and 

the minimum principal stresses are applied on the top face, on the front left face and on the right front 

face, respectively) 
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Table 6.4 and Figs. 6.41-6.44 show the rock strength values for the jointed rock models 

with 2 joint sets under different confining stress conditions compared to the strength of intact rock 

model and jointed rock models having 1 joint set with the same properties as the first joint set of 

the rock sample with 2 joint sets (dip = 45 and dip direction = 30). The jointed rock models with 

2 joint sets have resulted in a lower strength value compared to that of the intact rock model and 

the jointed rock models with one joint set for each combination of the confining stresses. However, 

for each  level in the jointed rock models, the reduction of the strength after reaching the peak 

strength due to increase of  is lower compared to that of the intact rock model and in some cases 

the strength reduction does not exist. 

As explained in the previous sections this behavior is influenced by the direction and 

magnitude of the intermediate principal stress which lead to different failure behavior. In this set 

of results since  has more effect on the first joint set which has the constant dip angle of 45 for 

all the models, changing  have effect on the shear strength of the joints. However, since  has 

more effect on the second joint set which can have different dip angle values, the minimum 

principal stress can play a major role on the jointed rock failure for the second joint set dip angles 

that are higher than that of the first joint set. 

Table 6.4 Polyaxial test results from PFC3D modeling for the intact rock model, the jointed rock model 

having 3 joints with 41 mm joint spacing, 30 joint dip direction and 45 joint dip angle and the jointed 

rock models having 6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 

joint dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction and various joint 

dip angles from 15 to 60 at an interval of 15 for the second joint set 

  Intact rock 
strength 

Jointed rock block 
strength with 1 joint 

set 

Jointed rock block strength with 2 joint 
sets (dip of the second joint set) 

   Dip=45 Dip=15 Dip=30 Dip=45 Dip=60 
 σ2 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) 
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σ 3
 =

 0
 

0.000 5.519 0.372 0.312 0.279 0.253 0.254 

1.128 6.431 3.763 3.662 2.597 Unstable Unstable 

2.256 6.763 4.355 4.045 2.557 Unstable Unstable 

3.384 6.800 4.277 Unstable Unstable Unstable Unstable 

4.512 6.623 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 6.343 4.884 4.528 2.971 0.423 1.057 

σ 3
 =

 1
.1

28
M

P
a 

1.128 8.349 5.390 5.062 4.797 4.632 4.493 

2.256 9.225 6.589 6.003 5.299 5.104 5.147 

3.384 9.741 7.108 6.203 5.291 5.171 5.398 

4.512 10.025 7.285 6.205 5.280 5.102 5.519 

5.640 10.118 7.232 Unstable Unstable Unstable Unstable 

6.768 10.017 Unstable Unstable Unstable Unstable Unstable 

7.896 9.681 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 9.376 7.379 6.466 5.232 5.182 5.628 

σ 3
 =

 2
.2

56
M

P
a 

2.256 10.596 7.563 7.329 6.837 6.814 6.811 

3.384 11.447 8.752 8.193 7.381 7.297 7.554 

4.512 12.002 9.280 8.409 7.465 7.457 8.064 

5.640 12.363 9.410 8.452 7.421 7.416 8.267 

6.768 12.538 9.379 8.457 Unstable Unstable 8.221 

7.896 12.587 9.346 Unstable Unstable Unstable Unstable 

9.024 12.435 Unstable Unstable Unstable Unstable Unstable 

10.152 12.071 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 11.561 9.453 8.580 7.541 7.475 8.083 

σ 3
 =

 3
.3

84
M

P
a 

3.384 12.749 9.448 9.366 8.962 8.799 8.873 

4.512 13.661 10.688 10.442 9.498 9.366 9.713 

5.640 14.284 11.372 10.735 9.635 9.632 10.270 

6.768 14.729 11.654 10.637 9.663 9.525 10.613 

7.896 14.985 11.672 10.692 9.636 9.444 10.812 

9.024 15.089 11.592 10.557 9.678 Unstable 10.652 

10.152 15.098 11.506 11.130 Unstable Unstable Unstable 

11.280 14.919 Unstable Unstable Unstable Unstable Unstable 

12.408 14.478 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 13.726 11.478 11.432 9.836 9.425 10.715 
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Fig 6.41 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 45 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 45 joint dip angle for the first 

joint set and 75 joint dip direction and 15 joint dip angle for the second joint set 
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Fig 6.42 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 45 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 45 joint dip angle for the first 

joint set and 75 joint dip direction and 30 joint dip angle for the second joint set 
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Fig 6.43 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 45 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 45 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 
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Fig 6.44 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 45 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 45 joint dip angle for the first 

joint set and 75 joint dip direction and 60 joint dip angle for the second joint set 

Increase of the minimum principal stress increases the normal stress acting on the rock 
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principal stress direction and the dip direction of the second joint set. Therefore, joints can resist 
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respectively. These figures also show that the maximum strength drop occurs when  =  = 0 

and the minimum one happens when  = 3.384 MPa and  = . 

As mentioned in Section 6.1.2, the strength drop value from the jointed rock with 1 joint 

set shows the effect of the second joint set on the sample strength and the difference between the 

two data sets for the same dip angle and intermediate stress shows the effect of the first joint set 

on the strength drop. In Fig. 6.45 the trend of the strength drop from the intact rock based on  

variation is downward while the trend of the strength drop from the jointed rock with one joint set 

based on  variation is mostly upward. This means the gap between the two data sets decreases 

with increasing . This behavior decreases as the minimum principal stress increases; increase of 

the intermediate principal stress reduces the effect of the first joint set shearing on the strength of 

jointed rock blocks. A Similar behavior but at a lower level is also visible in Fig. 6.46. However, 

for high minimum principal stresses (Figs. 6.47 and 6.48) this behavior occurs only for low 

intermediate principal stresses (the left part of the figures) since for the high confining stresses 

samples only fail through the intact rock and the joint shearing does not play a major role. 
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Fig 6.45 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 0 
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Fig 6.46 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 1.128 MPa 
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Fig 6.47 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 2.256 MPa 
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Fig 6.48 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 3.384 MPa 

Figs. 6.49-6.52 show the percentage of the strength drop due to	  and  variation for each 

second joint set dip angle. In these figures unlike the same figures in the previous sections, since 
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As explained in Section 6.1.2, in Figs. 6.49-6.52, the strength drop value from the jointed 
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0, the effect of the first joint set on the strength drop is either higher than or equal to that of the 

second joint set since the first joint set has a high dip angle; when  = 0 and the second joint set 

dip angle has a higher effect than that of the first joint set. For high values of , the effect of the 

second joint set is higher than that of the first joint set because the second joint set can freely slide 

towards the minimum principal stress direction. 

 

Fig 6.49 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.50 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 30 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.51 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 45 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

 

Fig 6.52 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 60 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig. 6.53 shows the schematic diagrams of the jointed rock blocks and their PFC3D model 

geometries. In Fig. 6.53, the angle between the intermediate principal stress direction and the first 

and the second joint set dip direction is 30 and 75 respectively. This means  has more effect 

on the mechanical behavior of the first joint set and  has more effect on the mechanical behavior 

of the second joint set. In the schematic diagrams of Fig. 6.53, green, red and blue axes represent 

the directions of ,  and , respectively. 

a) 

 
 

b) 
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c) 

 
 

d) 

 
 

Fig 6.53 Schematic (left) and modeled PFC3D (right) diagrams of the jointed rock blocks which have 6 

joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 joint dip direction and 

60 joint dip angle for the first joint set and 75 joint dip direction dip angles of (a) 15, (b) 30, (c) 45 

and (d) 60 for the second joint set (the maximum principal stress, the intermediate principal stress and 

the minimum principal stresses are applied on the top face, on the front left face and on the right front 

face, respectively) 

Table 6.5 and Figs. 6.54-6.57 show the rock strength values for the jointed rock models 

with 2 joint sets under different confining stress conditions compared to the strength of the intact 
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rock model and jointed rock models having 1 joint set with the same properties as the first joint 

set of the rock sample with 2 joint sets (dip = 60 and dip direction = 30). The jointed rock with 

2 joint sets models have resulted in a lower strength value compared to that of the intact rock model 

and the jointed rock model having one joint set for each combination of the confining stresses. 

However, for each  level in the jointed rock models, the reduction of the strength after reaching 

the peak strength due to increase of  is lower compared to that of the intact rock model and in 

some cases the strength reduction does not exist. 

As explained in previous sections this behavior is influenced by the direction and 

magnitude of the intermediate principal stress which lead to different failure behavior. In this set 

of results since  has more effect on the first joint set which has the constant dip angle of 60 for 

all the models, changing  have effect on the shear strength of the joints. However, since  has 

more effect on the second joint set which can have different values, the minimum principal stress 

for high second joint dip angle can also play a role on the jointed rock failure. 

Table 6.5 Polyaxial test results from PFC3D modeling for the intact rock model, the jointed rock model 

having 3 joints with 41 mm joint spacing, 30 joint dip direction and 60 joint dip angle and the jointed 

rock models having 6 joints formed from 2 joint sets with 41 mm joint spacing for both joint sets, 30 

joint dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction and various joint 

dip angles from 15 to 60 at an interval of 15 for the second joint set 

  Intact rock 
strength 

Jointed rock block 
strength with 1 joint 

set 

Jointed rock block strength with 2 joint 
sets (dip of the second joint set) 

   Dip=60 Dip=15 Dip=30 Dip=45 Dip=60 
 σ2 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) σ1 (MPa) 

σ 3
 =

 0
 

0.000 5.519 0.626 0.562 0.453 0.255 0.265 

1.128 6.431 3.591 3.418 2.495 Unstable Unstable 

2.256 6.763 4.241 3.744 Unstable Unstable Unstable 

3.384 6.800 Unstable Unstable Unstable Unstable Unstable 

4.512 6.623 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 6.343 4.944 4.426 2.897 0.416 1.209 
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σ 3
 =

 1
.1

28
 M

P
a 

1.128 8.349 5.360 5.292 4.993 4.551 4.413 

2.256 9.225 7.040 6.099 5.389 5.096 4.916 

3.384 9.741 7.527 6.192 5.408 5.167 5.162 

4.512 10.025 7.445 6.183 5.296 5.064 5.359 

5.640 10.118 7.098 Unstable Unstable Unstable Unstable 

6.768 10.017 Unstable Unstable Unstable Unstable Unstable 

7.896 9.681 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 9.376 7.179 6.369 5.356 5.132 5.618 

σ 3
 =

 2
.2

56
 M

P
a 

2.256 10.596 7.983 7.716 7.218 6.801 6.852 

3.384 11.447 9.254 8.296 7.476 7.284 7.463 

4.512 12.002 9.854 8.460 7.544 7.349 7.765 

5.640 12.363 10.120 8.468 7.440 7.331 7.982 

6.768 12.538 10.044 8.471 7.395 Unstable 8.051 

7.896 12.587 9.692 Unstable Unstable Unstable Unstable 

9.024 12.435 Unstable Unstable Unstable Unstable Unstable 

10.152 12.071 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 11.561 9.180 8.501 7.435 7.295 8.025 

σ 3
 =

 3
.3

84
 M

P
a 

3.384 12.749 10.149 9.960 9.276 8.851 8.905 

4.512 13.661 11.297 10.758 9.657 9.443 9.588 

5.640 14.284 12.104 11.121 9.654 9.782 9.964 

6.768 14.729 12.621 11.058 9.629 9.716 10.239 

7.896 14.985 12.748 11.084 9.668 9.697 10.440 

9.024 15.089 12.623 11.145 9.824 Unstable 10.521 

10.152 15.098 12.388 Unstable Unstable Unstable Unstable 

11.280 14.919 Unstable Unstable Unstable Unstable Unstable 

12.408 14.478 Unstable Unstable Unstable Unstable Unstable 

σ2=σ1 13.726 11.562 11.271 9.833 9.736 10.503 
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Fig 6.54 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 60 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 60 joint dip angle for the first 

joint set and 75 joint dip direction and 15 joint dip angle for the second joint set 
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Fig 6.55 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 60 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 60 joint dip angle for the first 

joint set and 75 joint dip direction and 30 joint dip angle for the second joint set 
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Fig 6.56 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 60 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 60 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 
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Fig 6.57 Polyaxial test results obtained from PFC3D modeling for the intact rock models, the jointed rock 

models having 3 joints with 30 joint dip direction and 60 joint dip angle and the jointed rock models 

having 6 joints formed from 2 joint sets with 30o joint dip direction and 60 joint dip angle for the first 

joint set and 75 joint dip direction and 60 joint dip angle for the second joint set 

Increase of the minimum principal stress increases the normal stress acting on the rock 

joint planes especially for the second joint set because of the minimum principal stress direction. 

Therefore, joints can resist against sliding for the high minimum principal stresses. Figs. 6.58-6.61 

show this behavior. These figures show the percentage of strength drop due to the dip angle of the 

second joint set and  value variations for each  level. In the aforementioned figures the 

maximum value of the strength drop reduces with increasing  for each second joint dip angle. 

For example, for the second joint dip angle of 45 the maximum value for the drop from the intact 

rock and jointed rock with one joint decreases from about 95% and 91% for  = 0 to about 35% 

and 24% for  = 3.384 MPa respectively. These figures also show that the maximum strength 

drop occurs when  =  = 0 and the minimum one happens when  = 3.384 MPa and  = . 
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As mentioned in Section 6.1.2, the strength drop value from the jointed rock with 1 joint 

set shows the effect of the second joint set on the sample strength and the difference between the 

two data sets for the same dip angle and intermediate stress shows the effect of the first joint set 

on the strength drop. In Fig. 6.58 the trend of the strength drop from the intact rock based on  

variation is downward while the trend of the strength drop from the jointed rock with one joint set 

based on  variation is mostly upward. This means the gap between the two data sets decreases 

with increasing . This behavior decreases as the minimum principal stress increases; increase of 

the intermediate principal stress reduces the effect of the first joint set shearing on the strength of 

jointed rock blocks. A similar behavior at a lower level is also visible in Fig. 6.59 but for high 

minimum principal stresses (Figs. 6.60 and 6.61) this behavior occurs only for low intermediate 

principal stresses (the left part of the figures) since for the high confining stresses samples just fail 

through the intact rock and the joint shearing does not play a role. 
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Fig 6.58 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 0 

 

Fig 6.59 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 1.128 MPa 
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Fig 6.60 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 2.256 MPa 
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Fig 6.61 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction for the second joint 

set due to change of the joint set dip angle of the second joint set and the intermediate principal stress for 

the minimum principal stress equals to 3.384 MPa 

Figs. 6.62-6.65 show the percentage of strength drop due to  and  variations for each 

second joint dip angle. In these figures, since the first joint set has high dip angle and it also plays 

an important role for the sample failure under the uniaxial compression test, the range of strength 

drop does not change with increasing second joint set dip angle. 

As was explained in Section 6.1.2, in Figs. 6.62-6.65, the strength drop value from the 

jointed rock with 1 joint set shows the effect of the second joint set on the sample strength and the 

difference between the two data sets for the same minimum principal stress and difference of the 

intermediate and minimum principal stress shows the effect of the first joint set on the strength 

drop. As you can see in these figures, except when  = 0, the effect of the first joint set on the 

strength drop is either higher than or equal to that of the second joint set since the first joint set has 
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a high dip angle; when  = 0 and the second joint set dip angle has a higher effect than that of the 

first joint set. For high values of , the effect of the second joint set is higher than that of the first 

joint set because the second joint set can freely slide towards the minimum principal stress 

direction. 

 

Fig 6.62 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.63 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction and 30 joint dip 

angle due to change of the minimum and the intermediate principal stresses 
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Fig 6.64 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction and 45 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

 

Fig 6.65 Strength drop of the jointed rock models having 6 joints formed from 2 joint sets with 30 joint 

dip direction and 60 joint dip angle for the first joint set and 75 joint dip direction and 60 joint dip 

angle due to change of the minimum and the intermediate principal stresses 

6.1.6 Comparison of the numerical modeling and experimental test results 

Figs. 6.66 and 6.67 compare the results of the numerical modeling on the jointed rock 

samples with the available experimental test results. These figures show that the numerical model 

is reasonably accurate and it was not necessary to update the micromechanical properties of the 

PFC3D model. It should be mentioned that in Fig. 6.67b it seems that the experimental test curve 

had some problems at the beginning of the test until the confine stresses were set to the selected 

values. Thus, the numerical and experimental curves are not matching but they still show almost 

the same strength. 
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Fig 6.66 Comparison of the experimental tests and the PFC modeling of the jointed rock samples having 

one joint set with the joint dip direction of 30 and dip angle of 15 subjected to (a) σ3 = 1.128 MPa and 

σ2 = 3.384 MPa, (b) σ3 = 1.128 MPa and σ2 = 4.512 MPa, (c) σ3 = σ2 = 2.256 MPa, (d) σ3 = 2.256 MPa and 

σ2 =  4.512 MPa, (e) σ3 = 2.256 MPa and σ2 = 7.896 MPa and (f) σ3 = σ2 = 3.384 MPa 
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(e) 

Fig 6.67 Comparison of the experimental tests and PFC modeling of the jointed rock samples having one 

joint set with the joint dip direction of 30 and dip angle of 30 subjected to (a) σ3 = 1.128 MPa and σ2 = 

5.640 MPa, (b) σ3 = σ2 = 2.256 MPa, (c) σ3 = 2.256 MPa and σ2 = 5.640 MPa, (d) σ3 = 2.256 MPa and σ2 = 

7.896 MPa and (e) σ3 = σ2 = 3.384 MPa 

6.2 The intermediate principal stress effect on the jointed rock block failure behaviors 

Jointed rock masses can fail under different modes of failure depending on the joint system 

and boundary conditions. Generally, by reducing the joint dip angles and increasing the confining 

stresses, the jointed rock masses tend to fail through the intact rock instead of the joints. However, 

for high dip angles and low confining stresses jointed rock masses tend to fail through the joints. 

Fig. 6.68 clearly shows these different modes of failure under different conditions. In Fig. 6.68a, 

the jointed rock has failed through cracking in the intact rock regardless of the joints because of 

the low joint set dip angles and high confining stresses. Fig. 6.68c shows the joint sliding mode 

failure due to the high joint dip angle of the second joint set and low confining stresses; rock block 

slides along the joints and only a few cracks are created at the tip of joints because of this 

movement. The combination of these two failure modes can be observed in Fig. 6.68b. In this 

figure, the cracks are formed perpendicular to the joint planes starting at joint planes and propagate 
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until they get connected with the adjacent joint planes and create a failure path partly through the 

intact rock and partly along the joints. 

 

 

(a) 

  

(b) 

 

 
(c) 

Fig 6.68 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 15 joint dip angle for the first joint set and 75 joint dip direction and (a) 15, (b) 30 and 

(c) 60 joint dip angles for the second joint set at the yield point; (a) σ2 = 7.896 MPa and σ3 = 3.384 MPa, 

(b) σ2 = 4.512 MPa and σ3 = 2.256 MPa and (c) σ2 = σ3 = 0 (blue disks represent tensile fractures and the 

red disks represent shear fractures) 

In a previous section the effect of the intermediate principal stress variation on the failure 

mode transition under a constant value of the minimum principal stress and different fracture 

systems was explained in detail and mentioned that the jointed rock block failure due to  

variation can be classified into 5 different behaviors. Figs. 6.69-6.73 show the examples of all 

these behaviors with demonstrations of the jointed rock block failures at the yield point. In these 
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figures, blue disks represent tensile failures of bonds and the red disks represent shear failures of 

bonds. Figs. 6.69 and 6.70 show that the intermediate principal stress has no effect on the fracturing 

mode of the jointed rock mass. In the first one due to the low dip angles of the first and second 

joint sets, the jointed rock block always fails through the intact rock irrespective of the intermediate 

principal stress value. For the second one since the second joint set (on which  has more effect) 

has a high joint dip angle with the minimum principal stress equals to 0, irrespective of the 

intermediate principal stress value, the jointed rock block always fails through sliding on the joints. 

 

 

(a) 

 

 

(b) 

Fig 6.69 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 15 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip angle 

for the second joint at the yield point with σ3 = 3.384 MPa and (a) σ2 = σ3 and (b) σ2 = σ1 = 12.832 MPa 

(blue disks represent tensile fractures and the red disks represent shear fractures) 
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(a) 

 

 

(b) 

Fig 6.70 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 45 joint dip angle 

for the second joint at the yield point with σ3 = 0 and (a) σ2 = σ3 and (b) σ2 = σ1 = 0.423 MPa (blue disks 

represent tensile fractures and the red disks represent shear fractures) 

Figs. 6.71-6.73 show three different failure transitions from one mode of the failure to 

another mode due to the changing of the intermediate principal stress. Fig. 6.71 shows the 

transition of failure from sliding on the joints to the failure through the intact rock. In this figure, 

since the first joint set has a high dip angle and the second joint set dip angle has a low value, when 

 =  = 0 (Fig. 6.71a) the jointed rock block fails by sliding on the first joint set. However, when 

 =  (Fig. 6.71c) since the intermediate principal stress resists the first joint set from sliding 

and the jointed rock block cannot slide along the second joint set because of its low dip angle, the 

jointed rock block fails through the intact rock. For a mid-level value of the intermediate principal 
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stress (Fig. 6.71b) the combination of the failure through the intact rock and joints is observed. In 

Fig. 6.71b, the cracks through the intact rock are formed mostly perpendicular to the second joint 

set planes which play a major role on the jointed rock block failure because of their high joint dip 

angle. These cracks are starting at the joint planes and propagate until they get connected with the 

adjacent joint planes and create a failure path partly through the intact rock and partly through the 

joints. 
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(c) 

Fig 6.71 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip angle 

for the second joint at the yield point with σ3 = 0 and (a) σ2 = σ3, (b) σ2 = 1.128 MPa and (c) σ2 = σ1 = 

4.528 MPa (blue disks represent tensile fractures and the red disks represent shear fractures) 

Fig. 6.72 shows the transition of failure from sliding on the joints to the mixed failure mode 

through the intact rock and joints. In this figure, since the first joint set dip angle is higher than 
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that of the second joint set, when  =  = 0 (Fig. 6.72a) sample fails through sliding on the first 

joint set. However, when  =  (Fig. 6.72b) the intermediate principal stress resists the first joint 

set from sliding and the second joint set dip angle is high enough to slide but it is not high enough 

to have failure only through sliding on this joint set. Therefore, the sliding on the second joint set 

leads to forming cracks through the intact rock which are mostly perpendicular to the second joint 

set planes. Therefore, a mixed mode of failure through the intact rock and joints occurs under this 

condition. 

 

 

(a) 

 

  

(b) 

Fig 6.72 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 45 joint dip angle for the first joint set and 75 joint dip direction and 30 joint dip angle 

for the second joint at the yield point with σ3 = 0 and (a) σ2 = σ3 and (b) σ2 = σ1 = 2.971 MPa (blue disks 

represent tensile fractures and the red disks represent shear fractures) 
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Fig. 6.73 shows the transition of failure from the mixed mode through the intact rock and 

joints to the failure through the intact rock. In this figure, when  =  = 1.128 MPa (Fig. 6.73a) 

the mixed mode of failure through the intact rock and joints occurs where the most of the intact 

rock fractures are perpendicular to the first joint set, since it has the higher dip angle and joint 

sliding happens through this joint sent. However, when  =  (Fig. 6.73b) the intermediate 

principal stress resists the first joint set from sliding and the dip angle of the second joint set is low 

for sliding. Thus, in this condition sample fails through the intact rock. 

 

 

(a) 

 

  

(b) 

Fig 6.73 Cracks of the jointed rock model having 6 joints formed from 2 joint sets with 30 joint dip 

direction and 30 joint dip angle for the first joint set and 75 joint dip direction and 15 joint dip angle 

for the second joint at the yield point with σ3 = 1.128 MPa and (a) σ2 = σ3 and (b) σ2 = σ1 = 6.851 MPa 

(blue disks represent tensile fractures and the red disks represent shear fractures) 
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It should be mentioned that change of the joint set dip angles and the minimum principal 

stress value when the other parameter values are stationary can have the aforementioned failure 

mode transitions. Since in the literature the effect of these parameters on the rock mass strength 

have been investigated widely, in this section only the effect of the intermediate principal stress 

was explained. 

6.3 Development of a new rock mass strength criterion 

This research attempts to develop a new rock mass strength criterion based on the PFC3D 

modeling results incorporating the fracture tensor concept. In Chapter 2 the fracture tensor was 

explained and equations 2.47 and 2.48 were used to find the fracture tensor components of the 

modeled jointed rock blocks. Table 6.6 shows the computed fracture tensor components for the all 

20 different joint systems with one or two joint sets which were modeled using PFC3D. In this table 

since the maximum, intermediate and minimum principal stresses were applied on Z, Y and X 

directions respectively, the alternative subscripts were also used to show the direction of the 

fracture tensor components with respect to the principal stresses. 

Table 6.6 The computed Fracture Tensor components in x, y, and z directions (the minimum, 

intermediate and maximum principal stress directions, respectively) for 20 joint systems of the jointed 

rock blocks. 

Joint system 
(Dip direction/Dip) 

Fxx (F33) Fyy (F22) Fzz (F11) Fxy (F32) Fxz (F31) Fyz (F21) 

030/15 0.000 0.000 0.000 0.000 0.000 0.000 

030/30 0.060 0.179 3.326 0.103 0.446 0.772 

030/45 0.644 1.932 0.859 1.115 0.744 1.288 

030/60 1.199 0.261 4.547 0.409 1.625 1.088 

030/15&075/15 1.010 0.746 5.268 0.607 2.196 1.755 

030/15&075/30 0.669 1.353 5.109 0.832 1.752 1.775 

030/15&075/45 2.895 1.513 2.658 1.428 2.355 1.936 

030/15&075/60 1.783 2.014 2.079 1.420 1.923 1.604 
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030/30&075/15 1.070 0.925 8.595 0.711 2.641 2.526 

030/30&075/30 0.728 1.532 8.436 0.935 2.198 2.547 

030/30&075/45 2.954 1.692 5.984 1.532 2.801 2.708 

030/30&075/60 1.842 2.193 5.406 1.524 2.368 2.376 

030/45&075/15 1.654 2.678 6.127 1.723 2.939 3.042 

030/45&075/30 1.313 3.285 5.968 1.947 2.496 3.063 

030/45&075/45 3.539 3.445 3.516 2.544 3.099 3.224 

030/45&075/60 2.427 3.945 2.938 2.536 2.666 2.892 

030/60&075/15 2.209 1.007 9.815 1.016 3.820 2.842 

030/60&075/30 1.867 1.614 9.656 1.240 3.377 2.863 

030/60&075/45 4.093 1.774 7.205 1.837 3.980 3.024 

030/60&075/60 2.981 2.274 6.626 1.829 3.547 2.692 

Kulatilake et al. [100] showed that for the biaxial loading on some synthetic rock masses 

in which the joint set dip directions were towards the intermediate principal stress, the rock mass 

strength, , under a constant intermediate principal stress, reduces with increasing fracture tensor 

component in the intermediate principal stress direction ( ) according to the following equation: 

              (6.1) 

In equation (6.1)  is the intact rock strength under the same intermediate principal stress 

and  is an empirical coefficient which is a function of  according to Equation 6.2. 

              (6.2) 

where  is the uniaxial compressive strength of the intact rock,  and  are empirical coefficients 

and  is the  value when the intermediate principal stress equals to 0. 

Later He et al. [101] extended the Kulatilake et al. [100] criterion to the polyaxial 

compressive condition by Equation 6.3 based on extensive laboratory and numerical polyaxial test 

results on jointed coal blocks. In equation 6.3,  is the fracture tensor component in the minimum 

principal stress direction. 
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             (6.3) 

They also proposed Equation 6.4 for  to incorporate the effect of the minimum principal 

stress, , as well as the intermediate principal stress. Similar to Equation 6.2,  is the  value for 

the uniaxial compression condition. 

            (6.4) 

where , ,  and  are empirical coefficients. 

This three-dimensional criterion can predict the strength of jointed rock masses under 

different confining stresses by estimating the five independent coefficients through regression 

analyses of the data. Procedures are given in He et al. [101] in detail to do that. This criterion was 

developed for non-persistent fracture systems and it captures the effect of scale and anisotropy due 

to the fracture system on rock mass strength. The proposed criterion by He et al. can predict the 

rock mass strength reasonably accurately for non-persistent fracture systems. However, it can be 

extended to make it suitable for both non-persistent as well as persistent fracture systems. In this 

criterion, for a set of constant values of the confining stresses   and ,  is a constant for a 

specified rock mass irrespective of the directions of  and . When  and  directions rotate 

around the vector normal to the plane of  and  ( . .  direction)  stays as a constant and 

since the first invariant of the fracture tensor ( ) is always a constant,  

also stays as a constant. Therefore, under the aforementioned conditions Equation 6.3 provides a 

constant value and cannot capture the effect of  on F22 and  on F33 separately in predicting 

rock mass strength. However, this is an important issue to incorporate in predicting rock mass 

strength especially for persistent fracture systems.  
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In this dissertation, equations 6.3 and 6.4 are extended to capture the effect of  on F22 

and  on F33 separately and to develop a new rock mass strength criterion based on the results 

obtained through the jointed rock block modeling and testing under different confining stresses 

and joint systems. The obtained results led to the following observations: 

a) Increase of joint set dip angles, in general, reduce the jointed rock block strength and 

increase  and . Thus, increasing  and  reduce the jointed rock block strength 

b) Increase of the minimum and intermediate principal stresses reduce the effect of joint 

shearing on the jointed rock block strength. Therefore, increase of the minimum and 

intermediate principal stresses reduce the effects of  and . However, this reduction 

for low minimum and intermediate principal stresses is relatively higher compared to high 

minimum and intermediate principal stresses. 

c) The effect of the minimum principal stress on the joints increases with decreasing angle 

between the dip direction angle of the joint set and the minimum principal stress direction. 

Thus, increase of  increases the effect of . 

d) The effect of the intermediate principal stress on the joints increases with decreasing angle 

between the dip direction angle of the joint set and the intermediate principal stress 

direction. Thus, increase of  increases the effect of . 

Based on the aforementioned observations the following equation is proposed as the new 

rock mass strength criterion in the general form. 

   ⁄ ⁄       (6.5) 
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where  and  are monotonically decreasing functions,  is the strength ratio between the jointed 

rock mass strength,	 ,  under the minimum and intermediate principal stresses of  and  and 

the intact rock strength, , under the same minimum and principal stresses,  is the uniaxial 

strength of the intact rock,  is the fracture tensor component in  direction and,  is the 

fracture tensor component in  direction. It should be mentioned that if  for the intended  and 

 is not available, one of the three intact rock failure criteria out of Modified Lade, Modified 

Wiebols and Cook and Mogi is recommended to represent the intact rock strength value. 

Kulatilake et al. [100] showed that for the biaxial loading a function such as given by 

Equation 6.2 works very well for f2 and f3. Thus, Equation 6.5 can be rewritten as follows to 

propose the first new rock mass strength criterion: 

         (6.6) 

where , , , ,  and  are empirical coefficients. In Equation 6.6 the number of empirical 

coefficients is high. That may increase the time to estimate the coefficients of the first rock mass 

strength criterion. To reduce the number of coefficients exponential functions are suggested for 

both f2 and f3. Thus, Equation 6.5 can be rewritten as Equation 6.7 with less empirical coefficients 

to propose the second new rock mass strength criterion. 

   ⁄ ⁄    (6.7) 

where , ,  and  are empirical coefficients. 

It should be mentioned that if the joints have the same mechanical properties with isotropic 

behavior, the effect of  variation on  should be the same as the effect of  variation on . 
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Therefore, under this condition  and Equations 6.5-6.7 can be simplified to Equations 

6.8-6-10, respectively as follows: 

   ⁄ ⁄       (6.8) 

          (6.9) 

   ⁄ ⁄    (6.10) 

where in Equation 6.8 f is a monotonically decreasing function and in Equations 6.9 and 6.10 , 

, ,  and  are empirical coefficients. Moreover, under this condition if , by rotating the 

 and  directions around the vector normal to the plane of  and , the jointed rock mass 

strength should stay constant. This behavior is also captured by Equation 6.8. If , Equation 

6.8 can be rewritten as follows: 

   ⁄      (6.11) 

where  is always a constant if  and  directions rotate around the vector normal to the 

plane of  and . Therefore, the jointed rock mass strength stays constant. 

In this research since all the joints are saw cut, they have the same isotropic mechanical 

behavior. Thus, to find the new rock mass strength criterion for the numerical modeling results 

and to find the accuracy of the new rock mass strength criterion the equations 6.9 and 6.10 can be 

used. Before explaining the procedure of finding the coefficients of the new rock mass strength 

criterion, it should be mentioned that since the samples are cubic, joint sets with the dip angle of 

60 intersect the top and the bottom boundaries of the sample simultaneously. Thus, the jointed 

rock block cannot slide freely on the joint planes and the jointed rock block shows a higher strength 
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than the correct value. Therefore, the results obtained for the joint set dip angle of 60 were not 

used for the calculation. It means 12 joint systems of one and two joint sets with 284 data values 

were used to find the new rock mass strength criterion. Moreover, since the intact rock strength 

for all the boundary stress combinations of those 284 data were available from the numerical 

modeling, use of an intact rock failure criterion was not necessary. 

To find the coefficients in Equations 6.9 and 6.10 the indirect method similar to the one 

that was explained in estimating parameters of the Modified Lade criterion in Chapter 2 was used. 

In this method, different values were chosen for empirical coefficients from a grid in a reasonable 

range. Then the jointed rock mass strength corresponding to different , ,	  and  values 

were found through Equations 6.9 and 6.10. Afterwards, for each equation the best combination 

of the empirical coefficients was found by minimizing the coefficient of determination, , with 

the following equations: 

   1              (6.12) 

where 

   ∑ , ,           (6.13) 

   ∑ ,       (6.14) 

where n is the total number of data sets, m is the number of parameters to be estimated, ,  is the 

predicted jointed rock block strength from the new rock mass strength criterion, ,  is the 

strength of jointed rock sample from the PFC3D modeling and  is the average strength value 

of the all the PFC3D data.  

6.3.1 Fitting of the new rock mass strength criterion using equation 6.9 
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(a) 

 

(b) 
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(c) 

Fig 6.74 Obtained R2 values of the new rock mass strength criterion using equation 6.9 for different 

combinations of p and q for (a)  = 0.65, (b)  = 0.675 and (c)  = 0.7 for the 284 data points from 12 

different joint systems under different confining stresses 

Because illustration of the three-dimensional grid values is difficult, in Fig. 6.74, the 

obtained  values are shown for different values of p and q for selected 3 different  values. The 

minimum  was found to be 0.94. It resulted in the best values for , p and q as 0.675, 3.16 and 

0.6, respectively.  

Fig. 6.75 shows the predicted strength values versus the strength values from the PFC3D 

modeling for the all 284 data points. Figs. 6.76 and 6.77 also show the comparison between the 

predicted rock mass strengths from the new rock mass strength criterion based on equation 6.9 

with the numerical results for two different joint systems with one and two joint sets, respectively. 
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Fig 6.75 Predicted strength values based on the new rock mass strength criterion based on equation 6.9 

versus the strength values from PFC3D modeling for the all 284 data points from 12 different joint systems 

having different boundary conditions (R2 = 0.94) 

 

Fig 6.76 Comparison of the polyaxial strength results obtained from the PFC3D modeling with that 

obtained from the new rock mass strength criterion based on equation 6.9 for the jointed rock block model 

having 3 joints with dip angle and dip direction of 45° and 30°, respectively 
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Fig 6.77 Comparison of the polyaxial strength results obtained from the PFC3D modeling with that 

obtained from the new rock mass strength criterion based on equation 6.9 for the jointed rock models 

having 6 joints formed from 2 joint sets with 30 joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 

6.3.2 Fitting of the new rock mass strength criterion using equation 6.10 
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Fig 6.78 Obtained R2 values of the new rock mass strength criterion using equation 6.10 for different 

combinations of a and b for the 284 data points from 12 different joint systems under different confining 

stresses 

In Fig. 6.78, the obtained  values are shown for different values of a and b for the 284 

data points from 12 different joint systems under different confining stresses. The minimum  

was found to be 0.92. It resulted in the best values for a and b as 0.404 and 0.972, respectively. 

The small difference obtained between the  values using the two different functions shows that 

equation 6.10 with less empirical coefficients is also a reasonably good rock mass strength 

criterion. Fig. 6.79 shows the predicted strength values based on equation 6.10 versus the strength 

values from the PFC3D modeling for the all 284 data points. Figs. 6.80 and 6.81 also show the 

comparison between the predicted rock mass strengths from the new rock mass strength criterion 

using equation 6.10 with the numerical results for two different joint systems with one and two 

joint sets respectively. 

 

Fig 6.79 predicted strength value based on the new rock mass strength criterion using equation 6.10 

versus the strength value from PFC3D for the all 284 data points from 12 different joint systems and under 

different boundary conditions (R2 = 0.92) 



249 
 

 

Fig 6.80 Comparison of the polyaxial strength results obtained from the PFC3D modeling with that 

obtained from the new rock mass strength criterion using equation 6.10 for the jointed rock block model 

having 3 joints with dip angle and dip direction of 45° and 30°, respectively. 

 

Fig 6.81 Comparison of the polyaxial strength results obtained from the PFC3D modeling with that 

obtained from the new rock mass strength criterion using equation 6.10 for the jointed rock models 
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having 6 joints formed from 2 joint sets with 30 joint dip direction and 30 joint dip angle for the first 

joint set and 75 joint dip direction and 45 joint dip angle for the second joint set 
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CHAPTER 7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE STUDIES  

7.1 Summary and conclusions 

Through this research an attempt was made to propose a new three-dimensional rock mass 

strength criterion to cover the shortcomings of most of the existing rock mass strength criteria. 

Most of the existing strength criteria cannot simultaneously consider the effect of the intermediate 

principal stress on the rock mass strength as well as the scale dependency and anisotropy behavior 

of the rock mass strength. The author is aware of one criterion developed by Professor Kulatilake’s 

research group which captures the effect of the intermediate principal stress, scale and anisotropy 

due to the fracture system on rock mass strength in three dimensions. It has looked into many 

details and therefore requires calibration of five empirical coefficients. Because it was developed 

for non-persistent fracture systems, the stress anisotropy has been ignored in that criterion. 

However, the stress anisotropy is important especially in the case of fully persistent fracture 

systems. The explanation for this stress anisotropy is given in Chapter 6. Therefore, in this 

dissertation the aforementioned criterion is extended to incorporate the stress anisotropy too and 

to develop two new rock mass strength criteria.  

To propose a comprehensive rock mass strength criterion, it is crucial to have a proper 

database which includes the effect of different factors such as the joint geometries including the 

orientation and the confining stresses. Due to the high cost and time of the experimental tests, 

having a comprehensive database only through experimental tests is very difficult if not 

impractical. Therefore, numerical modeling should be incorporated to create this database. The 
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other benefit of the numerical modeling is the possibility to investigate the effect of each factor at 

a time while the other factors are kept constant. 

In this research, the PFC3D was selected for the numerical modeling since it can 

conveniently model the block breakage through the fracture initiation and propagation using the 

BPMs and joint failure through the joint sliding using the SJCM. In the PFC unlike the other 

methods, macro mechanical parameters are not directly used in the model and micro mechanical 

parameter values applicable for the particle interaction properties should be calibrated using the 

macro mechanical properties. For this study, to have several samples with the same properties, a 

synthetic rock material that is made out of a mixture of gypsum, sand and water was used. To find 

the intact rock macro mechanical parameter values for the Young’s modulus, uniaxial compressive 

strength (UCS), internal friction angle, cohesion and Poisson's ratio, 3 uniaxial tests, 3 triaxial tests 

and 5 Brazilian tests were performed on the synthetic rock material. Besides, to find the joint macro 

mechanical parameter values, 4 uniaxial compression tests and 4 direct shear tests on jointed 

synthetic rocks with a horizontal joint were performed. 

This dissertation emphasized the importance of studying the effects of all micro parameter 

values of the LCBM and LPBM on the macro mechanical properties before one goes through 

calibration of the micro mechanical parameters in the PFC modeling. Even though the particle size 

has influence on all macro mechanical properties of a sample, very little information is available 

on that aspect in the PFC literature. Therefore, a systematic study was conducted and the results 

are reported in Chapter 4. This study clearly illustrated that the Young’s modulus and UCS increase 

due to the increase of the ratio of the sample dimension to the minimum particle diameter. In 

addition, the normal stiffness and shear stiffness change with the particle diameter. Moreover, the 

study showed that by scaling up the sample size and particle size in equal proportion and keeping 
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the ratio of the sample dimension to minimum particle diameter constant, it is possible to keep the 

Young’s modulus constant; however, still the UCS increases under those conditions. This means 

selection of an appropriate particle size is a challenging task and when it is selected, it is necessary 

to stick with the selected value. 

Another important micro mechanical parameter of the LCBM and LPBM which has 

received little attention in the PFC literature is the coefficient of variation (cov) of the normal and 

shear strengths. It is clear from the results that the compressive strength and Young’s modulus of 

a sample reduce significantly due to the increase of the cov of normal and shear strengths while 

keeping all other micro parameter values constant. However, it was shown that it is possible to 

keep the compressive strength and Young’s modulus of a sample constant by changing the other 

micro parameter values along with increasing the cov of the normal and shear strengths. Under 

these conditions, it was shown that the ductile behavior of the sample increases with increasing 

cov of the normal and shear strengths. Moreover, it was shown that the LCBM produces more 

ductile behavior compared to that of the LPBM. Also, it should be mentioned that this dissertation 

showed that the  does not have a significant effect on the post peak behavior of the modeled 

sample. However, it was found that  highly influences the internal friction angle of the modeled 

sample. 

The SJCM currently available in the PFC code is a powerful tool to model the joint 

behavior in jointed rock masses. However, it has a few shortcomings. One of these shortcomings 

is the inability to capture the non-linear behavior of the joint closure due to varying joint normal 

stress. The proposed MSJCM model showed that it could solve this shortcoming and capture the 

non-linear relation between the joint normal stress and joint normal displacement observed in the 
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joint normal stiffness test. Therefore, the MSJCM helps to calculate the deformation of a jointed 

sample more accurately. 

The second issue of the SJCM application in the PFC dealt within the dissertation is the 

interlocking problem caused by the interlocking particles. This problem occurs due to the 

shortcoming of the updating procedure in the PFC software of the contact conditions of the 

particles that lie around the intended joint plane during high shear displacements. The interlocking 

problem causes a higher shear strength and a higher dilation angle for the joint than the correct 

values. It also creates unwanted fractures around the intended joint plane. The effects of the 

interlocking problem on the shear strength and the dilation angle is much higher for the PFC2D use 

compared to that of the PFC3D use due to the spatial arrangement of the particles in the three 

dimensions. However, this spatial arrangement leads to occurrence of the interlocking problem at 

a lower ratio of shear displacement to particle diameter compared to that in the PFC2D. Besides, 

due to the higher number of particles around the intended joint plane in the PFC3D, the possibility 

and the number of interlocking particles in the PFC3D is higher. Therefore, the number of unwanted 

fractures around the intended joint plane is also higher in the PFC3D use compared to that of the 

PFC2D use. 

The interlocking incident is dependent on the normal stress on the joint plane, the joint 

normal stiffness, the ratio of the particle size to the joint length and the ratio of the particle size to 

the shear displacement. The expected value of the number of interlocking incidents increases in 

response to several factors. These include cases with higher normal stress, lower joint normal 

stiffness, lower ratio of the particle size to the joint length and lower ratio of the particle size to 

the shear displacement. 
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The two proposed approaches: (1) JPC and (2) JSC can solve the interlocking problem 

properly in the PFC2D and the PFC3D not only for the direct shear test but also for the other common 

compression tests in the rock mechanics field. In the JPC approach, joints show a softer behavior 

leading to slightly underestimating the shear strength compared to that of the JSC approach. For 

the direct shear test, the JSC approach results agree very well with the theory. Therefore, the JSC 

approach is recommended using in PFC modeling. In the biaxial or the polyaxial test on a sample 

with one persistent joint, use of the JPC and JSC approaches in the PFC2D and the PFC3D showed 

results similar to what was expected. However, the regular approach overestimated the strength of 

the sample when sliding played a major role with respect to the failure of the sample. Although, in 

the polyaxial test using the PFC3D, the strength differences between the regular approach and the 

other two approaches are less significant compared to that of the biaxial test using the PFC2D, the 

number of fractures occurred around the intended joint plane due to the interlocking particles was 

significantly higher. 

The aforementioned results in the previous paragraph show that in the jointed rock mass 

modeling with the regular joint adding approach, the strength is significantly overestimated in 

using the PFC2D. However, PFC3D calculates the strength with only a slight overestimation. On the 

other hand, due to the high number of unwanted fractures around the joint, the sample deformation 

is probably overestimated in using the PFC3D. Thus, in this research the JSC approach was used to 

model the jointed rock blocks. 

Before modeling the jointed rock blocks under the polyaxial compression test, the best 

intact rock failure criteria were found by modeling this test in the PFC3D for the synthetic intact 

rock and fitting common existing failure criteria on the obtained data. In total 33 data points with 

different confining stress combinations were obtained from the numerical modeling. The 
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numerical modeling and experimental tests results showed a reasonable agreement. Thus, it was 

not necessary to update the micro mechanical properties of the LPBM. 

Among the fitted different intact rock failure criteria on the PFC3D data, Modified Mogi 

with a power function, Modified Lade and Modified Wiebols and Cook criteria produced lower 

errors in fitting the synthetic intact rock strength compared to the other failure criteria. Therefore, 

those three failure criteria are generally recommended for intact rock strength modeling under the 

polyaxial stress condition. Among the Modified Lade, Modified Wiebols and Cook and Modified 

Mogi intact rock strength criteria, the first one produced the highest accuracy in fitting the synthetic 

intact rock strength. Also, it should be mentioned that for a lower  the Modified Mogi criterion 

predicts slightly higher strength compared to that of the Modified Wiebols and Cook and Modified 

Lade criteria. However, for a higher value of  the Modified Lade and Modified Wiebols and 

Cook criteria predict slightly higher strengths compared to that of the Modified Mogi criterion. 

Finally, 20 different joint systems with one and two joint sets were chosen to model the 

jointed rock blocks under the polyaxial compression test with the confining stress combinations 

similar to those conducted for the intact rock modeling. Used joint sets have different dip angles 

varying from 15 to 60 at an interval of 15 with dip directions of 30 and 75. Each joint set also 

has 3 persistent joints with the joint spacing of 42 mm in a cubic sample of size 160 mm. In total 

452 data points were obtained from the numerical modeling. It should be mentioned that since the 

numerical results and experimental tests showed a reasonable agreement, it was not necessary to 

update the micro mechanical properties of the MSJCM. The following statements can be drawn 

from analyzing this database: 

a) Generally, increase of the minimum and intermediate principal stresses and decrease of the 

joint dip angle, increases the jointed rock block strength since the said combinations 
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increase the tendency of the jointed rock block to fail through the intact rock and reduce 

the effect of the joint shearing on the jointed rock block strength. 

b) Increase of the number of joint sets reduces the strength of the jointed rock block. 

c) Each of the minimum and intermediate principal stresses has more effect on the shearing 

of the joint set having the lower angle between the dip direction angle of the joint set and 

the principal stress direction. In this study since the angle between the intermediate 

principal stress direction and the first joint set is 30, the intermediate principal stress has 

more effect on the mechanical behavior of the first joint set. Since the angle between the 

minimum principal stress direction and the second joint set is 15, the minimum principal 

stress has more effect on the mechanical behavior of the second joint set. 

d) Increase of the dip angle increases the effect of the minimum and intermediate principal 

stresses. However, this effect for low minimum and intermediate principal stresses is high 

compared to that of high minimum and intermediate principal stresses. 

e) For each minimum principal stress level in the jointed rock blocks, the reduction of the 

strength after reaching the peak strength due to the increase of the intermediate principal 

stress is lower compared to that of the intact rock model and in some cases the strength 

reduction does not exist. This behavior was observed more for low minimum principal 

stresses and high joint dip angles and is influenced by the direction and magnitude of the 

intermediate principal stress which lead to different failure behaviors. 

f) The jointed rock block failure due to the intermediate principal stress variation can be 

classified into 5 different patterns: (i) failure through sliding on the joints, (ii) failure 

through the intact rock, (iii) failure mode transition from the failure through sliding on the 
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joints to failure through the intact rock, (iv) failure mode transition from the failure through 

sliding on the joints to the mixed mode failure through the joints and intact rock and (v) 

failure mode transition from the mixed mode failure through the joints and intact rock to 

failure through the intact rock. 

Based on the observations from the jointed rock block modeling using the PFC3D and the 

fracture tensor concept, an existing rock mass strength criterion was extended to include the stress 

anisotropy and to develop a new three-dimensional rock mass strength criterion (Equation 6.5). 

For the new rock mass strength criterion, two functions were proposed: (a) given by equation 6.6 

and (b) given by equation 6.7. The new rock mass strength criterion given by equation 6.6 has 6 

empirical coefficients; if the joint sets have the same isotropic mechanical behavior, the number 

of coefficients reduces to 3 empirical coefficients in this criterion (Equation 6.9). The new rock 

mass strength criterion given by equation 6.7 has only 4 empirical coefficients; if the joint sets 

have the same isotropic mechanical behavior the number of coefficients reduces to 2 empirical 

coefficients in this criterion (Equation 6.10). In this dissertation, the new criteria were validated 

by comparing the numerical modeling results with a few experimental jointed block test results. 

It should be mentioned that the data for the joint sets having the dip angle of 60 were 

removed from the calculation, since the joints on these joint sets intersected the top and the bottom 

boundaries of the sample simultaneously and the jointed rock blocks showed higher strengths than 

the actual because the jointed rock blocks could not slide freely along their joint planes. Therefore, 

12 joint systems of one and two joint sets with 284 data points were used to develop the new rock 

mass strength criterion. For the new database, the empirical coefficients of , p and q were obtained 

as 0.675, 3.16 and 0.6, respectively, through a grid analysis with a high  (coefficient of 

determination) value of 0.94 for the new criterion given by equation 6.9. The empirical coefficients 
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of a and b were obtained as 0.404 and 0.972, respectively, through a grid analysis with a high  

(coefficient of determination) value of 0.92 for the new criterion given by equation 6.10. Even 

though the first criterion was fitted with a slightly higher  value than the second criterion, it was 

less time consuming and significantly easier to estimate the empirical coefficients for the second 

criterion. Both new criteria could properly show the effect of the intermediate principal stress as 

well as the minimum principal stress and joint orientation on rock mass strength. 

7.2 Recommendations for future studies 

In this dissertation, the new rock mass strength criterion was developed based on a jointed 

rock strength data base having one and two persistent joint sets with the similar isotropic 

mechanical behavior. Thus, as a future study, it is recommended to extend this database to jointed 

rock blocks having more persistent and non-persistent joint sets with anisotropic mechanical 

behavior to cover more diversity of jointed rock masses. 
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APPENDIX – PAPERS FROM THE DISSERTATION RESEARCH 

1. Journal paper 1 based on the study of the intact rock failure criteria has been published in the 

following peer-reviewed journal. 

Mehranpour MH, Kulatilake PHSW. Comparison of six major intact rock failure criteria using a 

particle flow approach under true-triaxial stress condition. Geomechanics and Geophysics for Geo-

Energy and Geo-Resources 2016;2(4):203-229. http://dx.doi.org/10.1007/s40948-016-0030-6 

The abstract of this paper is given below. 

Abstract: Suitability of six major intact rock failure criteria: Mohr–Coulomb, Hoek–

Brown, Modified Lade, Modified Wiebols and Cook, Mogi and Drucker–Prager in representing 

the intact rock strength under the true-triaxial stress condition (σ1 ≥ σ2 ≥ σ3) is examined in this 

paper. Because the true-triaxial experimental test data available in the literature are limited and do 

not cover a wide range of confining stresses, the particle flow code (PFC3D) software was used to 

simulate synthetic rock material failure of cubic samples of side dimension 160 mm under a broad 

confining stress range. The synthetic rock was made out of a mixture of gypsum, sand and water. 

The parallel bond model (PBM) available in PFC3D with the associated micro parameters was 

chosen to represent the behavior of the synthetic material. As the first step, uniaxial, triaxial and 

Brazilian tests were performed in the laboratory to find the macro properties of the synthetic 

material. As the second step, the effect of some of the micro properties: particle size, coefficient 

of variation of the normal and shear bond strengths and friction coefficient on the macro properties 

of the synthetic rock was investigated. Then, the micro parameters of PBM were calibrated based 

on the aforementioned macro parameter results. Using the calibrated PFC3D model 29 true-triaxial 

tests were simulated. All six failure criteria were fitted to these PFC data. Among these criteria, 

Modified Lade, Mogi and Modified Wiebols and Cook found to be the best failure criteria 

producing lower root mean square error (RMSE) values of 0.212, 0.219 and 0.304, respectively. 

Thus those three criteria are recommended for prediction of intact rock strength under true-triaxial 

stress condition. Another fitting analysis was conducted using only 12 of the 29 data to find the 

effect of the limited data on the prediction accuracy of the three failure criteria through the RMSE 

value. The predictions based on these analyses produced RMSE values of 0.40, 0.23 and 0.47 for 

Modified Lade, Mogi and Modified Wiebols and Cook criteria, respectively. This indicated that 
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the Mogi criterion is the most stable among the three criteria with respect to the prediction 

accuracy. 

2. Journal paper 2 based on the study of the Smooth Joint Contact Model (SJCM) has been 

published in the following peer-reviewed journal. 

Mehranpour MH, Kulatilake PHSW. Improvements for the smooth joint contact model of the 

particle flow code and its applications. Computers and Geotechnics. 2017;87:163-77. 

https://doi.org/10.1016/j.compgeo.2017.02.012 

The abstract of this paper is given below. 

Abstract: This paper deals with two shortcomings of the smooth-joint contact model 

(SJCM) used in the particle flow code (PFC). The first shortcoming is the increase of the shear 

strength of the joint when the shear displacement of the joint exceeds a specific value that is related 

to the particle size. This problem is named as the interlocking problem, which is caused by the 

interlocking particles. It occurs due to a shortcoming of the updating procedure in the PFC software 

related to the contact conditions of the particles that lie around the intended joint plane during high 

shear displacements. This problem also increases the dilation angle and creates unwanted fractures 

around the intended joint plane. To solve this problem two new approaches are proposed in this 

paper: (1) joint plane checking (JPC) approach and (2) joint sides checking (JSC) approach. These 

approaches and the regular approach are used to model: (a) the direct shear test using the PFC2D 

and PFC3D, (b) the biaxial test on a sample having a persistent joint with a dip angle varying from 

0 to 90 at an interval of 15 using the PFC2D and (c) the polyaxial test on  two samples, one of 

them having a joint with a dip direction of 0 and the dip angle varying from 0 to 90 at an interval 

of 15, and the other sample having a joint with a dip angle of 60 and the dip direction varying 

from 0 to 90 at an interval of 15 using the PFC3D. All numerical results show that the JPC and 

JSC approaches can solve the interlocking problem. Also, they proved to be more consistent with 

the theory compared to the regular approach. However, the JPC approach leads to a slightly softer 

joint. Therefore, the JSC approach is suggested for jointed rock modeling using the PFC. The other 

shortcoming of the SJCM dealt within this paper is its inability to capture the non-linear behavior 

of the joint closure varying with the joint normal stress. This problem is solved in this paper by 

proposing a new modified smooth-joint contact model (MSJCM). MSJCM uses a linear relation 
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between the joint normal stiffness and the normal contact stress to model the non-linear relation 

between the joint normal deformation and the joint normal stress observed in the compression joint 

normal stiffness test. A good agreement obtained between the results from the experimental test 

and the numerical modeling of the compression joint normal test shows the accuracy of this new 

model. 

3. Symposium paper based on the study of the SJCM has been published in the following peer-

reviewed conference proceedings. It was also presented as a poster at the conference by the 

author of this dissertation. 

Mehranpour MH, Kulatilake PHSW. Improvements for the smooth joint contact model of the 

particle flow code and its applications. Modifications for the Smooth Joint Contact Model in the 

Particle Flow Code. Proceeding of the 51st US Rock Mechanics / Geomechanics Symposium, San 

Francisco, California, USA, 25-28 June, 2017. 

The abstract of this paper is given below. 

Abstract: This paper deals with the following two shortcomings of the smooth joint 

contact model (SJCM) used in the particle flow code (PFC): (a) Use of a constant value for joint 

normal stiffness instead of allowing actual non-linear behavior between the joint normal 

deformation and joint normal stress; (b) The so called “interlocking problem”. The first one is 

solved by imposing a linear relation between the joint normal stiffness and the normal contact 

stress in a new modified smooth-joint contact model (MSJCM). A good agreement obtained 

between the results from the experimental tests and the numerical modeling of the compression 

joint normal test, shows the accuracy of this new model. The second shortcoming occurs due to a 

lack of an updating procedure in the PFC software related to the contact conditions of the particles 

that lie around the intended joint plane during high shear displacements. This problem increases 

the shear strength of the joint when the shear displacement of the joint exceeds a specific value 

and creates unwanted fractures around the intended joint plane. To solve this problem a new 

approach termed joint side checking (JSC) is proposed. Numerical modeling of the direct shear 

test shows JSC can solve the interlocking problem and proves to be more consistent with the theory 

compared to the regular approach. 
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4. Expect to submit two more journal manuscripts based on Chapter 6 and the developed new 

rock mass strength criteria for review and possible publication in peer-reviewed journals. 
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