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ABSTRACT 

The defonnability and strength properties of jointed rock masses are two of the 

fundamental parameters needed for the design and performance estimation of rock 

structures. Due to the presence of complicated minor discontinuity patterns ( joints, 

bedding planes etc. ), jointed rock masses show anisotropic and scale (size) dependent 

mechanical properties. At present, satisfactory procedures are not available to estimate 

anisotropic, scale dependent mechanical propelties of jointed rock. 

Because of the statistical nature of joint geometry networks in rock masses, the joint 

patterns should be characterized statistically. The available joint geometry modeling 

schemes are reviewed. One of these schemes is used in this dissertation to generate actual 

joints in rock blocks. 

Three dimensional distinct element code (3DEC), which is used to perf0ll11 stress 

analyses on jointed rock blocks in this study, is introduced and its shortcoming is 

identified. To overcome the shortcoming of 3DEC, a new technique is developed by 

introducing fictitious joints into rock blocks. Concerning the introduced fictitious joints, 

their geometry positions are mathematically detell11ined; the representative mechanical 

propeIties for them found at 2D level are reviewed and verified at 3D level. 

By using the new technique, the deformation and strength properties of the rock 

blocks with many different joint configurations are found. Then effects of joint geometry 

parameters on the mechanical properties of jointed rock blocks are investigated. It is 
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found that the joint geomeu'y patterns have significant influences on the mechanical 

properties of rock blocks. 

All the joint geometry parameters are then integrated into fracture tensor. The 

relationships between the mechanical properties of jointed rock blocks and the fracture 

tensor parameters ( its first invariant and directional component) are investigated. The 

possibility of obtaining the equivalent continuum behavior ( REV properties) of jointed 

rock blocks is explored by using the aforementioned relationships. 

Finally, based on the research results, a new 3D constitutive model for jointed rock 

masses is developed to describe their pre-failure behavior. The constitutive model 

includes the effects of joints in terms of fracture tensor components and it shows the 

anisotropic and scale dependent natures of jointed rock masses. 
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CHAPTER 1 

INTRODUCTION 

Any engineering material deforms under the application of external load and fails 

when the stresses, or the deformations, or certain functions of both reach critical values. 

So, the deformability and strength of a material are two of the most fundamental and 

important properties one should consider related to the performance of engineering 

structures. 

The deformahility and strength properties of rock or rock masses have heen the 

hasic topics in rock mechanics dedicated to rock engineering. A lot of research has heen 

conducted in this area. However, hecause of the complicated structure ( existence of 

faults, joints, micro- and macrocracks, different tilling materials etc. ) of rock masses, a 

complete understanding of mechanical hehavior of rock masses is still not availahle. The 

various discontinuities present in rock masses can be categorized into major and minor 

ones. Faults, shear zones and dykes are major discontinuities and their geometry may he 

represented deterministically. On the other hand, due to the statistical nature, the geometry 

of minor discontinuities, such as joints, bedding planes and fissures, should be 

characterized statistically. It is the complicated structure of minor discontinuities that 

makes the analysis of the mechanical behavior of discontinuous rock masses very 

difficult. Detailed studies of deformability and strength of rock masses with minor 

discontinuities will be the main content in this dissertation. 
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To simplify the nomenclature, throughout this dissertation, the word" joint" or " 

joints" will be used to represent various minor discontinuities (joints, fissures, bedding 

planes and other types of weak surfaces) present in rock masses unless stated otherwise. 

1.1 Nature of the Problem 

In rock engineering, the rock mass deformability and strength along with the 

conductivity, time-dependent properties and in situ stress situation are the key properties 

that need to be known and taken into account for design, analysis and performance 

estimation of engineering facilities built in or on rock masses. For very large structures on 

the surface of rock masses. such as bridges. dams and factories. the properties of rock 

masses arc required to establish the elastic and delayed settlementc; of the rock under the 

applied loads. A major decision that needs to he taken during mining is whether supports 

should be provided for the openings while removing the ore. or let the rock deform 

without any support. A good understanding of the mechanical properties of rock masses 

and the state of stress in situ are very important in reaching this decision correctly. The 

overall rock mass strength is required for the assessment of pillar strength in underground 

mining and the slope stability analysis in open pit mining. Additionally. underground 

chambers are now being used for a variety of purposes. They should he essentially stahle 

and this depends upon the state of in situ stress and the deformation and strength 

properties of rock masses. Only if the rock mass properties are estimated correctly and 

used in the engineering design. the rock structures on the surface or underground. like 

rock excavations. rock slopes. foundations. dams etc .• can have the expected bearing 

capacity and satisfactory performance. and also would be economical. 
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With the advantages of large computers, more and more numerical methods have 

been developed and used to perform very complicated calculations for problems 

encountered in rock engineering. However, no matter how powerful the numerical stress 

analysis technique is, the calculation results will be useless or even harmful if the basic 

parameters needed as input to the numerical technique, like the deformability and strength 

of rock masses, are incorrectly estimated. So the correct understanding of mechanical 

behavior of the rock masses where the rock structure will he built is of great importance 

for rock engineering. 

Unfortunately, not like other engineering materials, rock masses are usually 

,heterogeneous. anisotropic and scale dependent because of the presence of various minor 

discontinuities. like joints. bedding planes or other types of weak surfaces. inside the rock 

masses. Due to the presence of discontinuities. the rock masses arc no longer a 

mathematical continuum. and possibility exists to have discontinuous displacements along 

discontinuities. like sliding on the discontinuity surface. In some cases, discontinuities 

may be filled with various minerals. such as calcite, dolomite, quartz, or clay minerals or 

even water. The geometry of minor discontinuities is pretty complicated and is inherently 

statistical. When certain criterion is satisfied. discontinuities can also grow. For intensely 

discontinuous rock masses. the interaction between discontinuities is very strong and 

complex and may dominate the mechanical properties of rock masses. So. it is the 

presence of the aforementioned discontinuities and their interactions that make the 

mechanical behavior of rock masses very complicated and totally different from the other 

engineering materials. Jointed rock masses are nonhomogeneous. anisotropic and scale 

dependent in their properties. 
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Usually anisotropy is a characteristic of properties of most kinds of rocks. 

Anisotropy means that the properties of rocks vary with spatial orientation. Schists, 

Slates. Gneisses, Phyllites and other metamorphic rocks with preferred arrangement of 

flat or long minerals show anisotropy in their mechanical behavior. Bedded rocks like 

Shale, Sandstone sequences that include interlayered mixtures of different components 

also display anisotropy. Even isotropic rocks like some Granites behave anisotropically if 

they contain well-defined joint sets. Some rocks may display simultaneously several types 

of anisotropy such as planes of discontinuities parallel to foliation planes, or foliation and 

stratification. Cleavage and bedding can also be associated with other features such as 

lineations. BarJa ( 1974) proposed a general classification of rock anisotropy: class A and 

class B. Class A rocks exhibit anisotropic properties despite apparent isotropy. Some 

granitic rocks belong to this group. In comparison. class B rocks display clear evidence of 

anisotropy and show apparent directions of symmetry. In this research, thl.! anisotropy of 

an isotropic rock caused by the presence of discontinuities with preferred orientations will 

be studied. 

Scale dependence is another important feature associated with the mechanical 

behavior of jointed rocks. If sample size is on the order of the constituent minerals of the 

rock masses, the experimental results may exhibit considerable scatter due to the variation 

of minerals with the location of the sample in the rock mass. As the sample size increases. 

the results provide average values for volumes which contain different minerals. 

Therefore, the scatter decreases with sample size up to a certain value. Around this 

limiting size the rock is statistically homogeneous with respect to the constituent minerals. 

To obtain intact rock properties, the sample should be chosen around this size. Further 

increase of the sample size will include the intluence of one or more joints. When the 
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sample size contains only a few joints, the sample properties vary considerably from one 

sample to another, reflecting the statistical inhomogeneity with respect to the influence of 

joints. This variability decreases as the sample size is further increased to contain more 

joints and to make the sample more statistically homogeneous with respect to joints. 

Beyond a certain minimum volume, mass properties of the rock may remain essentially 

constant with respect to the effects of joints, ie, the rock masses show an equivalent 

continuum behavior. This minimum volume may be used as the element size to represent 

the equivalent properties of a statistically homogeneous rock mass volume which contains 

a significant number of joints. This volume may be termed as a " Representative 

Elementary Volume ( REV) " and may be of great importance for engineering purposes. 

For some rock masses, the REV size may be small compared to the problem domain 

of interest. In such cases, REV size and properties will be very useful in engineering 

applications and in the reduction of number of discretized elements used in most of the 

numerical methods. For some other rock masses, REV size may be larger compared to the 

problem domain. For these cases, REV size and properties may not be that useful for 

engineering applications. However, if it is known how the rock mass properties vary 

between the intact rock values and the REV values with respect to joint geometry 

parameters and block size ( Figure 1.1 ), then that will be quite useful in dealing with the 

latter category of rock masses in engineering applications. It is important to keep in mind 

that the uncertainty of the rock mass properties at or greater than the REV size will be 

smaller com pared to the rock mass properties at sizes less than the REV size. If the 

sample size is increased further to allow major discontinuities to enter into the sample, 

then the sample properties will vary, retlecting the intluence of the major discontinuities. 

Therefore, the following procedure may be used to represent a large rock mass ( problem 
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domain is larger compared to the REV size) for stress and defonnation analyses, in order 

to reduce the number of discretized elements: (a) Divide the rock mass into statistically 

homogeneous regions ( structural regions ). (b) For each statistically homogeneous 

region, try to obtain the REV properties to represent the equivalent continuum behavior. 

(c) Add major discontinuities as detenninistic geometric features to describe the complete 

discontinuous structure of the rock mass. 

The discontinuities usually decrease the strength of rock masses and increase their 

defonnability and conductivity. The overall mechanical properties of rock masses depend 

upon everyone of its structural features. So the discontinuity behavior and their 

interaction, and the intact rock properties have to be integrated into the global hehavior of 

discontinuous rock masses in order to obtain reasonahle results. 

Distinct clement method introduced by Cundall ( 1971 ) and later on further 

developed by Cundall and coworkers ( Cundall, 1980 and 1988; Hart et al., 1988; Lorig 

et aI., 1986; Lemos et al., 1985 ) is one of the methods which can account for most of the 

basic clements in jointed rock masses without additional mathematical burden. In this 

research three dimensional distinct clement code ( 3DEC ) will be used for studying the 

mechanical behavior of jointed rock masses at 3D level. 

1.2 Objectives and Scope of This Study 

As fundamental studies of mechanical properties of discontinuous rock masses. 

attention should be paid to the following ba'iic prohlems encountered in estimation of rock 

mass behavior and design of rock structures, and solve the prohlems where possihle. 



(1). How the discontinuity geometry parameters affect the mechanical 

properties of discontinuous rock masses and how to quantitatively 

describe these effects? 

(2). How to explain and determine the REV size of rock masses with 

respect to deformability and strength and the corresponding REV 

properties? What parameters control the REV properties? 

(3). How the anisotropy of rock mass properties is related to the 

anisotropy of discontinuity system and how to characterize this relation? 

(4). Is it possihle to estimate rock mass properties once the intact rock 

and discontinuity system are known without performing complicated 

numerical calculations? 
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The objective of this research is to examine the above problems and try to come up 

with solutions for them. 

1.3 Structure of the Dissertation 

Research on the above problems and the findings are covered in this dissertation. 

The main tools used in this research are 3D Distinct Element Method and 3D discontinuity 

geometry modeling schemes. First of all, a brief review of available literature on the 

deformability and strength of discontinuous rock masses is presented in Chapter 2. This 
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includes different approaches used and the results obtained. The elasticity theory for 

anisotropic materials is reviewed in Chapter 3. Based on it, a suitable constitutive model 

type was chosen to represent the prefailure behavior of rock masses. A detailed 

introduction of 3D discontinuity geometry models and 3 dimensional distinct element 

method is given in Chapter 4. In Chapter 5, a new technique of numerical simulation for 

stress analysis on discontinuous rock masses is developed by combining 3 dimensional 

distinct element method and 3D discontinuity geometry models. By using this numerical 

technique, the mechanical properties of rock blocks with different discontinuity patterns 

are calculated in Chapter 6. In the same chapter, the calculation results arc used to study 

the effects of joint geometry parameters on the mechanical properties of discontinuous 

rock blocks. Anisotropic properties of rock masses are also addressed in this chapter. In 

Chapter 7, fracture tensor is reviewed and relationships are developed between rock mass 

mechanical properties and the fracture tensor parameters. Also, the REV size and REV 

properties arc addressed in this chapter. Anisotropic properties of rock masses are also 

dealt with in this chapter. Based on the results obtained in Chapter 7, a new three 

dimensional constitutive model for discontinuous rock masses is presented in Chapter 8. 

This constitutive model includes the effects of joint\) in terms of fracture tensor 

parameters. Finally, Chapter 9 concludes this dissertation including a summary and 

providing the recommendations for future research work. 
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CHAPTER 2 

BRIEF REVIEW OF STUDIES ON JOINTED ROCK MASSES 

As stated in Chapter 1, correct understanding of the defonnability and strength of 

rock masses is very important to rock engineering. Usually, an accurate estimation of 

rock mass mechanical properties is very difficult due to the heterogeneous, anisotropic 

and scale dependent nature of jointed rock masses. Many studies have been conducted 

to investigate the deform ability and strength of jointed rock masses and the effects of 

joints on rock mass properties. These research can be categorized into (a) analytical 

approaches. (b) lab and in situ tests. (c) empirical methods and (d) numerical 

simulations. Because rock masses are highly variable with respect to mass structures. 

joint fillings. interaction he tween intact rock and joints and the in situ stresses. different 

approaches should be chosen to analyze jointed rock masses according to the specific 

conditions of jointed rock masses. A brief review of previous studies is given below. 

2.1 Analytical Approaches 

Analytical approaches provide closed form solutions for the mechanical behavior 

of rock masses taking into account the behavior of both the intact rock and the joints. 

Some simplifying assumptions are made in order to obtain these closed form solutions. 
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2.1.1 Classical Elastic Mechanics and Strength Theory 

Elastic theory is an old branch of science which has been widely used in many 

different disciplines since it was established. At the early stage of Rock Mechanics 

development. basic principles of elasticity were employed to study deformability of 

rocks and rock masses. 

Elastic theory can only be applied to study elastic materials with infinitesimal 

deformation. " Elastic" means that a material can return to its original shape when the 

externally applied forces are removed and at any level of applied forces. the generated 

deformation is always directly proportional to the applied forces. The infinitesimal 

deformation requirement can insure that the geometry change of the material due to the 

deformation is negligihly small compared with the material dimension and will not alTect 

the internal stresses produced hy the applied forces. 

In elastic theory. by applying the equilihrium equation ( ensure that at each point 

inside the material. the stresses, externally applied forces and inertia forces arc 

balanced). the displacement-strain relation ( compatibility equation controlling the 

continuity of material ). the constitutive equation of the material ( the relation between 

stresses and strains and is a material property) and the specific boundary conditions 

(stress or displacement boundary conditions) for a problem. a unique closed-form 

solution for stresses and strains can be found, ie, the problem can be uniquely solved. 

The constitutive equation of the material is the relation between the stresses and 

the strains. It describes the mechanical behavior of material and is very important in 
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obtaining a correct solution to the problem. Usually, the constitutive equation used for a 

elastic material is the generalized Hook's law given as 

{a}=[D]{E} ( 2.1 ) 

or {E} = [C] {a} ( 2.2 ) 

where { (j ) is the stress tensor, { e } is the strain tensor, [ D ] is called the stiffness 

matrix and [ C ] is called the compliance matrix. Both [ D ] and [ C ] contain material 

properties and describe the material defonnation behavior under the externally applied 

load. They will be explained in detail in Chapter 3 for a very general case. 

Elasticity theory is simple and can be easily used to study brittle rock or rock 

masses with very few joints in case of small deformation. It can yield satisfactory 

results as long as the constitutive behavior of rocks or rock masses are well known. 

Elasticity theory fonns the basis for some complicated engineering analysis. 

At the time when elasticity theory was developed, research was also conducted on 

the material failure process and some failure criteria ( strength theory) were proposed. 

Coulomb studied the failure phenomenon of material and found that the failure of 

material would occur when the shear stress inside the material exceeded a certain value. 

The failure criterion found by Coulomb and later modified by Mohr is given by: 

t = C + (j n tan <1> ( 2.3 ) 
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where t is the shear strength, c is the cohesion of material, O'n is the normal stress 

acting on the same plane as t, and <P is the friction angle. 

Griffith proposed a crack theory for the material failure. He assumed that some 

cracks existed inside the material around which the stresses were concentrated; a crack 

would grow when the tensile stress near the crack tip exceeded a certain value, and the 

extension of cracks was the reason to material failure. 

2.1.2 Equivalent Material Approaches 

For jointed rock masses. hecause of their complicated structure and the fact that 

joints dominate the glohal behavior of the rock masses, clastic mechanics and some 

continuum mechanics based numerical methods ( like Finite Element Method) arc not 

directly applicahle for stress analyses in order to ohtain satisfactory results. To 

overcome this difficulty, a jointed rock mass may be replaced by an " equivalent 

material" which glohally behaves in the same way as the jointed rock mass so that all 

the theories or methods applicable to continuum can be employed. This is called" 

equivalent material approach". The basic point in this approach is to try and come up 

with the global behavior of a jointed rock mass such that an equivalent material with the 

same properties can be chosen. Different techniques have been used to find an 

equivalent material to a jointed rock mass. They are reviewed below. 
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2.1.2.1 Fracture and Damage Mechanics Approach 

Fracture mechanics ( or damage mechanics) theory has been used to study the 

effects of cracks inside the rock on the mechanical behavior of cracked rocks, which can 

provide the overall properties of cracked rocks and finally the equivalent material for the 

specific cracked rock. 

Walsh ( 1965 ) studied the effects of cracks on the compressibility, Poisson's 

ratio and strength of rock by using the basic theory of fracture mechanics. Similar 

research were conducted by Budiansky ( 1965 ) and Hill ( 1965 ) on the effects of 

cracks on the properties of rocks, and they derived the constitutive relation of the rock 

which explicitly included the effects of cracks. In this approach, the interaction between 

cracks often plays an important rolc. Espcdally for seriously cracked rock, the crack 

interaction dominates the mechanical behavior of rocks. The technique called II self

consistent method II and the modified self-consistent method have been used to account 

for the interaction between cracks ( Hershey 1954, Budiansky 1965, Hill 1965, Horii 

and Nemat-Nasser 1983 and Oda 1984 ). In this method, the crack interaction is 

considered through the concept that the N-th crack is in a material with equivalent 

mechanical properties of a cracked material having ( N-J ) cracks. Kemeny and Cook 

(1986) used an II external crack model II to account for the crack interaction and studied 

the elastic moduli, stability and strength of a randomly cracked solid. Singh and Digby 

(1988) studied the constitutive model for progressive failure in a cracked rock by means 

of continuum damage mechanics. In their study, the damage variable ( or damage factor 

) was defined as a measure of the concentration of micro-macro cracks, and it was 

integrated into the constitutive model of cracked rock. 



4 1 

The assumptions made in the fracture mechanics ( or damage mechanics) analyses 

are that the rock material is elastic and the cracks are relatively small compared to the 

rock block and the crack surface is traction free. Based on these assumptions. the basic 

principles in fracture mechanics can be used. No constitutive relationship for cracks is 

needed in this approach to estimate the global behavior of cracked rocks. This approach 

maybe applicable for hard rocks with open small cracks. For most of the in situ rock 

masses. the joints size is significant and joint surfaces have very complicated 

geometries. They can be either filled or closed and exhibit complicated constitutive 

properties. So. usually the in situ joints do not satisfy the traction free assumption as 

mentioned earlier. Additionally. the anisotropy of the cracked material caused by the 

cracks is not considered well in the" self-consistent method". Therefore. hecause the 

assumptions deviate significantly from the in situ situation. this approach can not be 

used for large scale rock masses containing many joints with complicated constitutive 

behavior. 

2.1.2.2 Average Technique 

Some researchers have treated jointed rocks ( or rock masses) as 2 portions: intact 

rock and joints. and by assuming that the average stresses are distributed throughout 

jointed rock and the overall average strains are contributed hy both intact rock and 

joints. the overall moduli or compliances were found. This is the average technique. 

Salamon ( 1968 ). Singh ( 1973 ). Morland (1976 ). Stephansson ( 1981 ). Amadei and 

Goodman ( 1981 ). Gerrard ( 1982 ) and Fossum ( 1985 ) derived the global 

deformation modulus ( or compliance) for rock masses with continuous persislCnt 
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joints by considering the load-defonnation relationship for each comprising material 

(joints and intact rock) and assuming that the global behavior of the jointed rock mass is 

the summation of each component response. Wei et al. ( 1988) fonned the stress-strain 

relation for a jointed rock mass in the same way. 

In order to apply this technique, it is necessary for rock masses to have 

continuous persistent joint sets which are spaced regularly with deterministic 

orientations. In reality, most of the joints are non-persistent with finite size and all the 

joint geometry parameters are inherently statistical. Also, the interaction between joinL<; 

are not considered in this method. Therefore, most in situ rock masses do not satisfy the 

assumptions made in these models. These models may be applicahle for a very limited 

rock masses. 

2.2 Laboratory and In Situ Tests 

Laboratory and in situ tests have been carried out to examine the mechanical 

properties of jointed rock or rock masses and to study the effects of joints. In order to 

obtain realistic reSUIL\) about the mechanical properties of jointed rock masses, rock 

blocks which are large enough to include sufficient number of joints should be tested 

under signiJicant stress levels. Also, due to statistical nature of the joint geometry, many 

rock blocks having different joint configurations should be tested in order to obtain 

realistic estimations of rock mass mechanical properties. Obviously, this can not be 

accomplished in a lahoratory. In situ tests are usually required. 
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2.2.1 Laboratory Tests 

In a laboratory, different stress paths and stress conditions can be applied. Many 

mechanical parameters of intact rock, such as deformation modulus, shear modulus, 

uniaxial compressive strength and triaxial compressive strength, can be estimated. 

Model tests can also be conducted in a laboratory to simulate jointed rock mass behavior 

in the field. 

Laboratory tests are performed usually at a relatively small scale. The test sample 

is not large enough to incorporate sufficient number of joints and joint configurations. 

No reliable method exists for predicting the deformability and strength of rock masses 

from the results on laboratory specimens. So, laboratory tests are useful only for the 

determination of mechanical properties of intact rock and individual joints. In order to 

study jointed rock mass behavior in laboratory, some model tests which include certain 

joint systems have been conducted to simulate jointed rock masses. Brown ( 1970 ) 

tested models of rock with intermittent joints and found that the strength and the failure 

modes can be highly variable for jointed rock. Similar research were also conducted by 

Einstein and Hirschfield ( 1973 ). Oda ( 1984 ) used a combination of plaster of paris, 

sand and water as a model material and he created artificial cracks in the model material 

and performed uniaxial compression tests. From the test results, he tried to obtain 

relationships between mechanical properties of a cracked material and the crack system. 

These model tests can only illustrate some conceptual mechanisms involved in the 

deformation and failure process of jointed rock masses. They can not be used to predict 

the mechanical hehavior of rock masses. In order to obtain the properties of jointed rock 

masses through physical tests. in situ tests should be carried out. 
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2.2.2 In Situ Tests 

In order to obtain realistic mechanical properties of jointed rock masses, which are 

needed for rock engineering design, the test specimens should be large enough to 

include a sufficient number of joints and joint configurations so that it is representative 

with respect to the jointed rock masses. Also the tests should be carried out at a 

significant stress level to simulate the in situ stress conditions. Obviously, the in situ 

tests for very large rock blocks are necessary. 

The ISRM has provided the suggested methods ( Brown, 1981 ) for in situ tests. 

There are many in situ tests currently available. The most popular methods are: in situ 

compressive tests ( uniaxial, biaxial and tliaxial tests ), plate bearing tests, tlatjack test'> 

and bore hole jack tests. B ieniawski ( 1970, 1975, 1978 ) carried out some in situ tests 

and studied the strength and deformability of in situ rock masses. Heuze ( 1981 ) 

analyzed the scale effects in the determination of rock mass strength and deformability 

by reviewing the results from previous in situ tests. 

It is noted that in these tests, 110 attempt" have been made to map the joints in the 

rock mass samples and to study the effects of joint geometry parameters on the tested 

mechanical properties of rock masses. The in situ tests are usually difficult, time

consuming and expensive to perform, which means that it is extremely difficult to 

perform a large number of in situ tests. In addition, the tested results arc site dependent 

and can only be used for that particular site. 
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2.3 Empirical Methods 

It is clear that for rock masses which contain very complicated rock mass 

structure, the afore-mentioned analytical approaches are not suitable to estimate rock 

mass mechanical properties. In these cases, empirical approaches may be tried. One of 

the empirical methods available correlates the deformability of jointed rock masses to a 

rock mass classification index ( Bieniawski, 1973, 1976 ). Several factors influencing 

rock mass behavior. such as joint density, strength of the intact rock material. RQD 

(rock quality designation), conditions of joints etc., arc considered in the rock mass 

classification method and the com hinatioll of these factors gi ves out one overall 

classification rating. Some empirical correlations have been proposed, so that if the 

factors influencing rock mass hehavior arc known. the specific rock mass classification 

rating can he found. and finally, by using the empirical correlation, the mechanical 

properties of jointed rock mass may be estimated. 

Bieniawski ( 1978 ) studied a lot of t1eld test data and found the empirical relation 

between the mean deformation modulus Em ( in OPa ) and the rock mass classification 

rating ( RMR ). for rock masses with RMR greater than about 55 as 

Em = 2 ( RMR ) - J(X) ( 2.4 ) 

Serafim and Pereira ( 1983 ) found the equation given helow for the relationship 

hetween Em and RMR, which is valid for the range of Em between I and 10 OPa ( ie. 

RMR between 10 and 50 ): 
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Em = 10 (RMR·lO)/40 ( 2.5 ) 

In the RMR classification scheme, the uniaxial compressive strength of intact rock 

material, the rock quality designation ( RQD ), the spacing of joints, condition of joints 

and groundwater condition are considered to come up with the rock mass rating ( RMR 

). When RMR is used to predict the deformation properties of rock masses by using 

equations 2.4 and 2.5, some important joint geometry parameters like joint orientation 

and joint size are neglected. Also. it is important to note that both RQD and joint spacing 

values depend on the chosen direction. Therefore. theoretically many values of RQD 

and joint spacing are possible for the same rock mass. Only the spacings along mean 

vector directions provide true spacings. However. that is not usually done in estimating 

RMR value. So. the ohtained results through this empirical method can not provide 

accurate estimations concerning the mechanical behavior of jointed rock masses. 

Additionally. RMR is a non-directional index showing the quality of rock masses. The 

predicted deformahility of rock masses from equations 2.4 and 2.5 is also direction 

independent. However. the jointed rock masses in the field are usually anisotropic in 

their mechanical properties. Also. the deformation modulus of rock masses depends on 

the stress level. The above mentioned empirical relationships are incapable of 

characterizing the anisotropic and stress dependent mechanical properties. So, care must 

be exercised in applying the empirical methods to estimate rock mass mechanical 

properties and stress analysis should be performed to support it. 

Because of the difficulty of determining the overall strength of rock masses, based 

on extensive experimental results. Hock and Brown ( 1980 ) proposed an empirical 

rock mass strength criterion as 
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o Is = 03 + ( m 0 cO 3 + s 0 c2 ) 1/2 ( 2.6 ) 

where 0 15 is the major principal stress at peak strength. 03 is the minor principal stress, 

m and s are constants depending on the properties of rock and the extent to which it had 

been broken before being subjected to the failure stress and Oc is the uniaxial 

compressive strength of the intact rock material. From the experimental data, Hoek and 

Brown examined the m and s values according to rock type and rock mass quality 

(RMR). Again, in this empirical strength criterion. only the uniaxial compressive 

strength of intact rock material and the RMR ( in terms of constants m and s ) are 

considered. There is no specific consideration given to the joint geometry parameters 

like joint orientation and joint size, which are important factors influencing the strength 

properties of rock masses. Also, the other weaknesses related to joint intensity 

estimations mentioned in the previous paragraph holds true for this case too. In 

addition, equation 2.6 gives only an isotropic strength for a jointed rock mass. This 

conflicts with the lield situation. 

The empirical methods can only provide us with very crude estimations about the 

mechanical properties of jointed rock masses. They have to be supported by stress 

analyses and previous experience in order to predict the mechanical behavior of jointed 

rock masses. Some important aspects, like anisotropic properties and scale dependent 

nature of rock masses, are not expressed in these empirical relationships. 
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2.4 Numerical Simulations 

With the development of large computers, numerical methods became important in 

many engineering fields when the closed-form analytical solutions were not available. 

For jointed rock mass studies, various numerical methods have been applied to model 

different materials and discontinuities in rock masses because analytical solutions 

seldom exist for general problems in jointed rock masses. 

Two different approaches for the numerical modeling of jointed rock masses are 

currently used. The first approach includes basically the finite element method ( FEM ) 

and the boundary clement method ( BEM ), where the rock mass is taken to be a 

continuum and infinitesimal deformation is usually assumed. A completely different 

principle is used in the second approach which includes basically the distinct clement 

method ( OEM) and discontinuous deformation analysis ( OOA ), where the object 

material is taken as an assemblage of discrete blocks separated by the joints. 

2.4.1 Finite Element Method 

In the finite element method. the object needs to be discretized into a finite clement 

mesh. For each element. by using the potential energy principle, an clement equation 

can be derived which relates the unknowns at the nodes ( displacements for stress-strain 

problem) to the material properties ( element stiffness matrix) and the applied loads 

(load vector). Then a matrix equation ( global equation) can be established for the entire 

body including the boundary conditions. By solving this equation, the displacement 
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field, stress field can be obtained inside the research domain. In the finite element 

method, the material continuity and the infinitesimal defonnation are assumed. 

Jaeger and Cook ( 1976 ) provided a summary showing the advantages of 

applying the finite element method in rock mechanics: 

( 1 ) The elements can be chosen in any way and of any size so that irregular 

boundaries can be filled without trouble, and a greater density of nodal points can be 

chosen in regions of greater stress concentration. 

( 2) Variable surface and body forces are easily handled. 

( 3 ) Each element has its own stiffness matrix, so that the material need not be 

homogeneous or isotropic. Also non-linear and bilinear materials can be easily studied. 

( 4 ) 'The method is not restricted to elastic behavior, and other rheological models 

can be introduced. 

( 5 ) Friction on joint surfaces can be allowed for. 

( 6 ) The final output can be processed in the computer in any desired fashion. 

When the finite element method is applied to rock engineering, a jointed rock mass 

is idealized as a continuum by using a spccialjoint element ( Goodman at al. 1968 ), or 

by using an equivalent model to represent the jointed rock mass ( Zienkicwicz and 
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Pande, 1977 ). Kulatilake ( 1985 ) proposed a numerical method to estimate the 

deformability and strength of a jointed rock mass by using a decomposition model 

which combined the finite element method including a joint element and statistical 

simulation of joints and studied the effects of joint geometry parameters on 

deformability and strength of the jointed rock mass. 

For a seriously jointed rock mass, because of the huge number of possible 

elements, it is not easy to use the finite element method. Additionally, the finite clement 

method is incapable of tackling large displacements and rotations of rock blocks and the 

failure process of rock masses. 

2.4.2 Boundary Element Method 

The boundary element method is especially useful for rock excavation analysis in 

infinite rock masses. In addition to the boundary element method, discontinuous 

displacement method and boundary integral method are also similar methods which only 

make approximations on the boundary of rock excavation and the rock mass is assumed 

to behave as an clastic continuum ( Crouch and Starfield, 1983 ). 

Lorig and Brady ( 1984 ) proposed the hybrid finite and boundary element method 

which couples finite element method and boundary element method and has improved 

computing efficiency when it is used for stress analysis in rock masses. 
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Again, the boundary element method can not simulate the failure process of rock 

masses, where large displacements and large rotations of rock blocks may occur and the 

rock blocks may be separated from the rock masses. 

2.4.3 Distinct Element Method 

The distinct clement method was first proposed by Cundall ( 1971 ) and further 

developed by Cundall and some other researchers (Cundall. 1980. 1988. Hart. Cundall 

and Lemos. 1988 ). It has become a powerful numerical technique for general 

geomechanical problems. In this method. the rock mass is modeled as an assem hlage of 

rigid or defonnable blocks interfaced by a joint network. Joint behavior is prescrihed 

for the interaction between distinct blocks. The main shortcoming of this method is that 

the joints need to be persistent in order to fonn distinct blocks and then to perform 

distinct element stress analysis. Unfortunately. most rock masses contain non-persistent 

joints. The deformation of each block is modeled by internal discretization of a finite 

number of finite difference clements. By taking into account the interaction of intact 

blocks and joinL<;. the distinct element method can effectively calculate the mechanical 

behavior of block systems under different stress and displacement boundary conditions. 

Another advantage of this method is that an explicit finite difference scheme is employed 

which can allow large displacements. large rotations and complex constitutive models 

for both intact rock and joints without solving complicated matrix equations. 

The well developed computer programs for distinct clement method are UDEC ( in 

2D ) and 3DEC ( in 3D ) ( Cundall. 1988. Halt. Cundall and Lemos. 1988 ). Details on 
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the fonnulation of 3DEC ( 3 dimensional distinct element code) is discussed in Chapter 

4. 

UDEC and 3DEC have been applied to both civil and mining engineering 

problems ( Lemos, 1988, ling and Stephansson, 1989) with success. The computing 

efficiency can be improved by using the hybrid distinct element - boundary clement 

method of stress analysis ( Lorig et aI, 1986 ), which combines the two numerical 

methods and apply distinct element method to the near field of the rock engineering 

structures ( like around rock excavation) and boundary element method to the far field 

(well away from the excavation area). 

2.4.4 Discontinuous Deformation Analysis 

Discontinuous deformation analysis ( DDA ) was proposed by Shi ( 1988 ), 

which was mathematically formulated in a rigorous way different from the one used in 

distinct clement method. It is designed to analyze block systems like jointed rock 

masses fonned by persistent joints. A matrix equation for the block system is created in 

a similar fashion to that used in the finite ekment method. An important feature is that a 

special graphic method is used for s(Jlving thl! equations. 

Because discontinuous deformation analysis uses the time difference technique, 

both static and dynamic analyses with large translational and rotational displacements 

can be handled easily in this algorithm. A penalty function is used to prevent 

interpenetration between blocks and both convex and concave blocks are allowed in 

DDA. Another feature of DDA is that hoth forward analysis and back analysis are 



53 

included in this method, so that the back analysis problems can be handled more easily 

with this method. 

Again, in order to use DDA to perfonn stress analyses, the rock masses need to be 

completely discretized into blocks by the existing persistent joint system. However, 

most rock masses contain non-persistent joints. 

2.4.5 Selection of Continuum and Discontinuum Models 

From the discussion on afore-mentioned topics, it is clear that many approachcs 

have heen suggested for jointed rock mass stress analysis. These can be categorized into 

continuum approachcs and discontinuum approaches. Which approach should bc 

selected for the analysis depends on the situation of jointed rock masses, ic. jointed rock 

mass models. So, it is necessary to know how to determine the jointed rock mass 

models according to in situ jointed rock mass conditions. 

Figure 2.1 shows the intluence of the the rcsearch domain scale and the size of 

rock engineering structures with respect to the joint spacing on the selection of rock 

mass behavior modcls. In Figure 2.1 a, the rock excavation size is very small compared 

with joint spacing, so, the interested domain can be regarded as intact rock and both 

stress and displacement fields inside rock can be treated as continuous. So, a continuum 

model should be chosen and classical elasticity theory, FEM, BEM are suitable for this 

analysis. If the average spacing of joints is of a similar order of magnitude as the size of 

rock excavation. as shown in Fig. 2.1 b and Fig. 2.1 c. which is most commonly 

encountered in engineering practice. the rock mass is regarded as discontinuous. Slip 
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and separation can occur on the joint planes and translation and rotation of blocks can 

even take place. In this case, discontinuum approaches like DEM and DDA or FEM 

with joint elements can be employed for analysis or design. In Figure 2.1 d, the rock 

mass is jointed randomly and extensively and the rock excavation size is very large 

compared with the joint spacing. Under this condition, the displacement field around 

excavation will be macroscopically continuous; the rock mass can be represented by an 

equivalent continuum material. BEM and FEM can then be used provided the equivalent 

material properties are known. 

2.5 Discussion and Summary 

The jointed rock mass structure is highly variable; the methods used to analyze the 

mechanical hehavior of jointed rock masses are also variable. The selection of the 

analysis methods should he based on careful studies of in situ situation (joint system 

and in situ stress level) and the rock SU'ucture ( it<; shape and si1-c ). 

In order to use an analytical approach, the rock mass structure has to be simplified 

and certain assumptions have to be made. The analytical results still need to he verified 

before drawing any conclusions from them. Empirical methods do not always fully 

evaluate imponant aspects of the prohlem and only give very crude results; they have to 

be applied with support of stress analysis. 

Laboratory and in situ tests can directly provide the results about the mechanical 

properties of tested specimen. However, care needs to be exercised about the extent to 

which the measured hehavior of rock specimens reflects the actual properties of rock 
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masses. The extrapolation of behavior induced by the experimental system to different 

circumstances can be most misleading. No in situ tests have been performed with 

known joint systems inside rock masses to study the effects of joint system on the 

mechanical behavior of jointed rock masses. In addition, in situ tests are time 

consuming, expensive and difficult to be conducted; it is extremely hard to investigate 

the effects of joint system on the mechanical properties of rock masses through in situ 

tests. 

Theoretically. the numerical methods have great potential for the complicated 

mechanical analyses of jointed rock masses. The key problem attached with numerical 

methods is that the constitutive model of the rock mass has to be well understood. 

otherwise the calculation results can be of no use or even misleading. Therefore. the 

objective of this research is to study the constitutive behavior of rock masses. Due to the 

special features associated with the distinct element method. three dimensional distinct 

element code ( 3DEC ) is used in this research to perform stress analyses on jointed 

rock blocks and to study the constitutive behavior of rock masses. 
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CHAPTER 3 

ELASTICITY THEORY FOR ANISOTROPIC MATERIALS 

3.1 Introduction 

Jointed rock masses are usually anisotropic in their mechanical behavior. So, it is 

important to know the elasticity theory for anisotropic materials for better understanding 

of the mechanical behavior of jointed rock masses and for development of constitutive 

models for jointed rock masses. A brief introduction of elasticity theory for anisotropic 

materials, like general stress-strain relations, symmetry of an anisotropic material. is 

given in this chapter. A more detailed discussion of the theory can be found in the book 

by Lekhnitskii (1963). 

3.2 Generalized Hooke's Law 

If the anisotropic rock material is linear elastic, homogeneous and continuous, then 

the generalized Hooke's law can be used to express its general constitutive relationship 

as: 

O'jj = Djjkl Ekl ( 3.1 ) 

or Eij = Cijkl O'kl ( 3.2 ) 
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where O'ij and £ij are the stress tensor and the strain tensor, respectively. Dijkl and Cijkl 

are constant matrices. Dijkl is called the stiffness matrix and Cijkl is called the 

compliance matrix. 

In the most general three dimensional case, there are 81 independent elastic 

constants in the stiffness matrix ( or in the compliance matrix) in equation ( 3.1 ) or 

(3.2). However, due to the symmetry of both the strain and the stress tensors, there arc 

at most 36 distinct elastic constants. It can be proved that this number can be reduced to 

21 if the existence of a strain energy function is further assumed. Then the equation 

(3.2) becomes: 

Ell C IIII C I122 C I133 C II12 C II13 C I123 
0'11 

£22 C 2222 C 2233 C2212 C 2213 C 2223 
0'22 

E33 C 3333 C3312 C3313 C 3323 0'33 

= ( 3.3 ) 
E12 

C 1212 C I213 C 1223 0'12 

£13 
C 1313 C 1323 

0'13 

C 2323 
£23 0'23 

If we introduce the coordinate system x-y-z, equation ( 3.3 ) can be written as 

(Lekhnitskii, 1963): 
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1 Vyx Vzx 1lx,yz 1lx,xz .!l.2L O'x Ex 
Ex - Ey - Ez oy;- Gxz Gxy 

Ey 
_ Vxy _1_ Vzy 1ly,yz 1ly,xz 1ly,xy 

O'y 
Ex Ey Ez Gyz Gxz Gxy 

Vxz Vyz 1lz,yz 1lz,xz 1l z,xy 
Ez 

Ex --- Ez Gyz Gxz Gxy O'z 
Ey 

= ( 3.4 ) 
1lyz,x 1lyz,y 1lyz,z Jlyz,xz Jlyz,xy 

"tiz Ex EY Ez Gyz Gxz Gxy 
'tyz 

1lxz,x 1lxz,y 1lxz,z Jl Xl,YZ Jlxz,xy 
yxz Ex Ey Ez Gyz Gxz Gxy 

'txz 

1lxy,x 1lxy,y !lxy,z pxy,yz Jlxy,xz 1 
yxy -rx- Ey Ez Gyz Gxz Gxy 'txy 

where: 

(1) Ex, Ey, Ez are the Young's moduli in the directions x, y, z. 

(2) Gyz, Gxz, Gxy are the shear moduli for planes that are respectively parallel to 

yz, xz and xy. 

(3) Vyx, VZX, Vxy, Vxz, Vzy, Vyz are the Poisson's ratios. Poisson's ratio Vij 

determines the ratio of the strain in the j direction 1.0 the strain in the i direction due to a 

stress acting in the i direction. The relationship hetween Poisson's ratios Vij and Vji is: 

( 3.5 ) 

(4) Jlij.kl'S ( i, j, k, I take values I, 2, 3 ) arc the parameters characterizing the 

shear strain on the plane i-j caused by the shear stress on the plane parallel to k-l. Similar 

to the Poisson's ratio, the following relationship exists for Jlij,kl'S: 

Jl ik,jk Jljk,ik 
Gjk = Gik ( 3.6 ) 
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(5) 11x.yz's are called the coefficients of mutual influence of the first kind. 11Yz.x's 

are called the coefficient of mutual influence of the second kind. Coefficient 11k.ij 

describes the stretching in the direction parallel to k induced by the shear stress acting 

within a plane parallel to the one defined by indices ij. Coefficient 11ij.k characterizes a 

shear on the plane defined by indices ij under the influence of a normal stress acting in 

the k direction, furthermore, the following relationship exists: 

11 ij,k 11 k,ij 
""Ek= Gij 

( 3.7 ) 

If the internal composition of the rock material possesses symmetry of any kind, 

then symmetry can be also observed in its clastic properties. The number of clastic 

constants in the stiffness matrix or in the compliance matrix can be further reduced. 

depending on the number of symmetry planes. In the next discussion, the following four 

basic cases of clastic symmetry will be summarized: 

(1) one plane of elastic symmetry 

(2) three orthogonal planes of clastic symmetry 

(3) one axis of clastic symmetry of rotation 

(4) complete symmeu),. 

3.3 Basic Cases of Elastic Symmetry 

Usually, some rocks or rock masses, like foliated or bedded and jointed rocks 

(schist, gneiss, slate, shale, and coal), exhibit one to three approximate planes of 
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symmetry. In rock mechanics. it is seldom possible to study rocks or rock masses with 

an extreme anisotropic constitutive model. So, the elastic symmetry cases are of most 

interest in these studies. 

3.3.1 One Plane of Elastic Symmetry 

Suppose that through each point of a body. there passes a plane possessing such a 

property that every two symmetry directions. with respect to the plane. arc equivalent 

with regard to the elastic properties. These planes are the planes of elastic symmetry. For 

instance, if plane x-y is a plane of elastic symmetry, it can be shown that in equation 

(3.4). some of the elastic constanL<; hecome zero, and ( 3.4 ) becomes: 

1 _ :iE... VI); 
0 0 ~ Ex Ex Ey - b. Gxy crx 

-L V/.y 
0 0 

!ly,xy 
cry Ey Ey - ... .:z Gxy 

Ez 1 
0 ~ crz 

b 0 Gxy ( 3.8 ) 
yYz _1_ !:!~z.xz 

0 'tyz 
Gyz Gxz 

yxy symmetric 1 0 'txz 
Gxz 

"(xz _1_ 'txy 
Gxy 

In the case of one plane of elastic symmetry, the number of clastic constants is 

reduced to 13 from 21. 
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3.3.2 Three Orthogonal Planes of Elastic Symmetry 

If through every point of a body, there pass three mutually perpendicular 

(orthogonal) planes of elastic symmetry, this body is said to be orthotropic. The 

directions normal to the planes are principal directions. Taking all coordinate axes 

nonnal to the planes of the elastic symmetry, ie, along the principal directions, the stress 

strain relation ( Equation 3.8 ) reduces to the following one: 

1 Vvx V'l:(. 
0 0 Ex Ex - Ey -F7 0 Ox 

...L vzv 
Ey Ey -Ez 0 0 0 Oy 

Ez 1 
0 Oz 

Ez 0 0 
yYz 1 1~l 

( 3.9 ) 
Gyz 0 0 

yxy symmetric 1 
Gxz 

0 1;(2. 

yxz 1 '!xy 
Gxy 

In this case, the number of independent clastic constants or compliances is reduced 

to 9. These are, for instance, three Young's moduli Ex, Ey, Ez in three perpendicular 

directions, three shear moduli Gyz, Gxz, Gxy and three Poisson's ratios Vyx, Vzx, Vzy. 

3.3.3 One Axis of Elastic Symmetry of Rotation 

An axis of elastic symmetry g of order n exists at a point when there are sets of 

equivalent elastic directions that can be superimposed by a rotation through an angle of 

2n1t. An axis of the second order is equivalent to a plane of clastic symmetry. For an axis 

of the third or fourth order, the number of independent elastic constants or compliances 
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is reduced to 7. For an axis of order larger than or equal to 6, it can be shown that all 

directions in the planes nonnal to it are equivalent with respect to the elastic properties. If 

z coincides with the axis of elastic symmetry g, the rock is isotropic within the x-y 

plane. The z axis is defined as axis of elastic symmetry of rotation. A rock that 

possesses this type of elastic symmetry is called transversely isotropic. Plane x-y and 

each plane perpendicular to it are planes of elastic symmetry. With these conditions, 

equation ( 3.9 ) is further reduced to: 

Ex 
_I_ 

E 

Ey 

Ez 

yYz 

yxy 

yxz 

E 
where, G = ----

2(1 + v ) 

v v' --- -T-E 
1 v' 

E - E' 
_1_ 

E' 

synunclIic 

O 0 0 crx 

0 0 0 cry 

0 0 0 crz 
( 3.10 ) _1_ 

G' 0 0 't}7. 

_1 0 'txz 
G' 

_1_ 'txy 
G 

For this case, the number of independent clastic constants or compliances is 

reduced to 5. According to equation (3.10), there are two Young's moduli E and E', 

one shear modulus G' and two Poisson's ratios v and v'. 

3.3.4 Isotropic Case ( Complete Symmetry ) 

If all planes and axes are one of elastic symmetry, the rock material is isotropic. 

The stress-strain relationship for isotropic material is given by 



1 
ex = E [ O'x - V ( O'y + O'z )] 

1 
ey = E [ O'y - V ( O'x + O'z )] 

1 
£z = E [ O'z - V ( O'x + O'y )] 

'txy 
"(xy =0 

'tyz 
'YYz=a 

'tzx 
"(zx = a 
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( 3.11 ) 

For the case of complete symmetry, the number of independent elastic constants or 

compliances is 2: E and v or G and K, where K is the bulk modulus. The relationship 

between them is: 

G = _--=E-'---_ 
2 ( 1 +v ) 

E K=-----
3 ( I -2 v ) 

( 3.12 ) 

( 3.13 ) 

So, it can be seen that for linear-elastic. isotropic material, the clastic behavior can 

be described by either Young's modulus E and Poisson's ratio v combination or the 

combination of shear modulus G and bulk modulus K. 

The elastic constants or compliances introduced previously have ranges of possible 

variation that are limited since thermodynamic considerations require that the strain 

energy of an elastic material should always he positive. Using equation ( 3.2 ), the strain 

energy per unit volume ( strain energy density) is equal to: 
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1 
Q = 2 [ (jij ]T [Cijkl ] [O"kl ] ( 3.14 ) 

If this quadratic form is positive definite, the strain energy will be positive as 

required. For an isotropic material the requirement is satisfied if the Young's modulus E 

and the Poisson's ratio v are such that 

E>o and -1 ::; v ::; 0.5 ( 3.15 ) 

For a transversely isotropic material with the five elastic constants defined in 

equation (3.10), Picking ( 1970 ) has shown that the following conditions must he 

satisfied: 

E>O; 

and 

where 

E' > 0; 0'>0; 

E 
E' (1 - v ) - 2 VXl

2 ;:::; 0 

,E 
VXl = v E' 

3.4 Effective Stress Laws 

( 3.16 ) 

( 3.17 ) 

The stress-strain relations discussed in previous sections are only valid for dry 

continuum media or dry continuum equivalent materials of discontinuous media, where 

the applied stress is equal to effective stress. For porous material, if there is water inside 

the pores and water pressure ( pore pressure) exists, an effective stress law has to be 

used. 



66 

Carroll ( 1979) derived analytically an effective stress law to describe the effect of 

pore fluid pressure on the linearly elastic response of saturated porous and anisotropic 

rock as follows: 

O'ij' =O'ij - P ( O'ij - Minkl Cklmn(C) ) (3.18 ) 

where O'ij is the applied stress tensor, O'ij' is the effective stress tensor, P is the applied 

tluid pressure, Minkl and Cklmn(C) respectively denote the tensor of clastic moduli of the 

porous material and the tensor of compliam:e of the solid material. 

If the effective stress is used, equation ( 3.2 ) hecomes the following: 

£ij = Cijkl O'kl - P ( Cijkk - Cijkk(S) ) ( 3.19 ) 

For isotropic porous material, the effective stress is: 

0" = 0' - ex P ( 3.20 ) 

where, 0" is the effective stress, 0' is the applied stress, P is the pore tluid pressure and 

ex is a parameter depending on the saturation of porous material and its porosity. 

So, it can he seen that for anisotropic material, the modification to the applied 

stress is not hydrostatic pressure as for isotropic material; it is related to the applied 
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stress, the elastic behavior of the porous material and the solid material and the 

hydrostatic pressure. 

3.6 Discussion and Summary 

This chapter reviewed the generalized Hooke's law for the constitutive behavior of 

anisotropic materials, the basic cases of elastic symmetry and the effective stress laws. 

Generalized Hooke's Jaw is very important to any further studies on the mechanical 

response of anisotropic materials under the external loading. In the following chapters in 

this dissertation. the research on the anisotropy and the scale dependent nature of jointed 

rock mass deformability will be based on the generalized Hooke's law for onhotropic 

materials ( with 3 perpendicular clastic symmetry planes ). This constitutive model is 

especially suitahle for the rock masses with three perpendicular joint sets. However. it 

can give reasonahly accurate results for rock masses with any given joint configurations 

if the coordinate system is chosen along the principal directions of the fracture tensor. 

Details ahout the fracture tensor is covered in Chapter 7. A hetter understanding of the 

constitutive models used for intact rock and joints. which will he discussed later. also 

depends on the concept of Hooke's law. The effective stress laws are useful for studies 

on the mechanical behavior of POrollS material containing fluid ( like water ). 



68 

CHAPTER 4 

THREE DIMENSIONAL JOINT GEOMETRY MODELING SCHEMES 

AND THREE DIMENSIONAL DISTINCT ELEMENT METHOD 

4.1 Introduction 

Rock masses are usually discontinuous. The presence of discontinuities strongly 

affects the mechanical and hydraulic behavior of rock masses. Discontinuities may be 

divided into major and minor ones. Faults. shear zones. and dykes are categorized under 

the major discontinuities and their geomeu)' may he represented deterministically. On the 

other hand. the small scale discontinuities. such as joints. bedding planes and fissures. 

can be categorized under minor discontinuities. They have statistical nature in their 

geometry. For most of the prohlem domains dealt with in rock engineering. the minor 

discontinuities ( here called joints) are frequently encountered and need to be taken into 

account. Because of the complicated geometry patterns of joints. it is very difficult to 

analyze jointed rock masses ( ie. the complicated joint geomeU)' patterns can not be easily 

incorporated into analytical or numerical techniques ). The need for a realistic 

representation of joint geometry in rock masses has heen recognized. The availahle 3D 

joint geometry modeling schemes are discussed in the next section of this chapter. 

Due to the existence of joints in rock masses and the complicated interaction 

between joints. the stress and displacement distributions inside jointed rock masses unda 

the external loading are very complex and extremely nonuniform. Large displacements 
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and rotations of the intact rock blocks, slipping and opening along joint planes and even 

the propagation of joints can occur inside rock masses. The distinct element method 

introduced by Cundall ( 1971 ) and further developed by Cundall and the coworkers 

(Cundall 1988; Hart et al. 1988; Lorig et al. 1986; Lemos et al. 1985) is a powerful and 

economical tool to perform stress and displacement analysis in blocky system. This 

method can account for most of the special features associated with stress analysis of 

blocky rock masses mentioned above. For this research, the three dimensional distinct 

element method was used and it will be introduced in the second part of this chapter. 

4.2 Three Dimensional Joint Geometry Modeling Schemes 

The statistical nature of joint geometry parameters determines that joints should he 

characterized statistically. Since the joint geometry patterns can vary from one 

statistically homogeneous region to another, each statistically homogeneous region 

should be represented by a separate joint geometry model. Therefore, the first step in the 

procedure of joint geometry modeling in rock masses should be the identification of 

statistically homogeneous regions. To model joint geometry in three-dimensional ( 3D ) 

space, for a statistically homogeneous region, it is necessary to know the number of joint 

sets, and for each joint set, the intensity, spacing, location, orientation, shape and 

dimension distributions. These joint geometry parameters are inherently statistical. 

Sample values of joint parameters provided by the field data are usually subject to errors 

due to sampling biases and represent only one- or two-dimensional properties. Therefore, 

before inferring probability distributions to these parameters from sampling values, 

sampling biases should be corrected on field data and principles of stereology need to be 

used in order to infer 3D parameters of the joint set') from I D or 2D parameter values. 
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A few three dimensional joint geometry modeling schemes have been suggested in 

the literature ( Baecher et aI., 1977; Veneziano, 1978; Dershowitz and Einstein, 1988; 

Billaux et aI., 1987; Kulatilake and Wathugala, 1990). The first four modeling schemes 

have the following shortcomings: 

I. Statistical homogeneity has not been investigated. 

2. Corrections are not available for most of the sampling biases. 

3. Rigorous treatment has not been made using stereological principles in estimating 

3D joint geometry parameters from 2D or I D joint geometry parameters. 

4. A fonnal validation is not availahle. 

Kulatilake and Wathugala's scheme ( 1990) includes a numher of new procedures 

to overcome the shortcomings which exist in previous joint geometry modeling schemes. 

The flow chart of the procedure Kulatilake and Wathugala ( 1990) used for development 

of stochastic joint geometry models for a granitic rock mass is given below. 

step I: investigate statistical homogeneity and ohtain statistical 

homogeneous regions for the rock mass; for each statistical 

homogeneous region follow steps 2 through II to develop a joint 

geometry model 

step 2: delineate joint SCLIi 



step 3: 

step 4: 

apply correction for orientation bias for ~ch joint set 

model the true orientation distribution for each joint set 
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step 5: estimate the trace length distribution for each joint set taking into 

account the sampling biases. 

step 6: infer joint size distribution in 3D for each joint set taking into 

account the sampling biases (joints are considered as circular 

discs) 

step 7: detennine joint spacing distribution along each scanline taking 

into account the sampling biases on spacing 

step 8: infer joint spacing distribution along the mean pole direction ( true 

spacings) for each joint set 

step 9: estimate the mean joint center density in 3D ( number volume) for 

each joint set 

step 10: obtain a distribution for the random variable:" number of joint 

centers per chosen volume" 

step II: suggest a 3D stochastic joint geometry model by describing the 

joint geometry parameters: 

(a) number of joint sets 

(b) orientation distribution for each joint set 

(c) spacing distribution for each joint set 

(d) distribution for density in 3D for each joint set 

(e) size ( diameter when joint shape is considered as circular) 

distribution for each joint set 
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4.2.1 Investigation of Statistically Homogeneous Regions 

An important aspect in joint geometry modeling is the evaluation of statistical 

homogeneity for the considered rock mass. For complete statistical homogeneity the joint 

sets should have similar distributions of (a) orientation (b) spacing (c) size (d) shape (e) 

roughness (1) gouge (g) joint constitutive properties in the compared two areas. At 

present, only the number of joint sets and their orientation distributions are considered in 

investigating statistical homogeneity. Such regions are often determined by visually 

comparing samples of structure orientation, each of which consists of a polar, equal-area 

plot with at least 150 poles to joints. However, when joint orientations do not show 

definite pole clusters, visual comparisons often arc not sufficient to evaluate statistical 

homogeneity between chosen structural regions. In such situations, the statistical 

methods suggested by Miller (1983) and Mahtab and Yegulalp (1982) are useful in 

obtaining statistically homogeneous regions. Even with the help of the statistical 

methods, it is not possible to evaluate the statistical homogeneity without a subjective 

decision regarding the demarcation line between the statistical homogeneity and 

nonhomogenl.!ity. This is clearly iJlustrated in the statistical homogeneity investigation 

performed for the area around ventilation drift, Stripa Mine ( Kulatilake et al.,l990 ). 

After the delineation of statistically homogeneous regions, the modeling 

procedures, which will be discussed below, may be applied in building up a joint 

geometry pattern for each region. 
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4.2.2 Joint Orientation Modeling 

Joint orientation is an essential aspect of joint geometry, and has a significant effect 

on measurement of all other aspects of joint geometry. The orientation of joint planes in 

three dimensional space can be described in several basic systems. Geologists generally 

represent orientation by strike or azimuth ( dip direction) and dip. Mathematician may 

represent orientations by unit vectors either parallel to the dip of the joint. or 

perpendicular to the joint in upper or lower hemisphere. Unit vectors may be represented 

in either cartesian. cylindrical. or spherical coordinates. For most of the hard rocks. the 

fracture orientations arc clustered around one or more statistically preferred directions. A 

primary consideration is to identify these clusters such that their means and the statistical 

distributions can be estimated for input to joint geometry modeling. 

Joint orientation is usually determined in the field by sampling along a line. as in a 

horehole. or over an area, as on a tunnel wall or on a tunnel roof or on an outcrop 

surface. Figure 4.1 (a) shows a special type of intersection between a parallel joint set 

and a horehole. Figure 4.1 (h) shows a special type of intersection between a parallel 

joint set and a horizontal outcrop. In both cases. it is clear that the chance of intersection 

between a joint in the set and the sampling domain increases as a. increases from 0° to 

900
• This phenomenon can be generalized to intersection in three dimensions by saying 

that the chance of intersection between a joint and a sampling domain depends on the 

angle between these two. This was shown by Ruth Terzaghi ( 1965) and may be termed 

as the orientation bias. Intersection between a joint cluster and a sampling domain 

produces several intersection angles due to the variability of the joint poles in the cluster. 

Due to these reasons. the observed frequencies of joint poles differ from the actual 
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(a) 

(b) 

Figure4.1 (a) Intersection hetween a Parallel Joint Set and a Borehole. (h) Intersection 

between a Parallel Joint Set and a Horizontal Outcrop ( after Tcrzaghi. 1965 ) 
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frequencies. The corrected frequency may be obtained by assuming a weight for each 

observed joint through a weight function, which is proportional to the reciprocal of the 

probability of the joint being sampled. For the intersection in three dimensions, Terzaghi 

suggested a graphical correction to obtain the corrected frequencies of joint poles and 

mentioned that for small intersection angles the reliability of the correction is poor. 

It is important to note that in this study Terzaghi did not impose any restrictions to 

the sizes of joints and the sampling domain. Therefore, Terzaghi's correction is 

applicable only for joints of infinite size intersecting infinite size exposures. Kulatilake 

and Wu ( 1984 a ) demonstrated that the shape and size of both the joints and the 

sampling domain also influence the probahility of intersection. Assuming joints as finite 

size thin circular discs. they derived weighting functions to apply in sampling joints on 

finite size rectangular exposures and infinite size exposures. In another paper. Kulatilake 

et al. ( 1990 ) have given a methodology to derive weighting functions for other shapes. 

In the same paper, they have discussed the problems one would face in applying these 

corrections in practice. It is possible to prove that the corrections given in these two 

papers reduce to the corrections given in Terzaghi's ( 1965 ) paper under special cases. In 

addition to this bia';, measurement of orientation is suhject to measurement errors. Pincus 

( 1953 ) and Einstein and Baecher ( 1983 ) have discussed these errors. 

Polar, equal area projections arc usually used to display orientation frequency data. 

Computer programs such as Jeran and Mashey (1970) are available to obtain orientation 

frequency contour plots. The orientation frequency plots, which show true frequencies. 

may be used to identify joint sets or clusters hy visual inspection. However. in many 

cases, visual clustering is very difficult due to the presence of frequency overlapping 
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regions. Several clustering algorithms which are based on some weighting statistical 

approaches are available in the literature. Since most of these suffer drawbacks, some 

investigators (Einstein et al., 1979) feel that visual clustering produce better results. Out 

of the available clustering algorithms. the one presented by Mahtab and Yegulalp ( 1982) 

seems to be the best. 

Once clusters are identified. attempL<; are usually made to find suitable probabilistic 

distributions to represent the statistical distrihutions for joint orientation in each cluster 

(set). Several analytical probability distributions have been suggested in the literature to 

represent the distribution of joint clusters (Arnold, 1941; Pincus. 1953; Bingham. 1964; 

Watson. 1966; Kiraly. 1969; Mahtab et al.. 1972; Dershowitz. 1984. Grossman. 1985; 

Kulatilake. 1985 a and 1986 ). The distributions are the hemispherical uniform. 

hemispherical normal. bivariate Fisher. Bingham. bivariate normal and bivariate 

lognormal. and sometimes. empirical distrihutions. It is interesting to note that at least 

three different density functions ( Mahtab et aI., 1972; Einstein et al.. 1979; Kulatilake. 

1985 a) are given in the literature for the same hemispherical normal distribution. The 

correctness of these functions can be investigated hy integrating each density function for 

the applicable domain and checking whether the outcome is one. The best means to check 

if a certain probability distribution is applicable to represent the statistical distribution of a 

cluster. is to perform goodness of fit tests. Shanley and Mahtab ( 1976 ) • Kulatilake 

(1985 a. 1986) have presented chi-square goodness-of-fit tests. respectively, for 

Bingham. hemispherical normal and bivariate normal distributions. Einstein et al. (1979) 

have reported that they could not find a probahility distribution which satisfied chi-square 

test at 5 percent significance level for 18 of the 22 data sets they tried. Wathugala et al. 

(1990) reported that the available theoretkal probahility distributions are insufficient to 
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represent the statistical distributions of the joint set orientations at Stripa Mine. These 

show clearly the inadequateness of the presently available analytical probability 

distributions in representing the statistical distribution of joint clusters. 

4.2.3 Joint Trace Length and 3D Joint Size Modeling 

Joint traces are produced when joinL') intersect large exposures such as walls of 

open cuts, tunnels, drives and slopes. The purpose of sampling joint trace lengths is to 

infer the distribution of joint size. This inference is a difticult task due to: (a) the sampling 

biases associated in this relationship, and (b) lack of knowledge about shape of joints. In 

the transition from joint size to measured trace length, the following biases are important: 

(a) a joint appearing in an outcrop depends on the relative orientation between the 

outcrop and the joint, (b) a larger joint is more likely to appear in an outcrop than a 

smaller one, (c) a longer trace is more likely to appear than a shorter one in a sampling 

area or on a line within the outcrop, (d) truncation bias - inability to recognize traces 

shorter than a certain threshold length, and (e) censoring error-impossibility of measuring 

the full lengths of traces that extend out of the field of vision. Thus, in inferring the size 

distribution in two dimensions from observed trace lengths on the outcrop, the inference 

technique should take into account the last three biases. In inferring the size distribution 

of joints in three dimensions within the rock mass from the distribution of trace lengths 

on the outcrop, the inference procedure should take into account the first two biases. The 

information available in the literature on these inferences are discussed below. 
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Two types of sampling surveys have been used for measuring trace lengths: (a) line 

sampling, and (b) area sampling. The inference techniques needed to obtain size of trace 

length are different for these two sampling types. 

In most scanline surveys, practical considerations make it necessary to set the 

scanline at the base of a given rock face. This situation restricts trace length 

measurements to the portion of each trace extending above the scanline. Such traces are 

known as semi-trace length. eruden ( 1977 ) has suggested measurement of censored 

semi-trace lengths using a scanline running perpendicular to the joint set of concerned. 

For such a case, he has given an expression to estimate the mean of uncensored semi

trace length using the measured censored semi-trace length under the assumption of 

uncensored semi-trace length distrihution over the entire rock face follows a negative 

exponential distrihution. A confidence interval for this estimation is also given. It is 

important to note that the expression given hy eruden takes into account only the last hias 

mentioned earlier. 

For scanline surveys, Priest and Hudson (1981) have improved the previous work 

by providing a correction which takes into account types (c) and (e) biases. Priest and 

Hudson (1981) have considered four types of trace length density distributions: (a) trace 

lengths over the entire rock exposure - f(1), (b) trace lengths intersected by the scanline -

g(1), (c) semi-trace lengths intersected hy the scanline - h(1), and (d) censored semi-trace 

lengths intersected by the scanline - i(l). They have obtained the expressions for the 

distrihutional forms and means for g(l) and h(l) when f(l) takes the negative exponential, 

uniform and normal distributional forms. For a set of parallel joint traces, they have 
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obtained relationship between the mean of f(1), Il, and the mean of i(l), Ili, for different 

f(l) distributions. 

In area sampling survey, it is possible to observe joint traces of three types: (a) 

those with both ends observed. (b) those with one end observed. (c) those with no ends 

observed. Baecher ( 1980 ) gave an expression to estimate the mean of uncensored trace 

length using measured censored trace lengths belonging to the aforementioned three types 

for uncensored trace lengths which follow negative exponential distribution. He also gave 

an expression for the variance of the estimation. These expressions essentially provide a 

correction for the last hias listed earlier for joint trace length. 

Kulatilake and Wu ( 1984 c ) have derived an expression to estimate mean trace 

length over an infinite size rock exposul'l: using the trace observations on a finite size 

exposure. The method incorporates corrections for types (c) and (e) biases mentioned 

before. The method docs not need to assume a probabilistic distribution for the true trace 

length or to know the lengths of observed traces. It docs. however. require that the 

numbers of joints with both ends observed. one end observed and both ends censored be 

known. The method assumes that the trace midpoints arc randomly distributed over the 

exposure. It also assumes that the trace length and orientation are independent. The 

method is applicahle for joint sets having any relative orientation with the exposure and 

for joint sets whose orientation contain scatters. Related to the truncation bias. a numher 

of cutoff lengths have been suggested in the literature: (a) Call et al ( 1976 ) - 15-30 em. 

and (b) Priest and Hudson ( 1981 ) - 10 mm. Baecher and Lanney ( 1978 ) and 

Warhurton ( 1980 a ) have given expressions based on the same concept to correct for 

truncation bias. The expressions arc given in terms of a general probability density 
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distribution. In order to apply them in practice it is necessary to know the density 

function for the trace length. Their expressions contain terms which are functions of the 

observed values or observed distributions. Unfortunately these observed values are 

subject to biases (c), (d) and (e) mentioned earlier. However, their expressions take into 

account only the truncation bias. 

Many investigators have looked into the distribution of trace length. In most cases 

they have looked into either censored trace lengths ( Bridges, 1975; Call ct aI., 1976; 

Barton, 1977 ) or censored semi trace lengths ( Priest and Hudson, 1981; Cruden, 1977 

). They have found either lognormal or exponential distributions to be suitable to 

represent these measured trace lengths. 

The next question of interest is how to infer the joint size distribution from the true 

trace length distribution accounting for the first two biases listed previously under joint 

trace length and size. 

In order to find a sol ution to this problem, it is necessary to know the shape of 

actual joinL<;. Robertson (1970) after analyzing nearly 9000 joint trace lengths from the De 

Beer mine concluded that the strike trace length and dip trace length have about the same 

distribution, possibly implying joints to be equidimensional. Studies by Bridges ( 1975 ) 

and Einstein et al. ( 1979 ) indicated that joints are non-equidimensional and that hoth 

strike and dip trace lengths arc lognormal. Thus, more work on the shape of the joints is 

needed before making any definitive statements. 
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Two types of studies have been done pertaining to the relationship between joint 

size and trace length distribution: (1) the study of the behavior of trace length distribution 

when the distribution of joint size is assumed, and (2) the study of the practical problem 

of inferring joint size distribution when trace length distribution is known. 

Considering joints to be circular two dimensional disks with lognormal radii, and 

accounting for the probability of a joint intersecting an outcrop being proportional to its 

radius, Baecher et al. ( 1977 ) have shown that the distribution of the trace lengths is very 

nearly lognormal. Also they have mentioned that the joint area is also lognormal if the 

radii distribution is lognormal. Barton ( 1978 ) has generated trace lengths on an 

exposure using parallel circular joints having lognormal diameters intersecting the 

exposure plane at 90 degrees. The following have been observed. 

(a) The standard deviations of the trace populations to be higher than the parent 

population; the difference to be most marked when all the parent discs are the same. 

(b) The ratio of mean trace length to mean diameter to increase with the standard 

deviation of the diameter. This indicates that the practice of constantly weighting field 

trace means to provide estimates of the mean maximum dimensions of the whole joints 

can produce erroneous reSUIL'i. 

Assuming joints as flat circular discs of negligible thickness, using slightly different 

approaches, Baecher and Lanney ( 1978 ); Dienes ( 1979 ), Warburton ( 1980 a ), and 

Kulatilake and Wu ( 1986) have expressed the distribution of trace length on the outcrop 

as an integral function of the prohability density of the diameter for the case of area 
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sampling. Warburton ( 1980 a) has given a similar type of expression for line sampling. 

Also, in another paper, Warburton ( 1980 b ) has extended these expressions for joints of 

parallelogram shape with various sizes having similar sides parallel. In the last mentioned 

study, for simplicity, it has been assumed that the joints are geometrically similar. For 

exponentially distributed diameter, Dienes (1979) has shown that the mean trace length is 

1t. th d' 2 Urnes e mean lameter. 

Dienes ( 1979 ). and Kulatilake and Wu ( 19R6 ) have used their aforementioned 

derived expressions further to provide solution techniques to the practical problem of 

inferring diameter distrihution using the known trace length distribution. Dienes ( 1979 ) 

has given an expression for the distrihution of diameter as a differential integral equation 

containing the distrihution of trace length. On the other hand. Kulatilake and Wu ( 19R6 ) 

have given a numerical solution technique along with an example. In another study, 

Baecher et al. ( 1977 ) have used second moment analysis technique to provide point 

estimates for the mean and variance of the joint radius in terms of the moments of the 

trace length on the outcrop. 

The procedures used for modeling joint size in 3D by using scanline sampling 

surveyor area sampling survey are shown in Figures 4.2 and 4.3 , respectively. 

4.2.4 Joint Spacing and Linear Intensity ( Frequency ) Modeling Along 

Scanlines and Mean Vectors of Joint Sets 

Joint intensity may be specified by several indices: Average number of joints per 

unit volume. average numher of matrix blocks per unit volume. average volume of matrix 
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Joint Cluster x 
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Data of traces on the walls Data of traces 
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Figure 4.2 Flow Chart for Modeling loint Size in Three Dimensions for Each loint 

Set Using Scanline Sampling Survey ( after Kulatilake and Wathugala. 199() ) 
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Figure 4.3 Flow Chart for Modeling Joint Size in Three Dimensions for Each Joint Set 

Using Area Sampling Survey ( after Kulatilake and Wathugala, 1990) 
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~ 
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blocks, average joint area per unit volume, average number of joints per unit area, 

average area formed by joints in 20, average number of joints per unit length or average 

spacing along an arbitrary scanline. The indices defined in 30 are difficult to measure. 

They are usually inferred from the indices measured in either] D or 20. The joint spacing 

and linear intensity modeling are discussed in this section. 

Many investigators have looked into the joint spacing distribution based on the 

measurements ohtained from scanlines. The negative exponential distribution appears to 

he the most favoured one; however. in some cases lognormal distribution has proved the 

best. 

Joint spacing and intensity estimates are usually made based on the measurements 

carried out on finite length scanlines. However, unhiased estimates of these properties 

should be based on infinite length scanlines. Therefore, the estimates based on finite 

length scanlines are biased. Sen and Kazi ( 1984) addressed the influence of this bias on 

the mean spacing. For exponentially and lognormally distributed spacing, they have 

given relationships between the mean joint spacing based on the infinite length scanline. 

(t), and the mean joint spacing based on finite length scanlines, E(x), for different 

scanline lengths, L. 

Additionally, average spacing for a joint set is a function of the direction of the 

scanline. The spacing along the mean pole direction can be considered as the true 

spacing. Spacing along any other sampling direction can he expressed as a function of the 

true spacing and the angle between the sampling direction and the mean pole direction 

(Terzaghi, 1965). When a rock mass contains several joint sets, it is difficult, if not 
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impracticable, to measure true spacings for each joint set. However, it is possible to infer 

true spacings from the measurements obtained along a number of carefully chosen 

directions. Using Terzaghi's ( 1965 ) correction for joint orientation, Hudson and Priest 

(1983) have expressed linear frequency in any arbitrary direction in three dimensions in 

terms of the frequencies along the mean pole directions of the joint sets, and the relative 

angles between the scanline and the mean pole directions. Using this expression, 

Karzulovic and Goodman ( 1985 ) have given a method to estimate the frequencies along 

the mean pole directions from the frequencies measured along several scanline directions. 

In order to apply this procedure. the number of scanlines should be greater than the 

number of joint sets. Hudson and Priest ( 1983 ) have also shown how to obtain the 

directions which give minimum and maximum frequencies and their magnitudes. 

According to the literature currently available. in most cases. the measured spacing 

in a sampling direction contains distance between joints coming from several joint sets. In 

a geologically complex rock mass with a varied mechanical history. it is likely that a 

combination of the evenly spaced, clustered and random distributions will he present. 

Through a theoretical simulation study and field discontinuity scanline surveys. Hudson 

and Priest ( 1979 ) showed that unless there is a large predominance of evenly spaced 

joints, any combination of evenly spa<.:ed, clustered and randomly positioned joints leads 

to a negative exponential distribution of spacing along arbitrary sampling direction. Also, 

they recommended that there should be at least two hundred measurements when 

checking into the distribution pattern of spacing. It is important to note that even though 

the overall pattern of the joint spacing distribution is unaffected, the average number of 

joints per unit kngth, A, is dependent on the orientation of the sampling line with respect 

to the orientation of the joints. 
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When the spacing distribution follows a negative exponential distribution, it is 

possible, from probability theory, to prove that the number of joint intersections per a 

chosen length follows a Poisson distribution. Using the central limit theorem, Priest and 

Hudson ( 1981 ) have given an expression for the precision of the estimated mean 

spacing, x, as a function of total number of joint intersections, n, in the whole scanline 

and the standard deviation of x. A reduced form of this, only in terms of n, is also given 

for cases where x follows a negative exponential distribution. These expressions can also 

be used to obtain an expression for the precision of estimated A.. The aforementioned 

expressions may be used in practice to decide which n and total scanline length values 

should be used in the field to estimate mean spacing and A. with certain amounts of 

precision. 

Figure 4.4 provides the flow chart used by Kulatilake and Wathugala ( 1990 ) to 

estimate spacing and linear intensity distributions along the mean vector directions. 

4.2.5 Three Dimensional ( 3D ) Joint Intensity ( Number Per Unit Volume 

) Modeling 

So far, the discussion has been on one dimensional intensity indices. Now let us 

focus our attention on the three dimensional intensity indices. 

The one-dimensional intensity mentioned in the previous section has heen comhined 

with mean joint size and mean joint orientation to obtain procedures to estimate three

dimensional intensity of joint sets ( Kulatilake and Wathugala, 1990 ). Also, in the same 
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Figure 4.4 Flow Chart Used to Estimate Spacing and Linear Intensity Distributions along 

the Mean Vector Directions ( after Kulatilake and Wathugala. 1l)l)() ) 
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paper a procedure is given to estimate 3D intensity in terms of 2D intensity ( number of 

joint traces per unit area ), joint size and an orientation parameter. Altogether, eight 

modeling schemes have been suggested to estimate 3D intensities. Since ID intensity 

follows a Poisson distribution, it is reasonable to conclude that 3D joint intensity also 

follows a Poisson distribution with the corresponding ( AV )j, the mean 3D joint intensity 

for joint set j. The mean 3D intensity for the rock mass has been obtained by summing 
k 

for all joint sets L(AV)j. Details concerning this procedure can be found in Kulatilake 
j=l 

and Wathugala ( 1990 ). 

4.2.6 Joint System Modeling 

The probahility distribution functions obtained for all the joint geometry parameters 

constitute the statistical model for joint geometry system. For each joint cluster, the 

following statistical models were oftt!n used to generate joints in 3D: (1) the number of 

joints per a certain volume has Poisson distribution with mean value (AV)j. (2) the 

location of joints in 3D is uniformly distIibuted. (3) orientation is distributed according to 

the Fisher. Bingham. or bivariate normal distribution. or empirical distribution obtained 

from corrected data. (4) the diameter is exponentially- or gamma-distributed with the 

parameter values ohtained. 

4.2.7 Joint Generation, Prediction and Verification 

After the joint system model is set up. joints can be generated in a rock block 

according the ohtained statistical models. using Monte Carlo simulation. The generated 
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results can be used to predict the joint distribution in a similar statistically homogeneous 

region. By comparing the generated data with field data. from which the joint system 

model was set up, the validation of the joint geometry models can be examined 

(Kulatilake and Wathugala. 1992 ). 

4.3 Three Dimensional Distinct Element Method 

The distinct element method introduced by Cundall ( 1971 ) and further developed 

by Cundall and the co-workers ( Cundall. 1980. 1988; Hart et al., 1988; Lorig et al.. 

1986; Lemos et al.. 1985 ) is a recognized discontinuum stress analysis approach for 

simulating the behavior of blocky media suhjected to quasi-static or dynamic loading 

conditions. It is a powerful technique to perform stress analysis in blocky rock masses. 

This method has three distinguishing features which make it well suited for discontinuum 

modeling: (1) the medium is simulated as an assemblage of blocks which interact through 

corner and edge contacts. (2) discontinuities are regarded as boundary interactions 

between these blocks; discontinuity behavior is prescribed for these interactions. (3) the 

method utilizes an explicit time stepping ( dynamic) algorithm which allows large 

displacements and rotations and general nonlinear constitutive behavior for both the 

matrix and discontinuities with no additional computing effort. 

Since the time the method was proposed. several forms of distinct element codes 

have been developed to cover a range of rock mass problems encountered in the rock 

engineering field. UDEC ( Universal Distinct Element Code) is the program designed 

specially for two dimensional problems. For three dimensional calculations. 3DEC ( 3 

dimensional distinct element code) is used. 
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4.3.1 Introduction of 3DEC 

3DEC was developed recently at Itasca consulting company for simulating the 

behavior of jointed rock masses at 3 dimensional level. The basis for this code is the 

extensively-tested numerical fonnulation used by the two dimensional version, UDEC. 

The theory and formulation of 3DEC will be presented in the following sections. 

4.3.2 Theory of Distinct Element Method 

Distinct clement method ( hoth UDEC and 3DEC ) has three distinct features: (I) 

blocks can undergo large rotations and large displacements relative to one another, (2) 

interaction forces hetween blocks arise from changes in their relative geometrical 

configuration, (3) the solution scheme is explicit in time, which makes this method well 

suited to analyze problems associated with discontinuous rock masses in rock mechanics. 

The basic concepts in this method are: 

(I) When a net force exists on the block, it will accelerate and move to a new 

position according to Newton's law of motion. If the forces balance, then either the 

system remains at rest, or it moves with constant velocity. 

(2) Following generalized Hooke's law, forces arise between two blocks when they 

interact due to the block movement. Normally, the overlap between blocks is small in 

relation to hlock dimensions. 



92 

(3) Block defonnation under all the forces acting on the block can be calculated by 

further discretization of equal strain mesh inside the block. 

(4) The calculation marches from one state to another in small increments of time. 

The final solution may be in equilibrium or it may be a state of continuing motion. 

So, the basic theories embodied in distinct element method are Newton's law of 

motion. different constitutive models for dist.:ontinuities and intact rocks ( generalized 

Hooke' law) and explicit finite difference algOJithm. 

The solution procedure for each time step is shown in Figure 4.5. 

At each time step, the law of motion and the constitutive equations arc applied. The 

integration of the law of motion provides the new block positions and. therefore. the 

contact-displacement increments ( or velocities ). The contact force-displacement law is 

then used to obtain the new contact forces, which are to be applied to the blocks in the 

next time step. 

4.3.2.1 Contact Force Calculation and Update 

The contact velocity ( defined as the velocity of block B relative to block A at the 

contact location) is calculated as: 

. '0 0 'A A VI = Xj + Cijk Wj (Ck - Bk ) - Xi - eijk Wj (Ck - Ak ) (4.1 ) 
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Figure 4.5 Solution Procedure Used in Distinct Element Method 
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where, Ci defines the line of action of the contact force and is taken as the contact 

location; Ai and Bi are the position vectors of the centroid of blocks A and B; xl and XjB 

are translation velocity vectors of blocks A and B; wt and WjB arc the corresponding 

angular velocity vectors; eijk is the pennutation tensor, and indices i, j, k take the values 1 

to 3 and denote components of a vector or tensor in the global coordinate system ( the 

summation convention applies for repeated indices ). 

The contact displacement increment vector is calculated as: 

( 4.2 ) 

which can he resolved into normal and shear components along the contact plane. The 

nonnal displacement increment is then given hy 

( 4.3 ) 

and the shear displacement increment vector by 

fy" U·s - fy" U· - fy" U· n· n· 
I - I J I J ( 4.4 ) 

In equations ( 4.3 ) and ( 4.4 ), nj and nj are the components of unit normal vector 

to the contact-plane. The unit normal vector to the contact-plane is updated at every time 

step. In order to account for the incremental rotation of the contact-plane, the vector 

representing the existing shear force Fjs ( in global coordinates) must be corrected as: 
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F·s. - F·s e e F·s n old n 1 • - 1 - ijk krnn J m n ( 4.5 ) 

where nm old is the old unit nonnal vector to the contact-plane. 

The contact displacement increments are used to calculate the elastic force 

increments. The nonnal force increment. taking compressive force as positive. is 

Ll Fn = - Kn Ll Un Ac ( 4.6 ) 

and the shear force vector im:rement is 

( 4.7 ) 

In which. Ac is the contact area, Kn and Ks are the normal stiffness and the shear 

stiffness of joint ( contact ). respectively. Contact stresses are then calculated directly 

from the contact forces and area. Then the lOtal normal force and shear force vectors are 

updated as 

( 4.8 ) 

and ( 4.9 ) 

respectively. and adjusted according to the contact constitutive relations. 
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If the joint tensile strength, T, is exceeded (ie, Fn < - T Ac ), then both shear and 

nonnal forces are set to zero. Otherwise, the maximum shear force is calculated as: 

F S = C Ac + Fn tan m max 'I' 

where, C is the joint cohesion ( stress ), and <I> is the friction angle. 

If the absolute value of the shear force, FS, given by 

is greater than Fmaxs, then the shear force is reduced to the limiting value: 

F S 

FS' = f,S-'lli!.L 
I' I FS 

( 4.10 ) 

( 4.11 ) 

( 4.12 ) 

The contact forces are then added to the forces and moments acting on the centroids 

of both blocks. The contact force vector, which represents the action of block A on block 

B, is given by 

( 4.13 ) 

The force and moment sums of block A are therefore updated as 

F·A. - F·A - F· I . - I I ( 4.14 ) 
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and ( 4.15 ) 

respectively. 

Similarly, for block B, the force and moment sums are updated as 

F·B. - F·B F. I • - I - I ( 4.16 ) 

and ( 4.17 ) 

respectively. 

4.3.2.2 Block Motion Calculation and Update 

The equation of translational motion for a single block can be expressed as: 

( 4.18 ) 

where, Xi is the acceleration of the block centroid; Xi is the velocity of the block centroid; 

a is the viscous (mass-proportional) damping constant; Fi is the sum of forces acting on 

the block ( from block contact and applied external forces ); m is the block mass and gj is 

the gravity acceleration vector. 

The rotational motion of an undamped block is described by Euler's equations, in 

which the motion is refered to the plincipal axes of inertia of the body as 



11 0) 1 + (13 - 12 ) 0)3 ~ = M 1 

120)2 + (11 - 13) 0lJ 0)3 = M2 

13 0)3 + (12 - 11 ) ~ 0)1 = M3 
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(4.19 ) 

where, 11' 12, 13 are principal moments of inertia of the block, 0)1' ffi2' ffi3 are angular 

accelerations about the principal axes; ffiI, ffi2' ffi3 are angular velocities about the 

principal axes, and M I, M2' M3 are componenL<; of torque applied to the block referred to 

principal axes. 

A centered finite-difference procedure is used to integrate the equations of motion. 

The following expressions describe the translational and rotational velocities at time t in 

terms of the values at mid-intervals. 

The accelerations are calculated as 

.. 1. L\t. L\t 
Xi ( t ) = - [ Xi ( t + "2 ) - Xi ( t - "2 )] 

L\t 

1 L\t L\t 
ffii ( t ) = - I ffii ( t + ') ) - ffii ( t - -2 )] 

L\t -

( 4.20 ) 

(4.21 ) 

( 4.22 ) 

( 4.23 ) 
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by combining the above equations. the velocities at time ( t + ~t ) can be solved in terms 

f I .. . ~t ) o ve OCltles at time ( t -"2 . 

The increments of translation and rotation are given by 

• ~t 
~xi = xi ( t +"2 ) ~t ( 4.24 ) 

( 4.25 ) 

The position of the block centroid is updated as 

Xi ( t + ~t ) = Xi ( t ) + ~xi ( 4.26 ) 

The new location of the block vertices arc given by 

( 4.27 ) 

4.3.2.3 Numerical Stability 

The central difference algOlithm is only numeIically stable if the time step ~ t is less 

than a critical time step. An estimate of the critical time step is calculated in the program 

by analogy to a single degree-of-freedom system. The smallest block mass in the 

problem. Mmin • and the largest normal or shear contact stiffness. Kmax. are used to 

calculate the time step as 



.1t = FRAC 2 [ Mmin ] 1/2 
2 Kmax 

100 

( 4.28 ) 

FRAC is a user-defined factor which accounts for the fact that a block may be in 

contact with several blocks. A value of FRAC equal to 0.1 is usually sufficient to ensure 

numerical stability. 

4.3.3 Problem Solving with 3DEC 

The correct understanding of the capabilities and limitations of the 3DEC is very 

important to problem solving with this code. The suitability of 3DEC and the 

recommendations for efficient use of 3DEC for a particular analysis is discussed in this 

section. 

3DEC is a complex code with the capability to model a three-dimensional physical 

system in great detail. However. there are limitations to the effectiveness of the code. and 

it can not he forced heyond its capabilities. 

3DEC is similar to other continuum stress analysis codes in many respects. A singh! 

3DEC block can be treated as a 3D continuum model with specified initial and boundary 

conditions. material constitutive relations. and properties. But 3DEC is best suited for 

analysis of the three-dimensional discontinuum systems with well-defined discontinuities 

which can create distinct blocks. and where the mechanical response of the system is 

predominantly controlled by the behavior of these discontinuities. The user should have a 
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sufficient understanding of the anticipated system response in order to assess whether 

3DEC is applicable. 

It is recommended that some form of two-dimensional analysis ( with UDEC ) 

always be performed before using 3DEC. A two-dimensional analysis can prove quite 

useful in defining the predominant mechanism in the behavior of a system and also in 

evaluating the effectiveness of 3DEC to represent these mechanisms. Furthermore, 2D 

models are more efficient to run than 3D models and can thus investigate parameter 

sensitivity more readily. Consequently, model conditions for 3DEC, such as the size of 

the model and the level of details required, can be developed on the basis of preliminary 

2D calculations. 

4.3.4 Validation Tests for 3DEC 

Solutions for several problems have been examined by using 3 dimensional distinct 

clement code to check the accuracy of 3DEC for a variety of test conditions. These 

problems verify the different algorithms lIsed in 3DEC to simulate various physical 

phenomena. One of the validation tesLIi is presented in this section. 

The test for 3DEC is the analysis of wedge failure resulting from sliding along two 

intersecting planar surfaces. A single wedge is formed by two structural features defined 

by: 

joint set A: Dip = 400 Dip direction = 1300 

joint set B: Dip = 60° Dip direction = 2200 
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Figure 4.6 Sliding Wedge Model Used for 3DEC Validation Test 
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The same mechanical properties are assumed for both planes. The classical wedge 

analysis presented in Hoek and Bray ( 1977 ) gives a friction coefficient required for 

stability as 0.66 for this wedge geometry. 

The 3DEC model shown in Figure 4.6 consists of four rigid blocks. Three of the 

blocks are fixed. and only the isolated wedge is allowed to move under gravity. The 

mechanical properties selected for this model are: 

Density p = 2000 Kglm 3 

Joint shear stiffness Ks = 10 MPalm 

Joint nOlmal stiffness Kn = 10 MPalm 

Gravity acceleration g = 10 m/sec2 

The wedge is first allowed to consolidate under its weight by setting the friction on 

both planes to a high value and applying adaptive damping. Then. friction is reduced until 

failure occurs. Figure 4.6 shows the failure mechanism in progress. 

Two of the wedge faces contact with faces of adjacent blocks. The edge at the back 

of the wedge contacts with an edge of the rear block. Joint shear and normal stiffness of 

10 MPalm are assigned to all three contacts. A friction coefficient of 0.646 is calculated 

for stability. It is within 2% of the analytical solution. 
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4.4 Summary and Conclusions 

The structure of jointed rock masses is very complicated. The need for developing a 

realistic model to represent joint geometry patterns and the procedure used to build up this 

model have been addressed in this chapter. Three dimensional distinct element method 

(3DEC) is an important approach to perform stress and deformation analyses on blocky 

rock masses at three dimensional level. The hasic theory and formulation used in 3DEC, 

and the suitability of 3DEC to perform stress analysis in blocky rock masses are also 

illustrated in this chapter. It is important to note that at present, it is not possible to use 

3DEC to analyze a real jointed rock mass with non-persistent joints, which can he 

represented and produced hy joint geometry models. In order to achieve the final goal of 

this research ( as mentioned in Chapter I of this dissertation ), it is necessary to develop a 

new Lechni4ue to perform stress analysis on jointed rock masses which contain finite size 

non-persistent joints. The developed new stress analysis technique is explained in detail 

in the next chapter. 
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CHAPTER 5 

A NEW TECHNIQUE FOR STRESS ANALYSES OF JOINTED ROCK 

MASSES 

5.1 Introduction 

As dis(;ussed in the previous sections, a (;orrect understanding of the mechanical 

properties ( strength and deformability ) of jointed rock masses is important for 

analyzing, designing and performance prediction of structures built in and on rock 

masses. The presence of various discontinuities and the inherent statistical nature of their 

geometrical and geomechanical properties make it complicated and difficult to predict 

accurately the strength and deformability properties of jointed rock masses. Results of 

laboratory model studies ( Brown, 1970; John, 1970; Ladanyi and Archambault, 1970; 

Einstein and Hirschfield, 1973; Chappel, 1974) show that many different failure modes 

are possible in jointed rock and that the intcmal distribution of stresses within a jointed 

rock mass can be highly complex. 

Chapter 2 reviewed the approaches which are available to evaluate the mechanical 

properties of jointed rock masses. Among the available methods, the distinct clement 

method is a powerful technique to perform stress and deformation analyses in blocky 

rock masses formed by persistent discontinuities. In this method, the rock mass is 

modeled as an assemblage of rigid or deformable blocks. Discontinuities are regarded as 
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distinct boundary interactions between these blocks; joint behavior is prescribed for these 

interactions. By taking into account the interaction of intact rocks and the joints, the 

distinct element method can effectively calculate the mechanical behavior of a blocky rock 

system under different stress and displacement boundary conditions. In addition. large 

displacements and rotations which may occur inside jointed rock masses can be easily 

simulated in distinct element method because of the explicit time-marching algorithm 

employed. 

From above discussions. it is known that in order to usc the distinct clement 

method to perform stress and defonnation analyses con·ectIy. the research domain has to 

be discretized into distinct blocks ( polygons in 2D and polyhedra in 3D ). Unfortunately 

many real discontinuous rock masses contain non-persistent joints, and usually distinct 

blocks can not he fonned only by non-persistent joinLc;. If distinct element method is used 

to analyze an actual rock mass with the assumption that persistent joints exist in the rock 

mass and distinct blocks are created, a conservative result will be obtained. Therefore, it 

is necessary to find a way to discretize the rock mass into polygons ( in 2D ) and 

polyhedra ( in 3D ) starting from a joint network generated from a joint geometry model 

(both 2D and 3D) which does not divide a rock mass into distinct blocks. In this chapter, 

a new technique is suggested to perform stress analyses in rock masses with non

persistent joints using the distinct element method. An example is also given in the 

chapter to show how one can use the ncw technique to study the effect of joint geomctry 

parameters (orientation, intensity, size. etc.) on the strength and deformability of rock 

masses. 
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5.2 Outline of the New Technique 

The flow chart of the proposed procedure to study the effect of joint geometry 

parameters on the strength and deform ability properties of rock masses is shown in 

Figure 5.1. 

Actual joints can be generated in two or three dimensions ( 20 or 30 ) to simulate in 

situ joint situation according to either a deterministic scheme or a stochastic scheme 

(Oershorwitz and Einstein. 1988: Kulatilake.1988 and also as discussed in the previous 

chapter ). In order to use the distinct element method for stress and deformation analyses. 

the prohlem domain should be discretized into distinct hlocks ( polygons in 20 and 

polyhedra in 30 ). A typical non-persistent joint network generated from a joint geometry 

model in 20 is shown in Figure 5.2 (a). and Figure 5.3 shows a typical configuration of 

generated joints in 30 according to a modeling scheme. It is very clear that the domains 

hoth in Figure 5.2 (a) and Figure 5.3 arc not divided into distinct hlocks hy the joints 

generated in the particular space. Therefore it is not possible to perform distinct clement 

stress analysis on a r()(;k mass sUl:h as that shown in Figure 5.2 (a) ( 20 case) and 

shown in Figure 5.3 ( 30 case ). In such a situation. it is necessary to create some type of 

fictitious joints so that when they are combined with actual joints. they discretizc the 

region into distinct blocks as shown in Figure 5.2 (b) for 20 case and as shown in Figure 

5.4 for 30 case. For the introduced fictitious joint<;. two problems need to be addressed: 

(I) The geometric determination of liclitious joints. The position. orientation and 

size of the lictitious joint<; need to he calculated accurately according to the given real joint 
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Figure 5.1 Proposed Technique to Study the Effect of Joint Geometry Parameters on 

Strength and Deformability of Rock Masses at Both 2D and 3D Levels 
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Figure 5.2 (a) A Typical Non-Persistent loint Network in Two Dimensions, (b) A Block 

Configuration with both Real and Fictitious Joints in Two Dimensions 



Note: Joints generated ill it volulm' 4.69 I1l x 2.69 III x 2.69 Ill. are :-;hmvll 
.Joints belonging to joint set 1 are shown ill red a,nd black 
Joints belunging to joint set 2 are shown in grecn. 
Joints belonging to joint set 3 are shown in yellow and wh.itc 
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Figure 5.3 A Typical Non-persistent Joint Network in Three Dimensions 
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Figure S.4 A Rock Block Configuration with hoth Real and Fictitious Joints 

in Three Dimensions 

111 



112 

configuration. so that when they are combined with the real joints the research domain is 

discretized completely into polygons ( in 2D ) and polyhedra ( in 3D ). 

(2) The representative property values for fictitious joints so that they behave as 

intact rock. The fictitious joints are introduced just for the convenience of using distinct 

element method to perform stress and deformation analyses on jointed rock masses. In 

order to ensure the correct analysis results. the fictitious joints should behave like intact 

rock ( actually fictitious joints are part of intact rock ). This requires that representative 

property values for fictitious joinL<; be found to make them behave as intact rock. 

In the following sections. the answers for these two problems will he discussed. 

After the fictitious joints are generated, which links the joint geometry modeling schemes 

to the distinct clement code. distinct element method can then be used to perfOlm stress 

analyses of rock masses with non-persistent joints. By using the analyses results, the 

effects of joint geometry parameters on the mechanical properties of jointed rock masses 

can be investigated. and the possihility of linding REV size and REV properties of jointed 

rock masses at three dimensional level can he explored. 

5.3 Features of Fictitious Joints 

As stated in the previous section. fictitious joints are introduced into jointed rock 

blocks to link joint geometry modeling schemes to the distinct clement codes. The two 

problems associated with the introduction of fictitious joints will he addressed in the 

following two sections. 
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5.3.1 Geometric Determination of Fictitious Joints 

The fictitious joints should be placed in rock blocks such that when they are 

combined together with the existing actual joints the combined joint network completely 

discretize the rock blocks into distinct blocks. For three dimensional cases, the actual 

joints are regarded as circular discs ( this assumption is reasonable for hard rocks like 

granites and can simplify the mathematical derivation ). In the linking program, the disc

shaped real joinL'> are first converted into square-shaped ones having the same area. Then 

fictitious joints are introduced so that when they are combined with real joints the domain 

is discretized into polyhedral blocks. 

5.3.1.1 Conversion of Circular Disc-Shaped Joints into Square Joints 

First consider the x-y-z coordinate system with origin 0 shown in Figure 5.5. For 

each disc-shaped generated joint, the coordinates of the joint center ( xc, yc, zc ), the 

orientation ( dip angle and dip direction ), and the joint radius, r, are known. Consider 

the second coordinate system, x'-y'-z', with 0' as the origin, in which 0' is the joint 

center location. the z' axis coincides with the normal direction. n. of the disc and the x' 

axis is always parallel to the horizontal plane ( x-y ) ( Figure 5.5 ). 

Let the directional cosines for x'. y' and z' axes be ( 11' mI' nI), (12, m2. n2) and 

(13. m3. n3)' respectively. The relationship between the two coordinate system can be 

given hy 
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Dip angle = ~ 0 

Dip direction = 360 - e 
Coordinates of 0' = (xc,j'c,zc) 

Figure 5.5 Conversion of Disc-shaped Joints into Square-shaped Ones wilh ElJual Area 



in which 

x' axis 

y' axis 

z' axis 

{

X = lIx' + 12y' + 13z' + xc 
Y = mIx' + m2Y' + m3z' + yc 
z = nIx' + n2Y' + n3z' + zc 

First Set 

{ I} = + sin e 
m I = - cos e 
nl = 0 

{ 

12 = + cos e cos <l> 

m2 = + ~in e cos <l> 

n2=-sln<l> 

{ 

13 = sin <I> cos 9 
m 3 = sin <I> sin e 
n3 = cos <I> 
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( 5.1 ) 

Second Set 

- sin e 
+ cos e ( 5.2 ) 

0 

- cos e cos <l> 

- sin 9 cos <I> ( 5.3 ) 

+ sin <I> 

( 5.4 ) 

For directional cosines of the x' and y' axes, two sets of equations are possible 

(Equations.5.2 and 5.3). The first set has heen selected for the formulations given in this 

dissertation. 

The area of a disc-shaped joint is m 2. Therefore, the size of the square joint 

having the same area is -{; r. With respect to the coordinate system x'-y'-z', the 

coordinates or the vertices A. B, C and D of the square can he given hy: 



116 

{ x'a = - "'; (rl2) 
Vertex A: 

y'a = - ~-; (r/2) 
(5.5 ) 

z'a = 0 

{ x 'b = "'; (rl2) 
Vertex B: 

y'b = - ~-; (r/2) ( 5.6 ) 

z'b = 0 

{ x 'c = "'; (r/2) 
Vertex C: y'c = -j-;; (r/2) 

( 5.7 ) 

z'c = () 

{ x'd = - "'; (r/2) 
Vertex D: 

y'd = ~-;(r/2) ( 5.8 ) 

z'd = 0 

These values now can be used in Equation ( 5.1 ) to obtain the coordinates of the 

vertices A, B, C and D with respect to thl! coordinate system x-y-z. Note that the sides 

AB and CD of the square joint arc always parallel to the horizontal plane x-yo To 

introduce Iictitious joints it is necessary to know the coordinate values of the vertices of 

real joints. 

5.3.1.2 Geometric Determination of the Introduced Fictitious Joints 

Different fictitious joint systems arc introduced for different real joint 

configurations. First, the simplest case is considered, where only one real joint ABCD 

exists inside the block ( Figure 5.6 ). If the dip angle of the real joint is greater than or 

equal to 45°, two horizontallictitious joint planes ( planes EHIL and MPQT ) are created 
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Figure 5.6 Real Joint ABeD ( Orientation 60"/600 ) and the Introduced Fictitious Joints 
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to contain the two horizontal sides AB and CD, as shown in Figure 5.6. These two 

fictitious joint planes divide the total block into 3 sub-blocks ( blocks EHILZ2 YZZ 1 

MPQTLEHI and UVWXTMPQ). Between the two horizontal planes EHIL and MPQT, 

two more fictitious joint planes ( planes GOR] and FNSK ) are created, including real 

joint sides AD and BC, respectively, and to be parallel to either X axis or Y axis, 

depending on the dip direction of the real joint. If the dip direction is between 45° - 135° 

or 225° - 315°, the planes GOR] and FNSK are created parallel to the y axis. Otherwise, 

they arc created parallel LO the x axis. In Figure 5.6, a real joint with dip angle 60IJ and 

dip direction 60° is shown along with the related fictitious joint planes. A real joint with 

dip angle 60° and dip direction 20° is shown along with the related fictitious joint planes 

in Figure 5.7. The whole block in each figure ( 5.6 and 5.7 ) is divided into polyhedral 

hlocks through the comhined system of the real joint and the fictitious joint planes. 

Again, consider one real joint ABCD existing inside the block ( Figure 5.8 ). If the 

dip angle of the real joint is less than 45°, two vertical fictitious planes ( planes LXVJ and 

FRTH ) arc created to contain the two horizontal sides AB and CD as shown in Figure 

5.8. These two fictitious joint planes divide the total block into 3 sub-blocks ( blocks 

LJKWXV, LEFHIJVXQRTU and FGHTRS ). Between the two vertical planes LXVJ 

and FRTH, two more vertical tictitious joint planes (planes MPCZ2 YB and NODZ1ZA) 

arc created to include real joint sides BC and AD, respectively. In Figure 5.8, a real joint 

with dip angle 30° and dip direction 60° is shown along with the related fictitious joint 

planes. The real and all the aforementioned fictitious joints discretize the whole block into 

6 polyhedral suh-blocks. 
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Figure 5.8 Real Joint ABeD ( Orientation 600/30° ) and the Introduced Fictitious Joints 
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For a square-shaped real joint set inside the block, first the intersections between 

the real joints and the boundary of the block is checked. The parts of the joints which are 

outside the boundary are then clipped. Then for each actual joint, the fictitious joint 

system is generated as explained in the previous paragraphs. All the real and fictitious 

joints then discretize the whole block into small polyhedral blocks. Obviously, the 

number of polyhedral blocks depends on the number of real joints and their relative 

locations. Figure 5.9 shows a polyhedral block system formed in a cube of side 

dimension 2 m by 5 real joints of dip angle 45°, dip direction 60°, and size 0.4 m square. 

with centers unifonnly distributed and the created fictitious joints. 

After rock domains are discretized into polyhedral blocks, such domains can then 

be subjected to distinct clement stress analysis. To perfonn stress analysis, it is necessary 

to specify the mechanical property values for the selected constitutive models of intact 

rock, real joints and fictitious joints. Lahoratory tests can be performed to evaluate 

necessary mechanical property values for intact rock and real joints. The next question 

which arises is what values should be assigned for the mechanical properties ( strength 

and defonnation ) of the fictitious joinL<; so that they behave as intact rock. 

5.3.2 Representative Values for Mechanical Properties of Fictitious Joints 

to Simulate Intact Rock Behavior in a Global Sense 

This topic should be addressed according to the constitutive models chosen for both 

the intact rock and the fictitious joinL", If one decides to use linear clastic, perfectly-plastic 

constitutive models with the Mohr-Coulomb failure criterion, including a tension cut-off 

for both the intact rock ( Figure 5.10 ) and the fictitious joints ( Figure 5.11 ), then the 
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Figure 5.9 A Block System with Real Joints ( Orientation 60°/45°, Size 0.4 m and 

Number of Joints 5 ) and the Introduced Fictitious Joints 
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Figure 5.10 Constitutive Model for Intact Rock Used in Distinct Element Stress Analyses 

(a) Stress-Strain Relation 

(b) Mohr-Coulomb Failure Criterion with Tension Cut-Off 
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strength parameters of the fictitious joinL<; should be assigned the same values as for the 

strength parameters of the intact rock. The defonnation parameters for the isotropic linear 

elastic portion of the intact rock are specified by either the Young's modulus, E, and the 

Poisson's ratio. v. combination, or by the shear modulus, G. and the bulk modulus. K, 

combination. On the other hand. linear clastic fictitious joint deformation needs to be 

characterized by a joint normal stiffness. JKN. and a joint shear stiffness. JKS. This 

leads to the problem of selecting proper values for JKN and JKS of fictitious joints so 

that they hehave as intact rock. For real joints. usually hath JKN and JKS show normal 

stress-dependent hehavior. However, it is important to realize that here the interest is on 

the pre-failure behavior of fictitious joints which should behave as intact rock. For most 

of the rocks. especially for hard rocks. the linear elastic assumption of pre-failurc 

behavior of intact rock is quite reasonable from a practical point of view. Therefore. the 

assumption of constant JKN and JKS values for fictitious joints is reasonahle. 

For this investigation. first at 20 stress analysis level suitable JKN and JKS values 

were found for a particular rock. The selected JKN and JKS values were then used to 

form suitable G/JKS ratios for the considered rock. Applicability of these ratios for other 

rocks were investigated next at the 20 level. Finally, validation of the selected values for 

these ratios was done at hoth 20 and 3D stress analysis levels. The computational work 

at the 20 level was performed hy Ucpirti and the detailed procedures and results are 

availahle in his dissertation ( Ul:pil'li. 1992 ). The following section provides a 

summarized version of that work which is taken from the paper by Kulatilake et al. ( 

1992 ) 
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5.3.2.1 At 2D Stress Analysis Level 

A rock block of I m square cross section having rollers at the bottom and a long 

length in the direction perpendicular to the cross section ( to satisfy plane strain 

conditions) was considered for the two-dimensional study. Persistent fictitious joints 

were placed in this cross section in a number of different ways. The mechanical behavior 

of both the intact rock and the fictitious joints was represented by linear-elastic, perfectly 

plastic constitutive models with the Mohr-Coulomh failure criterion. including a tension 

cut-off ( Figures 5.10 and 5.11 ). For this study. parameter values were chosen to 

represent a granitic gneiss rock ( Hardin et al.. 1982 ). The same values were used for the 

strength parameters of the intact rock and the fictitious joints. The deformational 

parameters for the isotropic linear clastic portion of the intact rock were specified by the 

combination of the Young's modulus ( E ) and the Poisson' ratio ( v ), or hy the 

comhination of the shear modulus ( G ) and the bulk modulus ( K ). Suitahle values were 

assigned for the deformational parameters of the intact rock. The linear clastic 

deformation of fictitious joinL<.; needs to be characterized by joint normal stiffness, JKN. 

and joint shear stiffness, JKS. This leads to the prohlem of selecting proper values for 

JKN and JKS of fictitious joints to simulate intact rock behavior. For actual joints, both 

JKN and JKS usually show normal stress dependent behavior. However, here the 

interest is on the pre-failure hehavior of fictitious joints which should behave as intact 

rock. For most rocks. especially for stronger ones, the linear clastic assumption of pre

failure behavior of intact rock is quite sufficient. Therefore, the assumption of constant 

JKN and JKS values for fictitious joints is reasonable. Different trial values were 

assigned for JKS and for the ratio of JKNIJKS. The rock blocks were subjected to (a) 
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pure shear ( on the 45° plane with the horizontal ), and (b) uniaxial stress (on the cross 

section) analysis. Distinct element solutions for the rock blocks were obtained. 

When the fictitious joints behave as intact rock, the above mentioned blocks consist 

of only intact rock and analytical solutions are available to calculate the strength and 

deforrnability of these rock blocks. Values of JKS and JKN/JKS were varied until a 

close agrecment between the two types of solutions was obtained. The values which 

provide this dose agreement can be called the representative stiffness values for fictitious 

joints to simulate intact rock behavior. In selecting these representative values. 

consideration was given mainly to the global hehavior of the rock blocks. 

(1) Pure shear stress analysis ( on the 45° plane with the horizontal) 

The rock block used for this analysis, including the stress system. is shown in 

Figure 5.12. The stress system produces pure shear stress condition on the 45° plane 

when the fictitious joint behaves as intact rock. The values used for the geomechanical 

properties of the intact rock and of the fictitious joints are listed in Table 5.1. 

Unfortunatcly. very little is known about a suitable range of values for the JKN/JKS ratio 

of fictitious joints. However. since the EJG ratio of intact rock is somewhat analogous to 

the JKNIJKS ratio of fictitious joints. a possible range for JKN/JKS may be obtained by 

estimating the maximum possible range for E/G for intact rocks. Since the maximum 

possible range for Poisson's ratio. v. is between 0 and 0.5. the maximum possihle range 

for E/G is hetween 2 and 3. However. there is no theoretical justification for the 

assumption that E/G = JKNIJKS. Therefore. it was decided to choose values between I 

and 3 for the JKNIJKS ratio. First. the distinct element analyses were performed hy 
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TableS.l Values for the Parameters of the Constitutive Models for Granitic Gneiss Intact Rock and the 
Fictitious Joints 

Intact Rock Fictitious Joints 
I 

Parameter Assigned Value Parameter Assigned Value i 
I 

Density (d) 2500 (Kg/m3) Joint normal stiffness (JKN) I j Different 

Young's modulus (E) 60 (GPa) Joint shear stiffness (JKS) t values (MPa/m) 

Poisson's ratio (v) 0.25 Joint cohesion (jc) SO MPa 

Bulk modulus (K) 40 (GPa) Joint dilation coefficient (jd) 0 

Shear modulus (G) 24 (GPa) Joint tensile strength (jt) 10 (MPa) 

Cohesion (d SO (MPa) Joint friction coefficient (tan~) 0.839 

Tensile strength (t) 10 (MPa) 

Friction coefficient (tan~) 0.839 

-L 
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selecting different values for JKS in the range of 1 x 102 to 1 x 1011 MPaim and selecting 

JKN/JKS = 1. In order to study the influence of the JKN/JKS ratio, the distinct element 

analyses were repeated for JKNIJKS = 3. Each block was loaded until failure in order to 

obtain the block strength. 

The second column in Table 5.2 shows the results of the analytical solution for the 

intact rock when the fictitious joint behaves as intact rock under the conditions of 

isotropy, linear elasticity and plane strain. The third column of Table 5.2 presents the 

results of the distinct element solution with JKN = JKS = 3 x 106 MPaim. These two 

sets of results clearly show that JKN = JKS = 3 x 106 MPaim for fictitious joints 

provides a reasonably close inta<.:t rock behavior. Column 4 of Tablc 5.2 shows the 

results of the distinct eh:ment solution witl~ JKN = JKS = I x 103 MPalm. These results 

clearly show that intact rock behavior cannot be simulated if JKN = JKS = 1 x lO3 

MPalm is assigned to the fictitious joints. This stiffness value seems to he too low to 

simulate the intact rock behavior. Distinct element analysis with JKN = JKS = 1 x 1 ()9 

MPaJm produced failure of the fictitious joint. It is possible for this to happen when the 

stiffness value used for the fictitious joint is significantly higher than the stiffness of the 

intact rock. For such a composite system, the shear stress in the fictitious joint is greater 

than the shear stress in the intact rock. However, the assigned shear strength parameter 

values are the same for both the fictitious joint and the intact rock. Therefore, the 

fictitious joint fails first. Column 5 of Table 5.2 presents the results of the distinct 

element solution with JKN = JKS = 1 x 109 MPaJm. These results clearly show that 

intact rock hehavior cannot he simulated by assigning JKN = JKS = 1 x 109 MPalm to 

the fictitious joints. This stiffness value is too high for fictitious joints to behave as the 

intact rock. 



Table 5.2 Comparison Between the Elastic Analytical Solution Results and the Distinct Element Solution 
Results for Pure Shear Stress Analysis Performed for Granitic Rock 

Analylical 
SolutlOn Distinct Element Solution Results 

Parameter 
(1) 

Y-strain for whole Block 

X-strain for whole Block 

ayy in block (MPa) 

au in block (MPa) 
a xy in block (MP a) 

Results 
(2) 

1.041 x 10-4 

1.041 x 10-4 

5.00 

-5.00 
0.00 

(3) JKN=JKS= 
3 x 106 MPa/m 

1.047 x 10-4 

1.050 x 10-4 

(4.724)-(5.026) 

(-5.194)-(-4.962) 
(-0.010)-(0.241) 

Maximum principal stress 5.00 5.15 17 
(MPa) 

Average shear stress on the I 5.00 5.H 0 
45° plane (MPa) 

Average normal stress on thel 0.00 O.OC 13 
45° plane (MPa) 

(4) JKN=JKS= 
1 x 103 MPa/m 

1.952 x 10-3 

3.712 x 10-3 

(4.292)-(5.207) 

(-5.492)-(4.689) 
(-0.262)-(0.778) 

5.553 

5.138 

0.004 

Sign convention: normal stresses - compressive positive 

" 
shear stresses - positive ~~! 

(5) JKN=JKS= 
1 x 109 MPa/m 

3.61 x 10-5 

6.90 x 10-5 

(-2.769)-(5.230) 

(-7.841)-(0.559) 
(-1.664)-(3.441) 
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Figure 5.13 shows how the percentage error in the y-strain of the whole block ( 

defined below) changes with the JKS and the JKN/JKS ratio values used in the distinct 

element solution. 

Percentage error 
in y-strain of the 
whole block 

(A verage y-strain of the whole block from 
distinct element solution) - (y-strain of the 
whole block from the elastic analytical 
solution) 

( y - strain of the whole block from the 
clastic analyticaJ solution) 

To obtain a suitable range of values for JKS and JKN of fictitious joinL') to simulate 

intact rock behavior. the percentage en'or should be at a minimum. with no failure of the 

fictitious joint. According to Figure 5.13. with respect to the y-strain of the block. JKS 

values between 2 x 106 and 4 x 106 MPalm and JKNIJKS ratios between I and 3 can be 

considered as suitable values for fictitious joints to exhibit intact rock behavior. The 

suitable ranges found for JKS and JKN with respect to each of the block parameters are 

given in Tahle 5.3. To satisfy the intact rock hehavior for the fictitious joint with respect 

to all the parameters. the narrowest range should he picked among all ranges. Therefore. 

as far as pure shear stress system is considered. the suitahle range for JKS is between 2 x 

106 and 4 x 106 MPalm, with a possible range for the JKNIJKS ratio of between 1 and 

3. With these JKS and JKN values. the block strength from the distinct element solution 

was about 5% less than the intact rock strength. The slight difference in strength was 

most prohahly resulted from the local stress concentrations at the intersections hetween 

the fictitious joint and the block. In both the analytical and distinct clement solutions. 



Table 5.3 Summary Table for Suitable Values for JKS and JKN/JKS Ratio Resulting 
from Pure Shear Stress Analysis Performed for Granitic Gneiss 

Suitable JKS Range to 
Simulate Intact Rock 

Parameter JKN/JKS Behaviour (106 MPa/m) 

Y-strain of the whole block 1 2 - 10 

3 2 - 4 

X-strain of the whole block 1 2 - 10 

3 2 - 4 

Joint shear stress 1 1 x 10- 3 - 10 

3 1 x 10- 3 - 4 

Joint normal stress 1 1 x 10- 3 - 10 

3 1 x 10- 3 - 4 

Maximum difference in Y-stress in block 1 2 - 10 

3 2 - 4 

Maximum difference in X-stress in block 1 0.5 - 10 

3 1 x 10- 3 - 4 

Maximum difference in XY-stress in block 1 2 - 10 

3 2 - 4 

Maximum principal stress 1 0.5 - 10 

3 1 x 10- 3 - 4 
--_ .. _- -

-L 

W 
W 



0yy=5 M;"';l 0yy=5 ~IPa 

fictitious joints 

fictitious joint 

(a) (b) 

Figure 5.14 Rock Block and the Uniaxial Stress System Used for the Tests of 

Detcnnination of Suitable JKS and JKN/JKS Values -" 
c.u 
~ 



135 

failure was resulted through tensile stresses exceeding the tensile strength of the intact 

rock. 

(2) Uniaxial stress analysis 

Uniaxial stress was applied on two fictitious joint configurations as shown in 

Figure 5.14. The intact rock was discretized into constant strain finite difference 

triangles, to model each triangle as a deformable intact rock element. The same 

constitutive models as for the pure shear case were used for the intact rock and the 

fictitious joint'). Distinct clement stress analysis was performed similar to the pure shear 

case using different JKS and JKN/JKS. values. The comparison obtained between the 

results of the analytical solution and the results of the distinct dement analysis with JKN 

= JKS =3 x lO6 MPalm is shown in Table 5.4. For the joint configuration given in 

Figure 5.14 a, the block strength from the distinct element solution was found to be 3.3'k 

less than the intact rock strength. These results show that fictitious joints with JKN = 

JKS =3 x 106 MPalm behave almost as intact rock. Suitable values for JKS, along with 

possible JKN/JKS values, are given in Table 5.5. These were obtained after considering 

the suitable values with respect to all the block parameters shown in Table 5.3. To satisfy 

results obtained for hoth stress paths ( pure shear and uniaxial ), it is necessary to pick 

the narrowest range of values for JKS in making conclusions about the suitable value to 

simulate the intact rock behavior. This range of values was found to be between 2 x lO6 

and 4 x 106 MPalm for JKS, with a JKNIJKS ratio of between 1 and 3. 



Table 5.4 Comparison between Analytical Solution Results and Distinct Element Solution 

Results for the Stress Analyses Performed in Figure 5.14 for Granitic Gneiss 

(a) For joint configuration in figure 5.14 (a) 

Analytical Solution Distinct Element Solution Results with 
Parameter Results JKN = JKS = 3 x 106 MFa/m 

Y-strain for whole block 7.813 x 10-5 7.846 x 10-5 

X-strain for whole block 2.604 x 10-5 2.60 x 10-5 

a yy in block (MPa) 5.00 (4.925)-(5.068) 

au in block (MPa) 0.0 (-0.013)-(0.021) 

a"y in block (MFa) 0.0 (-0.024)-(0.019) 

Shear stress on joint plane (MPa) 1.915 1.913 - 2.005 

Normal stress on joint plane (MFa) 0.893 0.892 - 0.964 

Maximum principal stress (MPa) 5.00 5.068 

! 

~- ------ -------- ---------

(h) For joint configuration in Figure 5.14 (b) 
---

Analytical Solution Distinct Element Solution Results with 
Parameter Results JKN = JKS = 3 x 106 MFa/m 

Y-strain for whole block 7.813 x 10-5 8.713 x 10-5 

X-strain for whole block 2.604 x 10-5 2.594 x 10-5 

a yy in block (MPa) 5.00 (-3.609)-(5.748) 

au in block (MFa) 0.0 (-0.283)-(0.305) 

(Jry in block (MPa) 0.0 (-0.283)-(0.346) 

Maximum principal stress (MPa) 5.00 5.758 

I 

I 

-L 
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Table 5.5 Summary Table for Suitable Values for JKS and JKN/JKS Ratio Resulting 
from All Stress Analyses Performed for Granitic Gneiss 

Suitable Range 
Stress Joint Stress Level JKN/JKS for JKS 

Condition Orientation (MPa) Ratio (l06 MPa/m) 

Pure shear 45° 5 I 
(on the 45° plane) 2 - 4 

3 

Uniaxial (on the 65° 5 I 
cross section) - I - 10 
single joint 3 

Uniaxial (on the 20° - 5 joints 5 1 
cross section) - 2 - 9 
2 joint sets 65° - 5 joints 3 

For all three 2 - 4 

-.I. 

c.u 
""'-J 
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(3) Generalization of the suitable JKS range to a suitable G/JKS 

range 

For the granitic gneiss investigated here having G = 24 GPa, the suitable range for 

JKS was found to be between 2 x 106 and 4 x 106 MPalm. Therefore, the suitable range 

for G/JKS for the granitic gneiss is between 0.012 and 0.006 with a possible JKN/JKS 

ratio of between I and 3. The next question to he answered is whether this suitable range 

for GIJKS holds true for all rocks. To answer this question, a soft sandstone and a stiff 

quartzite were selected for the investigation. These two rocks represent two extreme cases 

with respect to stiffness, according to two tables given by Goodman (1989, pp.186). 

For hoth the sandstone and the quartzite, pure shear stress analysis and the uniaxial 

stress analysis for the single joint case were performed as for the granitic gneiss. Material 

parameter values used are given along with the values used earlier for the granitic gneiss 

(Tahle 5.6). Value of JKS were calculated using GIJKS values of 0.012, 0.008 and 

0.006 m. Distinct clement stress analyses were performed using these three JKS values 

along with JKNIJKS ratios of 1.0, 2.5 and 3.0. For JKN/JKS = 3.0, both quartzite and 

sandstone hlocks failed through the fictitious joint for GIJKS = 0.006 m. For the granitic 

gneiss, the failure of the fictitious joints occurcd at G/JKS = 0.0048 m with JKNIJKS = 
3.0. Other than this difference, both quartzite and sandstone produced results similar to 

the granitic gneiss for the tested GIJKS and JKNIJKS values. Maximum observed 

percentage differences of the block parameters considered for all three rocks are given in 

Tahle 5.7. These values are applicahle for the range ofG/JKS between 0.008 and 0.012 

m and for the range of JKN/JKS hetween I and 3. These results show that GIJKS 



Tahle 5.6 Material Parameter Values Used for Different Rock Types 

(a) Intact rock: 

Property Quartzite 

Density (kg/m3) 2620 

Young's modulus (GPa) 88 

Poisson's ratio 0.11 

Shear modulus (GPa) 39.6 

Bulk modulus (GPa) 37.6 

Cohesion (MPa) 70 

Tensile Strength (MPa) 11 

Friction (tan q,) 1.0 

(b) Fictitious joints: 

Property Quartzite 

JKN (MPa/m) different values 

JKS (MPa/m) different values 

Cohesion (MPa) 70 

Dilation Coefficient 0 

Tensile Strength (MPa) 11 

Friction (tan q,) 1.0 

Rock Type 

Granitic Gneiss 

2500 

60 

0.25 

24 

40 

50 

10 

0.839 

Rock Type 

Granitic Gneiss 

different values 

different values 

50 

0 

10 

0.839 

Sandstone 

2220 

5 

0.14 

2.19 

2.31 

10 

1.93 

0.577 

Sandstone 

different values 

different values 
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between 0.008 - 0.012 m and JKNIJKS between 1 and 3 can be considered to be suitable 

values for fictitious joints to behave as intact rock. 

5.3.2.2 At 3D Stress Analysis Level 

The suitable G/JKS and JKNIJKS ratios found in the previous section were used 

for the fictitious joints at 3D level to validate their suitahility for 3D cases. The hasic 

procedure used in 3D was similar to the onc in 2D casco Different fictitious joint 

configurations were used for this validation. The detailed calculation results are given in 

the following paragraphs. 

(1) case 1: 

A rock hlock with a single persistent fictitious joint dipping at 45° with a dip 

direction of 60° was considered. The hlock configuration is shown in Figure 5.15. The 

intact rock was discretized to obtain constant strain deformable tetrahedra. Material 

parameter values used for the granitic gneiss ( Table 5.1 ) were used in this case with 

JKS = 2 x 106 MPalm and JKNIJKS = 2.5. This JKS value corresponds to GIJKS = 

0.0012 m. First. a 5 MPa compressive stress was applied to the block in three 

perpendicular directions. x. y and z (ie. crx = cry = crz = 5 Mpa ). Then the normal stress 

in the z direction was increased to 35 MPa while keeping the other two stresses ( crx and 

cry ) at 5 MPa. For the second stress increment. the analytical solution was obtained 

through isotropic linear elasticity. assuming the whole block behaves as intact rock. The 

percentage difference between the distinct clement solution and the analytical solution 

with respect to analytical solution was obtained for each parameter (Table 5.8. case I). 
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Figure 5.15 Rock Block Configuration with one Persistent Fictitious Joint (60°/45°) 

Used for the Validation of JKS and JKN/JKS Values at 3D Level 



Table5.? Maximum Observed Percentage Differences of the Block Parameters Considered for Investigated 
Rocks for G/JKS Values Between 0.008 and 0.012 m with JKN/JKS Values Between 1 and 3 

Uniaxial Single Joint at 650 Pure Shear 

Block Parameter Granite Sandstone Quartzite Granite Sandstone Quartzite 

Y-Strain for the 0.680 0.724 0.444 0.790 0.943 0.930 
whole block, Ey 

-' 
X-Strain for the 0.920 0.877 1.210 1.290 1.315 1.170 
whole block, Ex 

(). (J yy 3.780 3.740 3.680 6.520 6.150 6.020 

(). a xx 0.940 0.893 0.907 4.720 4.490 4.540 

(). (J ry 1.200 1.369 1.411 5.200 5.103 5.076 

Maximum principal 1.420 2.280 2.320 4.080 4.000 4.040 
stress, (Jmax 

Shear stress on the 3.270 3.400 3.450 2.840 2.850 2.860 
joint plane, as 

Normal stress on the 3.210 3.660 3.460 0.064 0.048 0.050 
joint plane, an 

..... 

.f:>. 
I\) 



Table 5.8 Comparison Between the Analytical Solution Results and the Distinct Element Solution 

Results for 3D Stress Analysis 

Percentage difference between the distinct element solution and 
the analytical solution with respect to the analytical solution 

Block Parameter Case 1 Case 2 Case 3 

Block strain Ex 
"I 

Block strain Ey > maximum maximum maximum 
0.61 0.73 3.3 

Block strain E;z: 

{j.0",,/0. 0.19 0.20 0.86 

{j.oyylo. 0.26 0.20 0.5 

{j.o u/o % 0.51 0.70 1.57 

{j.o;xylo% 0.14 0.07 0.86 

{j.oyz/o. 0.07 0.03 0.36 

{j.ou /o z 0.09 0.94 0.09 

I 

i 

NOTE: {j.OII is the maximum stress difference between the distinct element solution and the analytical 
solution results inside the block. -L 

~ 
W 
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(2) case 2: 

For this case, apart from the stress system, everything else was the same as for case 

1. First, an isotropic 35 MPa compressive stress was applied to the rock block ( ax = cry 

= <iZ = 35 MPa ). Then <iZ was reduced to 5 MPa while keeping the other two stresses 

(ax and <iY) at 35 MPa. The results are given in Table 5.8, under case 2. 

(3) Case 3: 

A rock block with two persistent fictitious joint sets was used for this case. Each 

joint set has 3 joinL<; at 0.6 m spacing. The first joint set dips at 30° with a dip direction of 

70°. The second joint set dips at 60° with a dip direction of 140°. The block system is 

shown in Figure 5.16. Everything else. including the stress system. was the same as for 

case I. The results are given in Tahle 5.8, under case 3. 

Table 5.8 clearly shows that GIJKS = OJ112 m and JKN/JKS = 2.5 are highly 

suitahle values for fictitious joinL<; to simulate intact rock behavior. 

5.4 Procedure of Using the New Technique for the Estimation of Jointed 

Rock Mass Mechanical Properties at 3D Level 

The mechanical properties of jointed rock masses depend on the mechanical 

properties of intact rocks and joints ancl the interaction between joints. So, before 

analyzing the mechanical behavior of jointed rock masses, the rock mass structure ( the 

joint geometry pattern ) should he investigated. From in situ joint mapping, three 
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Figure 5.16 Rock Block Configuration with Two Persistent Fictitious Joint Sets (70°/30° 

and 140°/60° ) Used for the Validation of JKS and JKN/JKS Values at 3D 

Level 
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dimensional joint geometry models can be estimated by using the aforementioned joint 

geometry modeling schemes. Joints can then be generated back into a rock block to 

represent the in situ joint situation. The mechanical properties of intact rocks and joints 

can be obtained from laboratory tests on intact rock samples and joint samples. By 

running the linking program, fictitious joints can be created to discretize the rock block 

into distinct polyhedral blocks when the fictitious joints are combined with actual joints. 

TIlen the three dimensional distinct element code ( 3DEC ) can be used to perfonn stress 

and defonnation analyses on jointed rock hlocks ( which contain hoth actual and Iktitious 

joints ). Different stress and displacement boundary conditions can be applied. The 3DEC 

calculation results will enable us to evaluate the mechanical behavior of jointed rock 

masses. 

5.5 An Example of A nalyzing a Jointed Rock Block by the New 

Technique 

A cubical rock block of side dimension 2 m was used for this example. Five real 

joint centers were generated according to a uniform distribution. Using these joint 

centers. five real joints of diameter 1.2 m. dip angle 45° and dip direction 60u were 

placed in the rock block. Fictitious joints were then introduced into this rock block to 

discrctize the real block into polyhedra when they arc connected with the real joints. 

Figure 5.17 shows the discretized rock block. 

Linear elastic. perfectly plastic constitutive models with Mohr-Coulomb failure 

criterion. including a tension cut-orr were used to represent the mechanical behavior of 

the intact rock. the fictitious joints and the real joints in the rock block. The values used 
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Table 5.9 Values of the Parameters of the Constitutive Model Used for Non
Persistent Actual Joints 

Parameter Value 

Joint normal stiffness (JKN) 6.72 x 104 MPa/m 

Joint shear stiffness (JKS) 2.7 x 103 MPa/m 

Joint cohesion (Jc) 0.4 MPa 

Joint tensile strength (Jt) o MPa 

Joint friction coefficient (tan cj» 0.654 
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Figure 5.17 Rock Block Configuration ( Orientation 60°/45°, Joint Size 1.0 m and Number 

of Joints 5 ) Subjected to 3 Dimensional Distinct Element Stress Analysis 
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Figure 5.18 Stress Increment - Strain Increment Curve Obtained from 3 Dimensional 

Distinct Element Stress Analysis 



149 

for the parameters in the constitutive models for intact rock, fictitious joints and actual 

joints are given in Table 5.1 and Table 5.9. First, an isotropic compressive stress of 5 

MPa was applied to the rock block. Then the vel1ical stress was increased in steps until 

the failure of the rock block was observed. This stress analysis was perfonned using the 

3D distinct element method. Under each stress increment it was necessary to monitor the 

velocity of the block to check whether the rock block has reached the stable equilibrium 

state. The next stress increment was applied after the block has reached the equilibrium 

status under the previous stress increment. Displacements of the rock block in the x. y. 

and z directions were monitored throughout this stress analysis to compute average block 

sO'ains in the x, y and z directions, respectively. Figure 5.18 shows the stress-strain plot 

obtained for the rock block in the z direction. Local failure of real joints causes the ';tress

strain relation to be nonlinear. 

The strength of the jointed rock mass in the z direction was found to be between 55 

and 60 MPa. From the Mohr circle. the strength of the intact rock was found to be 214.5 

MPa. Therefore, the ratio between the strength of the jointed rock mass in the z direction 

and the intact rock strength was found to be between 0.256 and 0.280. The tangent 

modulus of deformation of the jointed rock ill the z direction at 15% of the intact rock 

strength was found to be 40.9 OPa. The ratio of this deformation modulus to the intact 

rock Young's modulus was found to be 0.68. The calculated Poisson's ratios for the 

jointed rock mass were: vzx = 0.237 and vzy = 0.286. The Poisson's ratio for the intact 

rock was 0.25. 

This example shows how one can use the distinct element method to perform a 

stress analysis in jointed rock masses which contain non-persistent finite size real joints. 
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5.6 Discussion and Summary 

This chapter provides a methodology to use the distinct element method for stress 

and deformation analyses in rock masses which contain non-persistent joints. To use the 

distinct element method, it is necessary to discretize the problem domain into polygons in 

two dimensions (20) or into polyhedra in three dimensions (3D). To pelform distinct 

element stress analysis in a rock mass which contains non-persistent finite size joints, it is 

necessary to generate some type of fictitious joints so that when they are combined with 

the non-persistent joints, they discretize the problem domain into polygons in 20 or into 

polyhedra in 3D. The question arises as to which deformation and strength parameter 

values should be assigned to these fictitious joints so that they behave as intact rock. For 

the chosen constitutive models to represent the mechanical behavior of both intact rock 

and fictitious joints, it was found that, by choosing the parameter values as given below 

for the constitutive models, it is possible to make the fictitious joints behave as intact 

rock, in a global sense. 

a) For botb i:~e intact rock and the fictitious joints, the same strength parameter 

values shoulc.' be used. 

b) A JKS vUiLle for fictitious joints should be chosen to produce a G/JKS ratio 

between 0.008 and 0.012 m. 

c) A JKN/JKS ratio between 2 and 3 should be chosen. The most appropriate value 

to choose in this range may be the E/G value for the pmticular rock. 

A computer program has been developed to link three dimensional joint geometry 

modeling schemes to 3DEC based on the mathematical derivations given in this chapter. 
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CHAPTER 6 

STRESS ANALYSES ON ROCK BLOCKS WITH NON-PERSISTENT 

REAL JOINTS TO STUDY THE EFFECTS OF JOINT GEOMETRY 

PARAMETERS ON DEFORMABILITY AND STRENGTH OF ROCK 

MASSES AT THREE DIMENSIONAL LEVEL 

6.1 Introduction 

Analyzing the mechanical behavior of rock masses with non-persistent real joints 

and studying the influences of joint geometry parameters on deformability and strength of 

rock masses are the basic purposes of this dissertation. By using the technique proposed 

in Chapter 5, three dimensional rock blocks with different non-persistent joint 

configurations were subjected to different stress paths. The stress analyses results show 

the effe<.:ts of joint geometry parameters (joint size, joint density and joint orientation) on 

the mechanical properties of rock blocks. 

6.2 Three Dimensional Stress Analysis of Rock Blocks with Non

Persistent Joints 

6.2.1 Outline of This Analysis 

The rock block used for this research was a 2m cube and it had different actual non-

persistent joint configurations. The joints could be generated from a joint geometry 
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network modeling scheme in a systematic fashion. For the present studies. the joint size, 

joint density and joint orientation were generated following deterministic schemes, and 

the joint location had a uniform distribution. 

The right handed coordinate system shown in Figure 6.1 was used for all the rock 

blocks which were subjected to stress analysis. x axis was chosen to coincide with the 

north direction and z axis was chosen in the vertical direction. The dip direction of a joint 

is the angle from x axis measured in the clockwise direction to the projection of the joint 

normal vector on the x-y plane. The dip angle is the angle between z axis and the normal 

vector of the joint. 

For the ratio of joint size to block size, the values of 0.1 to 0.9 with an incremental 

step of 0.1 were used. The numbers of joints used in the rock block were 5, 10. 20. 30. 

In order to check the effect of anisotropy of joint system on the mechanical properties of 

rock block. 6 different joint orientations were also created. namely, dip direction 60° with 

dip angle 45°. dip direction 248.9° with dip angle 79.8°, dip direction 94.42° with dip 

angle 37.89°, dip direction 68.2° with dip angle 72.2°, dip direction 90° with dip angle 

45° and dip direction 30° with dip angle 45°. To investigate the mechanical behavior of 

rock masses with more than one joint set. joint configurations with two joint sets were 

also employed in this analysis. The two joint sets used were: set I had dip direction 600 

and dip angle 45°, set 2 had dip direction 240° and dip angle 45°. Each joint set had 

different deterministic combinations of joint size and joint density. The different 

combinations of these joint geometry parameters produced many different joint 

configurations. Table 6.1 shows all the geometry parameter values used for this research. 

After the determination of actual joints, fictitious joints were then introduced into each of 
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Table 6.1 Different Joint Configurations Used for 3 Dimensional Distinct Element Stress Analyses 

number of 
orientation joint sizelblock size number of joints joint location joint sets 

(if14So 
0.1 -0.9 with 

5, 10,20,30 
uniform 

step 0.1 distribution 

94.42°/37.89° 
0.3, 0.5, 0.6, 

5, 10,20,30 0.7,0.9 
II II 

one 
0.3. 0.5, 0.6, 30°/45° 5, 10,20 0.7, 0.8. 0.9 

11 II 

joint 

9<f/45 ° 0.3. 0.5, 0.6. 5, 10,20 II II 

set 0.7, 0.8, 0.9 

68.2°172.2° 0.3, 0.6, 0.7. 5, 10,20,30 II II 

0.8 

248.9°179.8° 0.3, 0.6, 0.7, 5, 10,20,30 If II 

0.8 

1 s~joint set 
two 6d 14) 

OJ, 0.2. OJ. 
10 

joint -----.-------_.- --------------.--- II II 

2nd joint set 0.5, 0.6, 0.7 
sets 24076(f 10 

-L 

01 
~ 
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these blocks to connect them with actual joints and to discretize the domain of rock blocks 

into polyhedra by running the computer program which links the joint geometry model to 

3DEC. A typical block configuration with both actual joints and fictitious joints ready for 

performing distinct element stress analysis was shown in Figure 5.4 ( in Chapter 5 ). In 

order to shorten the figure captions, the joint orientation will be denoted as alP, where a 

means the dip direction and p means the dip angle, in this dissertation. 

The geomechanical properties for intact rock and joints were treated as 

deterministic. The mechanical hehavior of hoth the intact rock and the fictitious joints was 

represented by linear-clastic. perfectly plastic constitutive models with the Mohr

Coulomh failure criterion. including a tension cllt-off as shown in Figures.6.2 and 6.3. 

The rock hlocks were considered to consist of the granitic geneiss material used in the 

previous chapter ( Hardin et al.. 1982; Barton, et aI., 1988; Stephansson, 1989 ). 

Property values given in Tahk 5.1 were used for the intact rock and the fictitious joints. 

For fictitious joints. JKS = 2 x IOC! MPaim and JKNIJKS = 2.5 were used. For actual 

joinL'i. the same constitutive model as for the lictitious joints was used with the parameter 

values given in Tahle 5.9 ( Chapter 5 ). 

In order to estimate different property values of the jointed rock hlock, different 

stress conditions were designed: (I): the rock block was first suhjected to an isotropic 

stress of 5 MPa ( compressive) in three perpendicular directions (x, y, Z ), then for each 

of the three directions, say z direction, the (.~ompressive stress ( az) was increased, while 

the confining stresses in the other 2 directions ( ax and cry )were kept the same, until the 

failure of the rock block, as shown in Figure 6.4. From these stress analyses it is 

possihle to estimate the deformation modulus and the strength of the rock block in each of 
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Figure 6.3 Constitutive Model for Joints Used in Distinct Element Stress Analyses, (a) 

Normal Stress-Strain Relation (b) Shear Stress-Strain Relation (c) Mohr

Coulomb Failure Criterion with Tension Cut-Off 
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the three directions; also, the related Poisson's ratios can be determined. (2); the rock 

block was first subjected to an isotropic stress of 5 MPa ( compressive) in three 

perpendicular directions ( x, y, Z ), then on each of the three perpendicular planes, say x

y plane, the rock block was subject to an increasing shear stress, as shown in Figure 6.5. 

These tests could provide the estimates for three shear moduli of the rock block on three 

different planes. 

After the rock hlock configuration. the mechanical properties for intact rock and 

joints ( both actual and fictitious) and the stress conditions were decided, three 

dimensional distinct clement code ( 3DEC ) was then employed to perform the stress and 

deformation analyses on the jointed rock hlocks. 

In 3DEC analysis, during the loading process, the displacements in 3 directions 

were recorded simultaneously. Because the rock mass was regarded as a hlock 

assemblage in ;\ dimensional distinct clement analysis, the displacements at different 

points on the same face were usually different even though the stress was uniform. 

Figure 6.6 shows the displacements at 5 different points on the same face during 

increasing of stress. So, in this study, five points were selected on each mass block face 

to record the displacements, and the average value of these 5 displacements was 

considered as the true displacement of this face, which was used for the estimation of 

rock mass properties. 

For each stress increment, it was necessary to run a certain number of calculation 

cycles for rock block to reach the stable state. Only when the block attained the stable 

state, could the next stress increment be applied. In order to check the status of the block 
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conveniently, the velocities at different points inside the rock block were also monitored. 

When the block was close to being stable, the velocity records approached zero. Figure 

6.7 shows the velocity history during a typical stress analysis which included a number 

of stress increments. 

Under the assumption of the constitutive model for jointed rock block, the above 

mentioned stress analyses results could be used to estimate the mechanical hehavior of the 

rock block. This whole procedure was repeated for every rock block with a different joint 

configuration. 

6.2.2 Assumed Constitutive Model for Jointed Rock Blocks 

The characterization of the mechanical hehavior of a jointed rock mass with a 

suitable constitutive model is a common key factor in all stress analysis of a jointed rock 

mass with numerical methods. Generally, the joint network pattern will govern the 

deformational as well as strength properties of jointed rock masses. This selected 

constitutive model should take into account the mechanical hehavior of intact rock and the 

geometrical and geomechanical properties of joints. Because of the influence of various 

discontinuities. rock masses usuaIJy show anisotropic material behavior, and the chosen 

constitutive model should reflect the anisotropic characteristics. In addition, the choice of 

a constitutive model depends on the prohlem to be solved. 

It was decided to represent the mechanical hehavior of the jointed rock mass as 

folJows: (a) Pre-failure hehavior hy an incremental linear clastic anisotropic constitutive 

model; (b) Failure by anisotropic strength values. No attempt was made to study post 
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peak behavior. In rock mechanics and rock engineering, it is rarely feasible to deal with 

extreme anisotropy. In contrast, the orthotropic constitutive model is sometimes used to 

represent the mechanical behavior of jointed rock masses with sufficient accuracy for 

engineering purpose and without mathematical difficulty. This type of anisotropy is 

especially applicable to a rock mac;s with three mutually perpendicular joint sets. The 

orthotropic anisotropy can be expressed through the following constitutive model as 

given in Chapter 3: 

.1Ex _I _'!.n_vzx 
Ex Ey Ez 

0 0 0 .10' x 

.1Ey vxy _I ~ 
- Ex Ey - Ez 

0 0 0 .10' y 

.1E z Yx!: ~J:2 () 0 0 
.10' z 

= -Ex - Ey Ez ( 6.1 ) 

.1Yx y 0 0 0 Gxy 
0 0 .1't xy 

1 .1Yyz 0 0 0 0 Gyz 
0 .1'tyz 

.1Yzx 0 0 0 0 0 Gzx 
.1'tzx 

In equation ( 6.1 ) . .1E and .10' indicate strain and stress increments respectively. 

Ex. Ey and Ez are the Young's moduli in three perpendicular directions. Gxy. Gyz and 

Gxz represent the three shear moduli on three orthotropic planes, and Vyx etc. are the 

Poisson's ratios. Also from the strain energy theory, the following relationship holds true 

for orthotropic anisotropy: 

( 6.2 ) 
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For the above mentioned constitutive model, Ex, Ey, Ez, vxy, vyz, vzx. Gxy. 

Gyz, Gxz are the parameters which completely define the mechanical behaviG; of rock 

masses with orthotropic anisotropy. So, in order to complete the proposed constitutive 

model for rock masses with orthotropic anisotropy, it is necessary to evaluate all the 9 

parameters of the rock block at different stress levels. This can be done by using the 

results from distinct element stress analyses. 

6.2.3 Estimation of Mass Properties of Jointed Rock 

From the distinct clement stress analyses results it is possible to obtain all the 

information on the incremenL<; of stress and strain ( both normal and shear) in each of the 

three directions x. y, and z ( on each of the three planes for shear stress applications ). 

and also the plot of the stress-strain curve for each direction ( on each plane for shear 

stress applications ), like Llo"X-LlEX . .1O"y-LlCY, LlO"Z-LlEZ, LltXY-LlYXY, Lltyz-LlYyZ and 

LltZy-Llyl.y curves. Using these plots and the assumption for the constitutive model of 

rock block, it is possible to estimate all the deformation parameters in different directions 

at different stress levels. The rock mass strength ( Sx, Sy, and Sz ) can be estimated hy 

the continuation of stress loading until the rock block failure. 

From equation ( 6.1 ). by considering only the normal stress and strain relations 

(for stress condition I given previously), the following is obtained: 
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~£x 
_I _~ _vzx 
Ex Ey Ez 

~crx 

~£y = ~_I ~ 
- Ex Ey - Ez 

~cry ( 6.3 ) 

~£z _vx? _~ 1 ~crz 
Ex Ey liz 

~crx ~cry ~crz 
Ll£x = Ex - (Vyx Ey + vzx Ez) 

or ~crv Llcrx ~crz 
Ll£y = EY - (V xy -Ex + Vzy " Ez-) ( 6.4 ) 

/:).cr z Llcrx /:).cr y 
Ll£z= Ez -(V xz Ex +Vyz Ey) 

In the three dimensional distinct element stress analyses. Llcrx ( or Llcry. or ~crz ) on 

the rock block was increased and the caused strain changes /:).£x. Ll£y and /:).£z were 

calculated. So. hy using least square method. it is possihle to estimate Ex. Ey. Ez. vxy. 

vxz and vzy from equation (6.4) for each joint configuration at a chosen stress level as 

follows: 

Case 1: when crz was increased and crx. cry were kept at the samc valucs. ic. ~crz :/:. 

o and Llcry = Llcrx = O. equation (6.4) hecomes: 

/:).crz 
Ll£x = - vzx Ez 

~crz 
~£Y=-Vzy Ez 

Llcrz 
/:).£z= -E 

Z 

From equation ( 6.5 ). Ez. vzx and vzy can be estimated as follows: 

( 6.5 ) 
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The objective function for Ez is 

"" ~ (A , /),.OZ')2 
'V 1 = ~ Ll EZ - EZ ( 6.6 ) 

where /),. EZ' and /),.oz' are the calculated strain increment and the applied stress increment, 

respectively. 

From 

It is possible 10 obtain 

a<l> I = :E [ ( /j,EZ' _ /j,oz' ) ( _ /j,oz' ) ] = 0 
aEz Ez E~ 

:E /),.O'z'2 
Ez=-----

:E ( /),.£z' /),.oz') 

TIle objective function for Vi'.x is: 

( 6.7 ) 

( 6.8 ) 

a<l> 'J , /:loz' /:loz' . . 
From --- =:E I (/j,EX + vzx -E- ) -Eo ] = 0, the follOWIng can be obtaIned: 

C}vzx z Z 

:E ( /j,£x' /j,oz' ) 
vzx = - Ez 

:E/:loz'2 
( 6.9 ) 

The objective function for vyz is: 

( 6.10 ) 



Therefore 

and 

.leI> 3 /lcrz' /lcrz' 
-=~ [(/ley' +vzy-)-] =0 
.lvzy Ez Ez 

vyz = _ ~ ( /ley' /lcrz' ) Ez 
~(!lcrz'2) 
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( 6.11 ) 

By using equations ( 6.7 ). ( 6.9 ) and ( 6.11 ). Ez. vzx and vzy can be calculated 

from the stress and strain increments !lex', /lEy'. /lEz' and /lcrz' for any stress level. 

For case 2 ( increasing crx ) and case 3 ( increasing cry), the Ex, Ey and vxy values 

can be estimated in the same way. Similarly. the shear moduli Gxy. Gyz Gzx can also be 

estimated. For the above calculations. it is necessary to know the stress level at which 

these calculations should he performed. For a perfect linear hehavior of a rock hlock, the 

results of these calculations will not depend on the choice of the stress level. However, 

distinl.:t dement analyses of rock hlocks have resulted in non-linear stress-strain 

relationships for rock hlocks. So, the estimated rock hlock property values will depend 

on the value selected for stress level. For the convenience of results comparison, a stress 

level equal to 15% of the intact rock strength was used for all the calculations. 

The same stress analysis procedure was repeated for each rock hlock with different 

joint configuration. From the results of these analyses the inlluenl.:es of joint geometry 

parameters on the mechanical properties of rock masses can be examined. 

The strength parameters ( Sx, Sy. Sz ) used in the following sections mean the 

difference he tween the maximum and minimum principal stresses when the failure of 

rock block oCl.:urs. 
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6.3 Effects of Joint Density and Joint Size on the Mass Deformation and 

Strength Properties of Rock with Joints of Orientation: 60° / 45° 

Joint geometry parameters (orientation, density and size) have been varied in r,?ck 

blocks used in distinct element stress analyses in a systematic fashion to study the effects 

of these parameters on the deformation and strength properties of rock blocks. Table 6.1 

shows the different joint configurations used for this investigation. For both one and two 

joint sets, the location of the joints were considered to have a uniform distribution. 

In this section, the results of the distinct element stress analyses are used to 

investigate the influences of joint density ( number of joints per unit volume) and joint 

size/block size on the mass defonnation and strength propellies of rock blocks having 

joints oriented at 60° / 45? 

6.3.1 On Ex, vxy, vxz and Sx 

Figure 6.8 shows the stress increment vs, strain increment curve in x direction for 

the rock block with the following joint configuration: orientation 60°/45°, joint size/block 

size 0.5, number of joints 10. Similar stress-strain plots in x direction were obtained for 

the rock blocks with other joint configurations. 

Figure 6.9 shows the relationship between the calculated deformability in x 

direction ( Ex ) and the different combinations of joint size and joint density. Ex was 

calculated at a stress level equal to 15% of the intact rock strength for the rock block. In 

this plot, Ex is nonnalized by Ei, where Ei is the deformation modulus of intact rock and 
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the joint size is normalized by block size to be expressed as joint size/block size. From 

Figure 6.9 it can be seen that ExlEi decreases moderately with increasing joint size/block 

size and the number of joints. For the tested ranges of joint size and number of joints, Ex 

lies between 65% and 95% of Ei. 

The effects of joint size and joint number on Poisson's ratios vxy and vxz are 

shown in Figures 6.10 and 6.11 respectively. Both Poisson's ratios ( vxy and vxz ) are 

normalized hy intact rock Poisson's ratio vi . These results show that no clear 

relationship holds hetween vxy/vi or vX"l/Vi and joint size/block size or number of joints. 

The range ofvxy/vi is from 0.78 to 1.92 and vx"livi is within l.l8-1.90. 

Figure 6.12 shows the influences of joint size and joint density on the strength of 

the jointed rock block in x direction ( Sx ). In this plot, Si expresses the strength of the 

intact rock. It is clear from this ligure lhat Sx decreases when the joint size or the number 

of joints is increased. The influence of joint density on Sx hecomes small for larger joint 

sizes. The calculated Sx lies hetween 25-72% of the intact rock strength Si for all the 

different combinations of joint size and numher of joints considered. 

6.3.2 On Ey, vyx, vyz and Sy 

A typical stress increment vs strain increment curve in y direction is shown in 

Figure 6.13. This rock hlock has the same joint configuration as the rock hlock which 

produced Figure 6.8. 
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Figure 6.l4 shows the relationship between Ey and different combinations of joint 

size and joint density. This figure indicates the following (a) Ey decreases when joint size 

or number of joints is increased, (b) the rock mass modulus in y direction ( Ey ) lies 

between 38-95% of the intact rock Young's modulus ( Ei ) for the considered ranges of 

joint size and number of joints. 

Figures 6.15 and 6.16 illustrate the effects of the joint size and joint density on the 

calculated Poisson's ratios vyz and vyx. It is difficult to see any particular trend hetween 

vyx ( or vyz ) and joint size ( or joint density). vyx/vi is in the range of 0.82-1.84 and 

vydvi is hetween 0.82 and 1.92. 

The influences of the different comhinations of joint size and joint density on rock 

mass strength in y direction arc shown in Figure 6.17. This figure indicates the following 

(a) Sy decreases rapidly when the joint size or numher of joints is increased initially, (h) 

when the joint size is further increased heyond ahout 0.5, the change of Sy hecomes 

small, (c) the Sy values lie between 16-99% of the intact rock strength for the considered 

ranges of the joint size and numher of joints. 

6.3.3 On Ez, vzx, vzy and Sz 

Figure 6.18 gives stress increment VS. strain increment curve in z direction for the 

rock block with the same joint configuration as the rock blocks which produced Figures 

6.8 and 6.13. Similar to the previous sections, the deformability Ez and Poisson's ratios 

vzx, vzy were calculated at a stress level equal to 15% of the intact rock strength, and 

they were normalized hy using the corresponding intact rock properties. 



1.2~i---------------------------------------------------' 

1.0 

0.8 

.-
~ 0.6 
~ 
~ 

0.4 

0.2 

----0-- 5 joints 
10 joints 
20 joints 
30 joints 

block size: 2 m cube 
joint orientation: 6&45° 

O.OLi~ .. ~~~~~~ .. ~~~~~ .. ~~~~~~~ .. ~~~~ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Joint size/Block size 
0.8 0.9 1.0 

Figure 6.14 Relationship between Ey/Ei and Joint SizelBlock Size for Joint Orientation 6&45' 

...... 
-..J 
-..J 



-J. 
......., 
()) 



2.0 
• 

1.8 E- i 
II 

1:1 
1.6 E- • 

8 
0 

1.4 E- ., 1:1 

12( II 0 II [:J 

~- 0 

N 1.0 [:J 1:1 II • ... 1:1 1:1 

~ 0.8 • 
0.6 L [:J 5 joints 

0.4 E- • 10 jOints . block size: 2 m cube 
II 20 jOints 

joint orientation: 60i45' 0.2 E- o 30 joints 

0.0 I: I I I I I I I I I I I I I I I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Joint sizelBlock size 

Figure 6.16 Relationship betweenYYzlVi and Joint Size/Block Size for Joint Orientation 6&45° 

-L 

-.....J 
CD 



1.2~'------------------------------------------------------~ 

1.0 

0.8 

~ 0.6 
~ 

Cf.) 

0.4 

0.2 

0.0 

block size: 2 m cube 
joint orientation: 6dl4~ 

-0-

II 

o 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Joint size/Block size 

5 joints 
10 joints 
20 joints 
30 joints 

0.8 0.9 1.0 

Figure 6.17 Relationship between Sy/Si and Joint Size/Block Size for Joint Orientation 6oi45° 

...... 
(X) 
o 



40 
,.-... 

~ 
Q.. 35 
~ 
'-" 30 
c: 
0 

~ 25 
IlJ 
t.. 

~ 20 r I 
block size: 2 m cube 

~ 15 

joint orientation: 60/45° 
nu mber of joints: 10 
joint sizelblock size: 0.5 

c: 
IlJ 10 
E 
IlJ 
t.. 
C.J 5 c: 
~ 

til 
til 0 IlJ 
t.. 0 5 10 15 20 25 .... 

00 Strain Increment in z Direction ( E-04 ) 

Figure 6.18 A Typical Stress Increment vs. Strain Increment Curve in z Direction of the Rock 
Block from Distinct Element Stress Analysis 

-L 

ex> 
-L 



182 

The effect of joint size and joint density on Ez is shown in Figure 6.19. It can be 

seen that, similar to Ex and Ey, Ez reduces as the joint size and the number of joints are 

increased. The effects of joint density on Ez value is relatively very small when the joint 

size/block size is either low ( below 0.2 ) or high ( above 0.75 ). The calculated results of 

Ez lie between 45-99% of the intact rock deformability Ei. 

Figures 6.20 and 6.21 show the effects of joint density and the joint size on 

Poisson's ratios vzx and vzy, respectively. It is difficult to see any particular trend 

between vzx ( or vzy ) and joint density ( or joint size ). The vzx/vi is in the range of 

0.81-1.51 and vzy/vi is in the range of 0.90-1.62. 

The relationship between strength property in z direction of the rock block ( Sz ) 

and the com hi nations of joint size and joint density is shown in Figure 6.22. It is quite 

clear that the SI"JSi value decreases rapidly when the joint size value or the numher of 

joints is increased initially. A further increase in joint size or joint density docs not affect 

SI"JSi much. and S71Si approaches more or less a constant value of ahout 0.13 for the 

considered ranges of joint size and numher of joints. 

6.3.4 On Three Shear Moduli 

The stress condition 2 ( as mentioned previously ) was used in the three 

dimensional distinct element stress analyses to evaluate the three shear moduli. namely. 

Gxy. Gyz, Gzx of the rock hlock with different joint configurations. The results from 

these analyses for rock blocks with joint orientation 60°/45° and different combinations 
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of joint size and joint density are presented in this section, and the effects of joint size and 

joint density on the three shear moduli for this particular joint orientation are studied. 

Figure 6.23 shows the relationship between GyzJGi and joint size/block size for 

different values of joint density. GyzlGi decreases when the joint size/block size or the 

number of joints is increased. For the considered ranges of joint size/block size and joint 

density, the estimated Gyz is between 45 and 93% of the intact rock shear modulus. 

The influence of joint size/block size and joint density on the calculated shear 

modulus on x-z plane ( Gxz ) is shown in Figure 6.24. As can be seen from this figure, 

the reduction of Gxi'lGi value with the inL"fl!ase of joint size/block size for all the 

considered joint density is quite clear. The influence of joint density on GX7JGi value 

becomes obvious when the value of joint size/block size is not small (> 0.3). The GX7JGi 

values lie within 0.51-0.96 for the considered ranges of joint size and joint density. 

Figure 6.25 illustrates the effects of joinl size and joint density on the estimated 

shear modulus of the rock block on x-y plane ( Gxy ). In contrast to Figures 6.23 and 

6.24. the effects of joint size and joint density on Gxy/Gi is relatively less. The calculated 

Gxy values arc between 65 and 94% of the intact rock shear modulus Gi. 

6.3.5 Summary on the Effects of Joint Size and Density on the 

Mechanical Properties of Rock Blocks for Joint Orientation 6()o/45° 

The influences of joint size and joint density on the mechanical properties 

(deformability and strength in three mutually perpendicular directions, shear moduli in the 
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three orthogonal planes and the corresponding Poisson's ratios) of rock blocks with 

joints having the orientation 60°/45° were discussed in the previous sections. These are 

summarized below. 

The three dimensional plots in Figures 6.26 through 6.34 summarize the 

relationships between the calculated three deformation moduli (Ex, Ey, Ez), three shear 

moduli ( Gxy, Gyz, Gzx ) and three strength properties ( Sx, Sy, Sz ), and the joint size 

and density. All these relations have the common characteristic that the rock mass 

property del:reases as the joint size or joint density is increased. For some of them this 

change is rapid initially and then it becomes insignificant ( ie. strength properties in three 

directions ). Rate of decrease of the rock mass property gradually reduces with increasing 

joint sizelhlock size and increasing joint density. It seems that all the aforementioned rock 

block mechanical properties reach asympLOtil: equivalent continuum behavior ( or REV 

behavior) with increasing joint size/block size and increasing joint density. For the 

calculated Poisson's ratios, no clear relations were found with respect to the effects of 

joint size and joint density. 

From the previous discussions, it is known that the deformation moduli, shear 

moduli and strength properties in different directions or on different planes have different 

values. This reOects the anisotropy of the mechanical properties of jointed rock blocks. 

Since the intact rock was assumed as an isotropic material, this kind of anisotropy is 

directly related to the joint geometry network ( anisotropy of the joint geometry 

distrihution ). The relationship between the rock mass property anisotropy and the 

anisotropy of the joint system will be disclissed in the following chapter. 
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6.4 Effects of Joint Density and Joint Size on the Mass Deformation and 

Strength Properties of Rock Blocks Having Joints Oriented at 

94.42°/37.89° 

As shown in Table 6.1, many different joint orientations have been used to generate 

joints inside the rock blocks for three dimensional distinct element stress analyses. In this 

section, the analysis results on rock hlocks having joints oriented at 94.42°137.89° and 

different combinations of joint size and joint density are presented. The relationships 

between the mechanical properties of jointed rock blocks and the joint size and density for 

this particular orientation are investigated. 

6.4.1 Effects of Joint Size and Joint Density on the Deformability 

Figure 6.35 shows the effect of joint size/block size on the calculated deformation 

modulus in three different directions ( Ex, Ey, Ez are shown through different symhols in 

Figun.: 6.35 ) when the rock hlocks contain 10 joints. It can be seen from this figure that 

the joint size docs not affect ExlEi much. Ex is around 95% of the intact rock Young's 

modulus. Note that for this joint OIientation the strike line for the joints are almost parallel 

to the x direction. This explains the insignificant change of ExlEi. In contrast, Ey and Ez 

decrease when the joint size/block size value is increased. Both Ey and Ez values are 

within 17-90% of the intact rock Young's modulus Ei. In addition. this figure shows the 

anisotropy of the deformation properties of the rock hlocks very clearly. 

The influence of joint density ( numher of joints per unit volume) on the calculated 

deformation moduli in three directions ( Ex. Ey. Ez ) of the rock block when the block 
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contains joints of joint size/block size equal to 0.5 is shown in Figure 6.36. The 

relationship in this figure is similar to the one in Figure 6.35. 

Figures 6.37 and 6.38 show the influences of joint size/block size and joint density 

on the calculated Poisson's ratios of the rock blocks for this joint orientation, 

respectively. It is not possible to see any definite relationships between the joint geometry 

parameters and the Poisson's ratios. The range for the calculated Poisson's ratios is 

hetween 52 and 192% of the intact rock Poisson's ratio. 

6.4.2 Effects of Joint Size and Joint Density on the Strength Properties 

The relationship he tween the estimated strength properties in three directions ( Sx, 

Sy, Sz ) of the rock blocks and the joint size/block size is shown in Figure 6.39. The 

strength values in different directions arc shown through different symbols in this figure. 

The rock blocks had IO joints. Sx decreases slightly with increasing values of joint 

size/block size. The reason given in section 6.4.1 for insignificant change of ExlEi is 

responsible for this Sx behavior too. The reduction of Sy is very rapid with the initial 

increase of joint size/hlock size, then this change becomes moderate when the joint 

sizelblock size increases beyond about 0.5. Variation of Sz is similar to Sy for changes of 

joint size/block size. The anisotropy in strength properties of the rock block is very clear 

in this plot. The three strength properties have a range of 13-96% of the intact rock 

strength. The maximum difference among the three calculated strength values is about 

90% of Sx value. 
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Figure 6.40 illustrates the effect of the joint density ( number of joints) on the 

strength values in three different directions of the rock block. The joint size was fixed to 

I m for this case. It can be seen that the effect of number of joints on Sx is negligible. Sy 

and Sz decrease as the joint density is increased. Again, this figure shows an obvious 

anisotropy in the strength properties of the roek block with respect to the joint effects. 

6.4.3 Effects of Joint Size and Joint Density on the Shear Moduli. 

Figure 6.41 shows the inll uenee of joint size/block size on the calculated shear 

moduli on three mutuaIly perpendicular planes ( Gyz, Gxz, Gxy ). Gm represents the 

mass shear modulus of the rock hlock on any of the three planes, which is specified by 

using different symhols in this figure. The number of joints was fixed at 10 for this case. 

As can he seen. the three shear moduli denease when the joint size/hlock size is 

increased. Beyond the value of 0.8 for joint size/block size, this variation becomes 

insignificant. For the considered ranges of joint size/block size and joint density values. 

Gyz value lies between 40-94% of the intact rock shear modulus Gi; Gxz has values 

within 48-94% of the Gi value and Gxy/Oi is bounded by 0.55 and 0.95. 

The relationship hetween the three shear moduli of the rock hlock and the number 

of joints for this particular joint orientation is given in Figure 6.42. The joint sizclblock 

size was fixed at 0.5. It is easy to see the reduction in Gm/Oi ( Gm represents the three 

shear moduli as above) with increasing number of joints. AlI the three mass shear moduli 

of the rock blocks have the values hetween 64 and 94% of the intact rock shear modulus 

Gi for the range of number of joinL'i used and for the considered joint size/block size. 
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6.4.4 Summary 

For the joint orientation 94.42°/37.89°, different combinations of joint size/block 

size and number of joints were used inside the rock blocks for 3 dimensional distinct 

element stress analysis. The analysis results illustrate the influences of joint size and 

number of joints on the mechanical behavior (deformation modulus, shear modulus and 

strength) of the rock blocks for the considered joint orientation. Both the joint size and 

number of joints reduce the deformation and strength properties of the jointed rock 

masses. This variation is dependent on the values of joint size or number of joints and the 

direction in which the properties are estimated. The rock blocks with this joint orientation 

show anisotropy in their mechanical behavior. 

6.5 Effects of Joint Density and Joint Size on the Mass Deformation and 

Strength Properties of Rock Blocks Having Joints Oriented at: 30"/45", 

90"/45", 68.2 11 /72.2 11
, 248.9 11 /79.8 11 

In order to f1lJ1her investigate the anisotropy in the mechanical propel1ies ofjointecl 

rock masses, the rock blocks with four more different joint orientations and different 

combinations of joint size and joint density were subjected to distinct element stress 

analysis. These selected joint orientations are 30°/45°, 90ll/45°, 68.2°/72.2°, and 

248.9°/79.8°. For rock blocks with each of these joint orientations, the loading stress 

was only applied in one of the three directions ( x, y, z ), which means that only the 

mechanical propel1ies in this direction were estimated. For joint orientation 30ll/45°. the 

stress was increased in y direction and the defOllllability and strength of the rock blocks 

in y direction were estimated. For joint orientation 90°/45°, this was done in x direction. 
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z direction was selected for both joint orientations 68.2°/72.2° and 248.9°/79.8°. The 

analysis results which show the influences of joint size and joint density on the 

mechanical behavior of rock blocks containing each of the given four orientations are 

given in the following sections. 

6.5.1 Joint Orientation 30°/45° 

For the joint orientation 30°/45°. the effects of joint size on the deformability Ey 

and strength Sy are shown in Figures 6.43 and 6.44, respectively. As can be seen, both 

Ey and Sy decrease as the joint size/bIOt:k size is increased. Ey lies between 68-85% of 

the intact rock Young's modulus and Sy lies between 25-55% of the intact rock strength. 

Figures 6.45 and 6.46 show the effect of the joint density on the deformahility and 

strength ( Ey and Sy ) of the same rock hlocks. It is clear that hoth Ey and Sy hecome 

smaller as the numher of joints hecomes larger. For this case, Ey is in between 65-83% 

of the intact rock Young's modulus and Sy is within 30-52% of the intact rock strength. 

6.5.2 Joint Orientation 9()!)/45" 

For rock hlocks with joint orientation 9()ll/45u • the mechanical properties were 

estimated in x direction. Figure 6.43 shows the relationship hetween the estimated 

deformahility Ex and the joint size/ block size for this joint orientation. Figure 6.44 

shows the relationship he tween Sx and the joint sizelblock size. These two figures show 

that the effect of joint size on the deCormahility ( Ex ) and strength ( Sx ) of the rock block 

is negligible for the considered joint orientation. Both Ex and Sx values remain almost 
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constant when the joint size is increased. Because the strike line of joint plane is parallel 

to the x dircction for this joint configuration ( the direction in which the deforrnability and 

strength were estimated ). the joint system should have negligible effect on the 

mechanical behavior in this direction. Therefore. the above shown results seem correct 

intuitively. 

Figures 6.45 and 6.46 show the effect of joint density on the de[ormability ( Ex ) 

and on the strength ( Sx ). respectively. Similar relationships arc obtained as above. 

6.5.3 Joint Orientation 68.2"/72.2" 

For rOl:k blocks with joint OIientation 6X.2°/72.2°, the loading stress was applied in 

z direction, which makes it possibk to evaluate the deforrnability and strength of the rock 

block in z direction ( Ez and Sz ). The calculation results arc shown in Figures 6.47 

through 6.50. 

From these figures, it can be seen that. for this joint orientation, the influence of 

joint size and joint density on the deformahility Ez is vcI)' small. An intuitive reason for 

this is that the joint plane is wry steep and dose to heing parallel to the z direction ( the 

angle hetween the di p vector and the z direction is 17.8° ). However, it is still possible to 

see some reduction of the strength value Sz ( due to the presence of 17 .8u angle) when 

the joint size or the joint density is increased. 

6.5.4 Joint Orientation 248.9/1/79.8° 
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The mechanical properties of the rock blocks with joint orientation 248.9°/79.8° 

were estimated only in z direction ( Ez and Sz). Figures 6.47 through 6.50 show the 

relationships between Ez, Sz and joint size, number.of joints. For this case, the angle 

between the joint plane and the z direction is about 100. Therefore, it is possible to expect 

very little influence of both joint size and joint density on Ez as well as on Sz. The results 

obtained agree with this intuition. 

6.5.5 Summary 

The defonnation and strength propel1ies have been evaluated in different directions 

of the rock blocks with different joint orientations and different combinations of joint size 

and number of joints in this section. The analyses results clearly show that the mechanical 

behavior of jointed rock blocks is different in different directions with respect to the 

influences of joint geometry parameters. This confirms that the anisotropy of joint 

geometry pattern does cause anisou'opy in the mechanical propel1ies of jointed rock. 

6.6 Effect of Joint Density and Joint Size on the Mass Deformation and 

Strength Properties of Rock Blocks with Two Joint Sets 

In order to investigate the influences of joint geometry parameters on the mechanical 

propenies of jointed rock masses with more than one joint set, rock blocks having two 

joint sets, each of which having a cel1ain configuration, were selected for distinct element 

stress analysis. The configurations for the two joint sets are: (a) first joint set: orientation 

60°/45°, number of joints 10 and joint size was varied, (b) second joint set: orientation 
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240°/45°, number of joints 10 and joint size was varied ( as shown in Table 6.1 ). Note 

that the two joint sets are perpendicular to each other. 

Figure 6.51 shows the effect of joint size/block size on the deformability in thn.!e 

directions ( Ex, Ey, Ez ) for rock blocks with two joint sets. Em represents Ex or Ey or 

Ez according to the symbols given in the figure. All three deformation moduli decrease as 

the joint size/hlock size is increased.Difference between the three curves reflect the 

deformahility anisotropy. The ranges for Ex. Ey and Ez are 58-98%. 42-91 % and 38-

96% of the intact rock Young's modulus Ei. respectively. Results are similar to the case 

where the rock hlocks had only one joint set with the joint orientation 60o/45u anti the 

numher of joints 20. 

The influence of joint size/hlm;k size on the strength properties in the three 

directions ( Sx. Sy. Sz ) for the rock hlock with two joint sets is shown in Figure 6.52. It 

can be seen from this figure that the reduction of Sm ( Sx. Sy. Sz ) is very rapid as the 

joint size/block si/.e is increased initially. Whl!n thl! joint size/block size is greatl!r than 

about 0.5. this change hecomes small. The anisotropy in strength properties of the jointed 

rock block also can be seen from this ligure. For this case. the ranges for Sx. Sy. Sz arc 

34-98%. 25-96% and 23-96% of the intact rock strength. respectively. Again. this 

variation is close to thl! variation ohserved for rock hlocks having single joint set with the 

joint orientation 6()o/45° and the number of joints 20. 

The effect of joint size/hlock size on the three shear moduli ( Gxy. Gyz. Gzx ) of 

the rock block having two joint sets is demonstrated in Figure 6.53. It is easy to sec thl! 

reduction of the three shear moduli with the increase of joint sizclblock size. For the shear 
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modulus, the degree of anisotropy ( ie. the difference between the three shear moduli) is 

very small when the joint size/block size is below 0.3. After this point, the anisotropy in 

shear behavior of the rock block can be seen. For this case, the ranges for Gzx, Gyz and 

Gxy are 55-96%, 45-95% and 60-97%. respectively. These results are very similar to the 

results obtained for shear moduli for the case of rock blocks having only one joint set 

with joint orientation 60°/45° and the number of joints 20. 

6.7 Effect of Joint Orientation on Mass Dcformability 

Two parameters. dip direction and dip anglc. are necessary to define the joint 

orientation in 3 dimensions. It is not appropriate to vary these two parameters 

simultaneously to study the effect of joint orientation on the mechanical properties of 

jointed rock masses. Therefore, in this section, only the dip angle is varied. while 

keeping the dip direction fixed. to investigate its effeCt on the mass deformahility in z 

direction ( Ez ) of the rm:k hlOl:k. 

Figure 6.54 provides the information on the influence of joint dip angle on the 

deformahility of the rock hlock in z direction ( Ez ) with respect to joint size/block size 

and joint density. Each of the live curves in Figure 6.54 represenL<; the change of the rock 

mass moduli in 1. direction ( Ez ) with the joint orientation ( dip angle) for a particular 

combination of joint sizclhlock size and joint density. Influence of joint orientation on Ez 

increases with increasing joint density and increasing joint size/block size. 

6.8 Effect of Joint Orientation on Mass Strength 
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It is known that the joint orientation affects the strength of rock mass significantly. 

Jaeger ( 1960) introduced an instructive analysis of the case in which the rock contains 

well-defined, parallel planes of weakness whose nonnals arc inclined at an angle /3 to the 

major principal stress direction as shown in Figure 6.55a. It was assumed that each plane 

of weakness has a limiting shear strength defined by Coulom b'S criterion 

s = Cw + O'n tan <l>w ( 6-12 ) 

Slip on the plane of weakness ( ab ) will become incipient when the shear stress on 

the plane, 't, he<.:omes cqual to, or greater than. the shear strength. S. The stress 

transformation equations give the normal and shear stresses on all as 

and 

't=i(0'1-0'3)Sin2B 

The cliterion for slip on the plane of weakness is 

2( Cw + 0' 3 tan <l>w ) 
(0'1-0'3)s=--~----------~~--

. (I - tan <l>w cot /3 ) sin 2/3 

( 6.13 ) 

( 6.14 ) 

( 6.15 ) 

The plim.:ipal stress difference required to producc slip tends to infinity as /3 tends 

to 90° and also as /3 tends to <l>w. Between these two values of /3, slip on the plane of 

weakness is possihk. and the stress at which slip occurs varies with /3 according to 
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material weakness 

1'---'--,..... ____ I 

o cD", 9(1' 
~S .... --. 2 

Figure 6.55 (a) Rock Specimen with a Weakness Plane in Triaxial Compression 

(b) Variation of Peak Strength at Constant Confining Pressure with the Angle 

between the Major Plincipal Stress Direction and the Normal to the Weakness 

Plane p ( after Brady and Brown, 1985 ) 
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equation (6.15). By differentiation of equation (6.15), it is found that the minimum 

strength occurs when 

tan 2P = - cot <l>w ( 6.16 ) 

or when 

( 6.17 ) 

The con'esponding value of the principal stress difference is 

( 0-1 - 0-3 ) min = 2 ( Cw + ~w 0-3 ) ( ( I + ~w2)1/2 + ~w ) ( 6.18 ) 

where ~w = tan <l>w. 

For values of p approaching 90u and in the range 00 to <l>w, slip on the plane of 

weakness cannot occur, and the peak strength of the specimen for a given value of 0-3. 

must he govcrned hy some other mechanism. prohahly shear fracture through the rock 

material in a direction not controlled by the planes of weakness. The variation of peak 

strength with the angle P predicted hy this theory is illustrated in Figure 6.55b. 

Donath ( 1972 ). Mc1amore and Gray ( 1967 ) gave some measured variations in 

peak prin<.:ipal stress difference with the angle of inclination of the major principal stress 

to the plane of weakness ( Figure 6.56 ). 

The discussions given ahove are valid only for the strength behavior of jointed rock 

masses whl!rl! the shear failure of joints and the intact rock are the dominant mechanisms. 
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(b) Slate 

90 

(d) Green River Shale 2 

[70~IPa 

Figure 6.56 Variation of Peak Principal Stress Difference with the Angle of Inclination 

of the Major Principal Stress to the Weakness Plane for the Given 

Confining Pressure, (a) a Phyllite ( after Donath 1972 ), (b)-(d) a Slate 

and Two Shales ( after McLamore and Gray 1967 ) 
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The tensile strength of the rock masses is obviously dependent on the orientation of joint 

sets. The given expressions for rock mass strength and the joint orientation are not 

applicable for the rock masses under tension. In such cases, the following analysis may 

be used. 

Assume the tensile strength for intact rock and joints as Ti and Tj, respectively. 

Under uniaxial tension a3 ( ie a 1 = 0 ), the tensile stress produced on the weak plane 

with angle f3 to the horizontal direction ( the dip angle of the plane is also f3 ) is: 

a3 
aT = "2 ( I + cos 2f3 ) 

If the rock mass failure is caused by the tensile failure of the joint, then 

crT = ~.~ ( I + cos 2f3 ) = Tj 

and the tensile strength of the rock mass is: 

'1" a,=----~ 
. I + CDS 2 f3 

( 6.19 ) 

( 6.20 ) 

( 6.21 ) 

It is easy to see from equation ( 6.20 ) that when f3 = 0° ( the joint plane is 

horizontal and the tensile stress is applied in the vertical direction) the rock mass tensile 

strength is very small ( a3 = Tj ). When f3 = r ( the joint plane is vertical) the calculated 

a3 tends to infinity and the tensile failure of intact rock ( Ti ) will dominate the strength 
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behavior of the rock mass. The variation of tensile strength of rock mass with the joint 

dip angle is shown in Figure 6.57. 

The above mentioned theoretical derivations and measurements were all for the 

rocks with well-defined. through going joints. The results showing the effect of joint 

orientation on the mass strength propcrties of rock with non-persistent joints arc not 

availahle yet in the literature. In this se<.:tion. the distin<.:t dement stress analysis results arc 

used to show the effect of the dip angle ( il1l.:lination angle) of non-persistent joints on the 

strength of the rock block in z direction ( Sz ). TIle dip angle used here is the same as the 

~ angle mentioned earlier. Figures 6.58 and 6.59 show this relationship. As far as the 

shape of the curve is concerned. these results are similar to the one given in Figure 6.56. 

However. the Si'JSi vulue depends on the joint size and joint density. 

6.9 Discussion and Summar), 

TIle inlluences of various joint geomctry parameters (joint size. joint density and 

joint orientation) on the deformation and strength properties of rock blocks with non

persistent joints have heen discussed hy using the distinct clement stress analyses results. 

A common charactelistic of all these relationships is that the deformation modulus and 

strength of the rock masses d\.!creas\.! as the joint size and joint density arc increased. This 

effect is dependent on the joint orientation and the combination of joint size and joint 

density. The effect of joint orientation on the strength properties of rock hlock is very 

significant. In addition. the jointed rock masses arc usually anisotropic in their 

mechanical properties. All these discllssion can deepen our knowledge ahout the 

mechanical hehavior of jointed rock masses. 
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CHAPTER 7 

FRACTURE TENSOR AND ITS RELATION TO THE MECHANICAL 

PROPERTIES OF JOINTED ROCK MASSES 

7.1 Introduction 

The joint geometry characteristics are usually described by the geometry parameters 

like: joint orientation, joint density, joint size, joint location etc .. In order to study the 

influence of joint geometry networks on the mechanical properties of rock masses, effect 

of each of these geometry parameters has to be investigated individually. This is often 

difficult and, from these kind of results, it may not be possible to compare the mechanical 

behavior of two rocks with different joint configurations in terms of joint geometry 

parameters. The fracture tensor introduced by Oda ( 1982 ) to rock engineering is an 

overall measure of all the joint geometry parameters ( orientation, density and size). The 

aforesaid difficulty can be overcome by using fracture tensor to look into the effects of 

joint geometry patterns on the deformability and strength ofrock masses. The concept of 

fracture tensor is illustrated in this chapter. The relationships between components and 

invariants of the fracture tensor and the mechanical properties of jointed rock masses are 

also investigated. 

7.2 Fracture Tensor, Its Components and Invariants 

Oda ( 1982 ) introduced fracture tensor as a measure of geometrical parameters such 

as intensity, orientation and size. He has given a fonnulation for fracture tensor in three 



240 

dimensions assuming joints as thin circular disks. The general form of the fracture tensor 

at the three dimensional level for the Kth joint set can be expressed as 

00 

f J r3 n i n j f ( n, r ) dn dr 

~ 
( 7.1 ) 

where, p is the number of joints per unit volume (joint density), r is the radius of the 

circular joint ( joint size ), n is the unit normal vector to the joint plane, f( n, r) is the 

probability density function of nand r, ~ is a solid angle corresponding to the surface of 

a unit hemisphere, ni and nj ( i, j = 1, 2, 3 ) are the components of the vector n in the 

considered rectangular coordinate system. The solid angle dQ is shown in Figure 7.1. 

If the distributions of the size and the orientation of the joints are independent to 

each other, then the fracture tensor formulation at three dimensional level can be given by 

00 f i nj nj f ( n ) dO ( 7.2 ) 

where f(n) and f(r) are the probability density functions for unit normal vector n and size 

r, respectively. 



241 

Figure 7.1 Unit Sphere to Define the Solid Angle dQ (after Oda, 1982 ) 

F3 

isotropic axis 

B 

Figure 7.2 Principal Space for Fracture Tensor 
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The directional fracture tensor component for the Kth joint set can be defined as 

00 

f i nJ nJ f ( n ) dO ( 7.3 ) F{k) = 2 1t P J r3 f ( r ) dr 

I means the directional vector. Obviously Fi/K) in equation 7.2 becomes directional 

fracture tensor component if i = j. 

If there is more than one joint set in the rock mass, the fracture tensor for the rock 

mass can be expressed as: 

N 
F" - ~ F .. (k) IJ - £..J IJ 

k=! 

The directional fracture tensor component can be expressed as: 

where N is the number of joint sets in the rock mass. 

Fracture tensor Fij can be written in the tensor form as: 

[ 

Fxx Fxy Fxz] 
F ( Fij ) = F y x F y y F y z 

Fzx F zy F zz 

( 7.4 ) 

( 7.5 ) 

( 7.6 ) 
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where, Fxx ' ... , Fzz are the components of fracture tensor F. From the formulation of 

equation (7.1) or (7.2), it is clear that the fracture tensor F is symmetric, ie, Fij = Fji. 

Therefore, F has three principal values Fl, F2 and F3 in three mutually perpendicular 

directions 1, 2 and 3. Three principal values are calculated by solving the following 

characteristic equation: 

I F··-Fb .. l-o 1J 1J- ( 7.7 ) 

in which, bij is Kronecker delta which is defined as bij = 0 (if i '# j) and bij = 1 (if i = j). 

The corresponding principal directions pk are calculated by 

{ 
( F .. - F b" ) p.k = 0 1J 1J J 

pk pI = bkl 

( k, 1, i, j take values between 1 and 3 ) 

Invariants I)(F), I2(F) and I3(F) of the fracture tensor are defined by 

( 7.8 ) 

( 7.9 ) 

A space of principal values F 1, F2, F3 of fracture tensor F is shown in Figure 7.2. 

In this principal space, the fracture character can be represented by a vector Q£, with 

components F 1, F2 and F3 respectively. Since the straight line of FI = F2 = F3 passing 

through the origin represents an isotropic fracture system, it can be called the isotropic 

axis. 
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The vector QE in the space is resolved into two vectors: QE = QA + QR. The length 

of OA is proportional to the first invariant IJ(F) of the fracture tensor: 

(7.10) 

The other vector OB which is on the plane of FJ + F2 + F3 = 0 characterizes the 

deviatoric part of fracture tensor Fij , which is given by 

I (F) 
D·· - F· __ 1_ 8 .. 

Ij - Ij 3 Ij (7.11 ) 

It is well known that the length r of the vector QH. is related to the second invariant 12(D) 

of Dij as 

So from above discussion, it can be seen that fracture tensor carries the following joint 

geometry infol11lation: 

(1) Fracture tensor has included joint size, joint density and joint orientation in its 

formulation ( see equation 7.1 ). Therefore. fracture tensor can be used to express the 

effects from all these geometry parameters. 

(2) The diagonal components of the fracture tensor Fxx ' Fyy • Fzz ( directional 

fracture tensor components) express the joint intensity in x. y. and z directions. The 

intensity here means the combined effects of joint density and joint size. 
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(3) The first invariant of fracture tensor Fij ( II (F) ) can be used as an index to 

evaluate the intensity of joints inside a rock mass. It is dependent not only on a volume 

density of joints ( p ) but also on the typical dimension ( r3 ). Oda ( 1982 ) has suggested 

the use of the first invariant I1(F) of the fracture tensor as an index to evaluate the 

porosity of the rock mass resulting from joint density and joint size. 

(4) r (as in equation 7.12) expresses the distance by which the vector or deviate 

from its isotropic portion OA in the principal space ( as shown in Figure 7.2 ). So. r 

value can be used as an index to evaluate the degree of anisotropy of the fracture system. 

In Chapter 6. it was mentioned that a number of different actual joint configurations 

were generated in rock blocks. For each of these joint configurations. the corresponding 

fracture tensor components. its first invariant and r value were calculated following the 

fracture tensor formulations given above. 

7.3 Relationship Between the Mass Deformation and Strength Properties 

of Rock and the First Invariant of Fracture Tensor for Different Joint 

Orientations 

For rock blocks with different joint configurations. the defonnation and strength 

propeI1ies in three different directions were estimated in Chapter 6. For each of these joint 

configurations. the cOlTesponding fracture tensor has been calculated. The relationship 
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between the defonnation and strength properties of rock blocks and the first invariant of 

fracture tensor is investigated in this section to study the effect of joint geometry patterns 

on the mechanical behavior of rock blocks in tenns of fracture tensor. All the deformation 

properties for rock blocks were estimated at a stress level of 15% of the intact rock 

strength. 

The first invariant of fracture tensor II(F) is independent of the orientation of joints. 

Therefore, I} (F) is the same for all different joint orientations if the joint density and the 

joint size are kept the same. But the joint orientation has a significant influence on the 

mechanical properties of rock blocks. Therefore, the relationship between the mechanical 

properties of rock blocks and the first invariant of fracture tensor should be studied 

separately for each joint orientation. Obviously, this relationship reflects the influences of 

both joint density and joint size on the mechanical behavior of rock blocks with fixed 

joint orientation. 

For this study, the right handed rectangular coordinate system was chosen such that 

z axis to coincide with the vertical direction and x axis to coincide with the north 

direction. In such a coordinate system, the dip direction angle of joint means the 

clockwise angle from the x axis to the joint normal vector projection on xy plane, and the 

dip angle of joint is the angle between the z axis and the joint nonnal vector. 

7.3.1 Rock Block with Joint Orientation 60°/45° 

Figure 7.3 shows the relationship between Ex/Ei and II (F) for rock blocks with joint 

orientation 60°/45°. ExlEi decreases moderately as the first invariant of fracture tensor 
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II(F) is increased initially. When II(F) is increased beyond about 4.0, this variation 

becomes very small and Ex approaches more or less a constant value ( exhibiting an 

equivalent continuum behavior of the rock block ), which may be about 65% of the intact 

rock Young's modulus. 

The relationship between Ey/Ei and II (F) for rock blocks with joint orientation 

60°/45° is shown in Figure 7.4. In contrast to Figure 7.3, the effects of II(F) on Ey/Ei is 

more and significant. Ey decreases rapidly initially with the increase ofII(F) value. When 

II(F) value is beyond about 3.5, this change is insignificant and the rock block shows an 

equivalent continuum behavior with respect to Ey. It seems that Ey approaches a value of 

about 38% of the intact rock Young's modulus. 

Figure 7.5 shows the influence of II(F) on Ez/Ei. The effect of II(F) on Ez/Ei is 

significant at the beginning. The Ez value has dropped upto about 55% of the intact rock 

Young's modulus when II(F) has increased from zero upto about 2.5. When II(F) value is 

greater than about 4.0, the change of Ez/Ei is negligible, and Ez reaches a value around 

47% of the intact rock Young's modulus showing an equivalent continuum behavior of 

the rock block. 

The relationship between the strength in x direction ( Sx ) of the rock block and 

II(F) is shown in Figure 7.6. This figure shows that the II(F) value has a large effect on 

Sx/Si when II (F) is small. When II (F) is larger than about 3.0, this effect ceases and Sx/Si 

approaches more or less a constant value. In this case, the rock block shows an 

equivalent continuum behavior with Sx/Si between 0.25 - 0.30. 
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Figure 7.7 shows the influence of II(F) on strength in y direction ( Sy) of the rock 

block with joints oriented 60°/45°. It can be seen that Sy/Si decreases very rapidly when 

II (F) is increased from zero to 0.5. Sy/Si drops from about 0.4 to 0.2 when I1(F) changes 

between 0.5 and 3.0. When II (F) is greater than about 3.0, Sy remains more or less 

constant with respect to the change of II (F) value. In this case, the rock block exhibits an 

equivalent continuum behavior with Sy/Si lying between 0.18 - 0.20. 

The relationship between the strength properties in z direction of the rock block ( Sz 

) and the I I (F) value is given in Figure 7.8. In this case, Sz/Si has decreased upto about 

0.2 when II(F) has changed from 0 to 1.0. Then Sy approaches more or less a constant 

value for the increasing value of II (F). For II (F) values beyond 2.0, the jointed rock block 

shows an equivalent continuum behavior with Sz/Si lying between 0.10 - 0.15. 

Figure 7.9 shows the influence of the first invariant of fracture tensor on the 

calculated shear modulus on y-z plane ( Gyz ). As can be seen, Gyz/Gi continuously 

decreases with the I I (F) value upto about 4.0. Beyond this point, the variation becomes 

very small and Gyz/Gi stays around 0.42. Therefore, a joint configuration with 11 (F) 

greater than about 0.4 will make the rock block exhibit an equivalent continuum behavior 

with respect to the shear modulus on y-z plane. 

Figure 7.10 shows the relationship between the shear modulus on x-z plane of the 

rock block and the first invariant of fracture tensor for the considered joint orientation. 

Similar to the variation in Figure 7.9, Gxz/Gi decreases continuously upto about 0.44 

with increasing values of II (F) upto about 4.0. Then the rock block shows an equivalent 

continuum behavior with respect to the shear modulus on x-z plane. 
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The effect of I} (F) on the shear modulus on x-y plane of the rock block ( Gxy ) is 

shown in Figure 7.11. The variation of Gxy is less compared to the variations of Gyz 

and Gxz in Figures 7.9 and 7.10, respectively. The Gxy value has dropped upto about 

62% of the intact rock shear modulus Gi when I} (F) has increased from ° upto about 3.5. 

Beyond II (F) = 3.5, an equivalent continuum behavior can be seen for Gxy/Gi with 

respect to the effect of I I (F). 

7.3.2 Rock Block with Joint Orientation 94.42°/37.89° 

Figure 7.12 shows the influence of II(F) on the deformation modulus in x direction 

of the rock blocks for joints oriented 94.42°/37.89°. This plot indicates that the effect of 

II (F) on Ex/Ei is very small for this particular joint orientation. This result seems 

reasonable because the strike line of joint plane is almost parallel to the x direction. Ex 

lies between 95-100% of the intact rock Young's modulus ( Ei ) for the tested range of 

II (F) values. In this case, the jointed rock blocks show an equivalent continuum behavior 

with respect to the defommtion in x direction. 

The relationship shown in Figure 7.13 is about the effect of I I (F) on the defomlation 

modulus in y direction ( Ey ) of the rock blocks for the given joint orientation. This figure 

shows a totally different relationship from that in Figure 7.12. Ey/Ei decreases with the 

increasing value of II (F). When II (F) reaches about 3.0, the change of II (F) value does not 

affect Ey/Ei much, Ey lies around 24-33% of the intact rock Young's modulus. 
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Figure 7.14 shows the influence of l}(F) on the defonnation modulus in z direction 

of the rock blocks for the considered joint orientation. Similar to the one in Figure 7.13, 

Ez value has reduced to about 38% of the intact rock Young's modulus when the I} (F) has 

increased up to about 3.0. Beyond this point, this effect becomes insignificant and Ez 

value lies between 27-35% of the intact rock Young's modulus. 

Figure 7.15 shows the relationship between Sx/Si and I}(F) for the rock blocks with 

joint orientation 94.42°/37.89°. This figure indicates that the effect of II (F) on Sx/Si is 

small. The variation of Sx is between 85 and 97% of the intact rock strength. This result 

seems reasonable because the strike of joint plane is almost parallel to the x direction, and 

the failure of the jointed rock block is dominated by the failure through the intact rock. 

The effect of I} (F) on the strength property in y direction ( Sy ) of the rock blocks 

for the considered joint orientation is shown in Figure 7.16. This figure indicates that 

Sy/Si decreases very rapidly from 1.0 to 0.35 when II(F) is increased from 0 to 2.0. Then 

Sy/Si approaches a more or less constant value (around 0.33) when II(F) is increased 

beyond 2.0. At this stage, the rock block shows an equivalent continuum behavior with 

respect to strength Sy. 

Figure 7.17 illustrates the influence ofII (F) on Sz/Si for the considered rock blocks. 

This figure shows that Sz drops very rapidly for initial increments of II (F) value. When 

II (F) has increased upto about 2.0, Sz/Si has dropped upto about 0.2. Beyond II (F) = 2.0, 

the variation of Sz/Si with the change of I} (F) is negligible and Sz lies around 13% of the 

intact rock strength. 



Cf.) -X 
Cf.) 

1.2 

1.0 iI- I:J I:J I:J 
I:J I:J I:J 

I:J I:J I:J 

0.8 J:. 

0.6 l-

0.4 I-

0.2 I- joint orientation 94.4~37.mf 

0.0 I •••• 1 •••• I •••• I •••• I •••• I •••• 1 •••• I •••• I •••• 1 •••• I •••• 1 •••• I 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 

First Invariant of Fracture Tensor 

Figure 7.15 Relationship between Sx/Si and the First Invariant of Fracture Tensor for 

Joint Orientation l)4.42°/.3n~l)() 

I\) 
(j) 
c.u 



1.2r. --------------------------------------------------------~ 

1.0 . 

0.8 

~ 0.6 f
>. 

E 

CIl ~ E 

'0.4 r. E 

E 

joint orientation 94.4~37.8g> 

E E E E E 

::: t. . oJ ......... , .... , .... , ......... , .... , ......... , ... oJ .... , 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

First Invariant of Fracture Tensor 

6.5 

Figure 7.16 Relationship between Sy/Si and the First Invariant of Fraeture Tensor for 

Joint Orientation 94.42~37 .890 

I\) 
Q) 
~ 



1.2 

1.0 [ 

0.8 

iF.) 

NO.6 
iF.) 

[J 

0.4 [J 
[J 

0.2 

0.0 
0.0 0.5 1.0 1.5 

joint orientation 94.42i37.89° 

[J [J 

[J [J [J 

I I. I I I I I ••• I L_I_.L 1_1'"- I. I I • I I • , 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 

First Invariant of Fracture Tensor 

[J 

. , 
5.5 6.0 6.5 

Figure 7.17 Relationship between Sz/Si and the First Invariant of Fracture Tensor for 
Joint Orientation 94.4t/37.89° 

I\) 
CJ) 
01 



1.2r.---------------------------------------------------, 

joint orientation 94.42137.89° 
1.0 ll- [J 

E 

[J 

0.8 
[J 

C) -N 
>" 0.6 [J 

[J 

C) 
[J 

[J [J 
0.4 

0.2 

0.0"'" I,! I' I., •• I., •• I, •• , I •••• I ••• I I ••• , I.", I ••• , I,.,. 1'1" I. I I' I 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 

First Invariant of Fracture Tensor 

Figure 7.18 Relationship between GyzJGi and the First Invariant of Fracture Tensor for 

Joint Orientation 94.42/37.8cf 

I\) 
0> 
0> 



267 

Figure 7.18 shows the effect of the first invariant of fracture tensor II (F) on the 

shear modulus on y-z plane of the rock block ( Gyz ) for the considered joint orientation. 

Gyz/Gi has decreased. with increasing II (F). This reduction has continued upto II (F) about 

3.5. Beyond this point, the rock block shows a more or less an equ Ivalent continuum 

shear behavior on the y-z plane with the shear modulus around 40% of the intact rock 

shear modulus Gi. 

Figure 7.19 shows the relationship between the estimated shear modulus on x-z 

plane of the rock blocks ( Gxz ) and the first invariant of fracture tensor II(F) for the 

considered orientation. The effect of II(F) on Gxz/Gi is significant. The shear modulus 

Gxz has decreased up to about 43% of the intact rock shear modulus Gi with increasing 

value of II (F) upto about 3.5. For this case, the rock block shows an equivalent 

continuum shear behavior on the x-z plane with Gxz/Gi between 0.4 and 0.45. 

The relationship between Gxy/Gi and II (F) forthe same joint orientation as above is 

shown in Figure 7.20. This figure indicates reduction of Gxy/Gi with increase of II (F). 

Compared to the changes in Figures 7.18 and 7.19, it can be seen that the variation in this 

figure is less. The Gxy value has dropped upto about 62% of the Gi value when II(F) has 

changed from 0 upto about 3.5. After this point, the changes in II (F) do not affect Gxy 

much. 

7.3.3 Rock Blocks with Joint Orientation 30°/45° 

For the rock blocks with joint orientation 30°/45°, the mechanical properties only in 

y direction were estimated. In this section, the relationships between these mechanical 
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properties and the first invariant of fracture tensor are investigated by using the 3 

dimensional distinct element stress analysis results. 

Figure 7.21 shows the influence of the first invariant of fracture tensor ( I I (F) ) on 

the deformation modulus in y direction of the rock blocks ( Ey ) with joint orientation 

30°/45°. Ey/Ei decreases when the II(F) is increased. For II(F) values greater than 4.0. 

Ey/Ei does not change much and lies between 0.60-0.65. 

The effect of I I (F) on the strength in y direction of the rock blocks for the 

considered joint orientation is shown in Figure 7.22. This figure indicates that Sy/Si 

drops rapidly from 1.0 to 0.5 when the I I (F) value is increased from 0 to 0.8. Then. 

further increase of II(F) does not affect Sy/Si much. Sy/Si approaches more or less a 

constant value of about 0.29. The rock blocks exhibit an e4uivalent continuum strength 

behavior with respect to the influence of joints. 

7.3.4 Rock Blocks with Joint Orientation 90°/45° 

For the rock blocks with joints oriented 90°/45°. the deformation and strength 

properties only in the x direction were estimated. This section will present the influence 

of the first invariant of fracture tensor II (F) on the mechanical properties of the rock mass 

( in x direction) for the considered joint orientation. 

Figure 7.23 shows the relationship between the deformation modulus in x direction 

( Ex/Ei ) and the first invariant of the fracture tensor ( I I (F) ). Ex/Ei does not change as the 

II(F) value is increased. Even for small II(F) values, the rock block exhibits an e4uivalent 
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continuum behavior with respect to the deformation modulus Ex. Ex is almost the same 

as the intact rock Young's modulus Ei. 

The influence of I}(F) on the estimated strength properties in x direction ( Sx ) is 

shown in Figure 7.24. Similar to Figure 7.23, the change in I}(F) value does not affect 

Sx/Si. Sx value is almost the same as Si. So, this rock block shows an equivalent 

continuum strength behavior as intact rock in x direction. 

Again, the reason for the above given relationship is that the strike of the joint plane 

is exactly parallel to the direction where the mechanical properties were estimated for this 

particular joint orientation. The results agree well with the intuition. 

7.3.5 Rock Blocks with Joint Orientation 68.2°/72.2° 

For the rock blocks with joints oriented 68.2°/72.2°, the deformation and strength 

properties only in z direction ( Ez, Sz ) were calculated. The influence of the first 

invariant of fracture tensor on Ez and Sz are given below. 

Figure 7.25 shows the relationship between Ez/Ei and the I}(F) for rock blocks with 

the considered joint orientation. This plot indicates that the effect of II (F) on Ez/Ei is 

negligible. Ez/Ei is almost equal to 1.0. In this case, the rock block shows an equivalent 

continuum behavior with respect to Ez. 

The effect of I} (F) on the Sz/Si is shown in Figure 7.26. This figure illustrates that 

the effect of I} (F) on Sz/Si is more significant compared to the case for Ez/Ei in Figure 
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7.25. The rock block strength has reduced upto about 68% of the intact rock strength 

when I} (F) value has increased upto about 2.0. Beyond this point, the variation of Sz/Si is 

negligible and Sz/Si is about 0.61. For this joint configuration, the rock block shows an 

equivalent continuum behavior with respect to Sz for I}(F) values greater than about 2.5. 

7.3.6 Rock Blocks with Joint Orientation 248.9°/79.8° 

The defonnation and strength properties were estimated only in z direction ( Ez, Sz 

) for rock blocks with joints oriented 248.9°/79.8°. Figures 7.27 and 7.28 show the 

influence of I} (F) on Ez/Ei and Sz/Si, respectively. As can be seen, on both figures, the 

effects ofI} (F) on Ez/Ei and on Sz/Si are insignificant. This is because the joint plane is 

almost parallel ( dip angle 79.8° ) to the vertical direction. 

7.3.7 Rock Blocks with Two Joint Sets 

Rock blocks with two joint sets were considered for 3 dimensional distinct element 

stress analysis to investigate the influence of joint geometry parameters on the mechanical 

behavior of rock masses with more than one joint set. The configuration for the two joint 

sets is the same as described in section 6.3.5. 

Figure 7.29 shows the relationship between estimated Ex/Ei and I} (F) for rock 

blocks with the two joint sets. This figure indicates that the Ex/Ei decreases rapidly when 

I} (F) is initially increased upto 0.5. Beyond this point, Ex/Ei still decreases with 

increasing I}(F), but at a lower rate. When I}(F) is about 5.4, Ex/Ei is around 0.52. Even 

though the figure shows a possible equivalent continuum behavior with respect to Ex, 
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sufficient data of Ex for large II(F) are lacking to provide an equivalent continuum value 

of Ex. 

The relationship between Ey/Ei and the I I (F) value for rock blocks with the 

considered two joint sets is shown in Figure 7.30. The relationship here is similar to the 

one in Figure 7.29. When II(F) has increased upto about 5.4, Ey/Ei is around 0.4. 

Figure 7.31 illustrates the influence of the first invariant of fracture tensor on the 

estimated Ez/Ei for rock blocks with two joint sets. This figure indicates that the II (F) 

value has serious effect on the defollllation modulus in z direction for the considered joint 

orientations. The equivalent continuum value for Ez may be around 30% of Ei. 

Comparison of these three figures shows that the maximulll difference between Ex. 

Ey and Ez is about 35% of Ex value for the range of I) (F) considered. This means that the 

rock blocks with the given two joint sets show anisotropy with respect to defollllation . 

The effect of the first invariant of fracture tensor on the strength property in x 

direction of the rock block with two joint sets is shown in Figure 7.32. For this case, the 

effect of I) (F) on Sx/Si is significant. The Sx/Si value has dropped upto about 0.35 when 

I I (F) has increased upto about 3.0. Beyond I) (F) = 3.5, the increase in I) (F) has little affect 

on Sx/Si. 

Figure 7.33 shows the relationship between Sy/Si and I)(F) for rock blocks with the 

considered two joint sets. The effect of I) (F) on Sy/Si is significant. The reduction in 
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Sy/Si is very rapid initially. When I)(F) is increased beyond about 3.S. the change in 

Sy/Si becomes negligible and Sy/Si stays around 0.18. 

Relationship between Sz/Si and I)(F) shown in Figure 7.34 for rock blocks with 

two joint sets is similar to the relationships shown in Figures 7.32 and 7.33. For I) (F) 

values beyond 3.S, the rock block exhibits an equivalent continuum strength behavior in 

z direction with Sz/Si around O.lR. From the comparison between Figures 7.32. 7.33 

and 7.34, it is obvious that the rock blocks with two joint sets show anisotropy with 

respect to strength properties. The maximum difference is about 30% of the Sx value. 

The relationship between Gyz/Gi and I) (F) for rock blocks with two joint sets is 

shown in Figure 7.3S. This figure indicates that the effect of I)(F) on Gyz/Gi is 

significant. The Gyz reduces with increasing I) (F) until it reaches a value of about Sock of 

Gi when I)(F) = 3.S. For I)(F) values greater than 3.5, change in Gyz/Gi is small. 

Figure 7.36 shows the relationship between the shear modulus Gxz of the rock 

blocks with two joint sets and I) (F). The relationship is similar to the one shown in Figure 

7.35. Gxz has reduced upto about 60% of Gi when I)(F) has increased upto about 3.5. 

Figure 7.37 shows the influence ofI)(F) on the shear modulus on x-y plane (Gxy ) 

of the rock blocks with two joint sets. As can be seen, Gxy reduces with increasing I) (Fl. 

The rate of drop of the clllve decreases with increasing I) (F). 

Comparison between these figures shows the anisotropy in the shear behavior of 

rock blocks with two joint sets with a maximum difference of 24% of Gyz value. 
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7.3.8 Summary on the Effect of the First Invariant of Fracture Tensor 

(l1(F» on the Mechanical Behavior of Jointed Rock Blocks 

The first invariant of fracture tensor, II (F), is an index expressing the intensity of 

joints, which includes the effects of joint size and joint density. II(F) is independent of the 

joint orientation. Therefore, the relationships between II (F) and the defonnation and 

strength properties of rock masses discussed earlier illustrate the influence of joint 

intensity ( both joint size and joint volume density) on the mechanical behavior of rock 

blocks for the considered joint orientation. Usually, the larger the II(F) value ( the joint 

intensity), the smaller the mechanical properties when 11 (F) is below a certain value. 

Beyond this value, the mechanical property of the rock block remains more or less 

constant and the rock block shows an equivalent continuum behavior. This critical value 

for 11 (F) depends on the joint orientation used in the rock block. In addition, for a fixed 

11(F) value ( a fixed joint size and joint density), different orientations ( or different 

directions where the mechanical properties are estimated) give different values of 

deformation and strength properties. This clearly shows the anisotropic nature of the 

jointed rock blocks. 

7.4 Relationship between the Anisotropy of Rock Mass Properties and the 

Anisotropy of Fracture Tensor. 

As discussed in previous sections, the mechanical properties ( defonnation 

modulus, shear modulus and strength) are obviously different in different directions of 

the rock block for different joint geometry patterns. This confinns that the jointed rocks 



293 

are usually anisotropic in their mechanical behavior. In this study, the intact rock has 

been assumed as isotropic material, so the anisotropy of jointed rock block is directly 

caused by the joint system present in the rock block. The relationship between the 

anisotropy of mechanical properties of jointed rock masses and the anisotropy of the joint 

network will be explored in this section. 

The first invariant of fracture tensor II (F) has been proved to be an index expressing 

the intensity of joints in a rock mass. This intensity is only related to joint density and 

joint size, and doesn't incorporate any information on joint orientation ( direction ). This 

was the reason why it was necessary to mention the directions when the influences of 

I1(F) on the mechanical properties of the rock block were studied. However, the diagonal 

components of fracture tensor Fxx, Fyy and Fzz are direction dependent indices 

indicating the intensity of joint situation ( both joint density and joint size) in these three 

directions. Therefore, a parameter AF is defined to express the anisotropy in the joint 

intensities in x, y and z directions for a considered joint configuration in the fixed 

coordinate system ( x-y-z ) as follows: 

(7.13) 

The degree of anisotropy in the mechanical properties of jointed rock block with a 

certain joint configuration is expressed as below: 

For deformation modulus: 

AE = ~ ( Ex - Ey )2 + ( Ey - Ez )2 + ( Ez - Ex )2 ( 7.14 ) 
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For strength properties: 
I 

( 7.15 ) 

For shear modulus: 

ASh = --J ( Gyz-Gxz )2 + ( Gxz - Gxy )2 + ( Gxy - Gyz )2 (7.16 ) 

The relationships between AE and A F, Ast and AF, Ash and AF are shown in 

Figures 7.38 through 7.40, respectively. As can be seen, a common characteristic 

associated with these three figures is that the degree of anisotropy of the mechanical 

properties increases with increasing degree of anisotropy of the fracture system. When 

AF reaches a certain value, the variation of the degree of anisotropy of the mechanical 

properties becomes less. Note that all these three curves show asymptotic behavior for 

large values of AF. This is nothing but the equivalent continuum behavior. The 

anisotropy with respect to the mechanical properties of jointed rock blocks is closely 

related to the joint system anisotropy. 

The defomlation modulus of the jointed rock block in different directions in three 

dimensions can be put on the surface of an ellipsoid, where the direction of the radius of 

the ellipsoid shows the direction of the deformation modulus and the length of the radius 

provides a value proportional to the modulus value. Figures 7.41 through 7.43 show the 

cross-section ellipses of these ellipsoids on three perpendicular planes for the rock block 

with joints oriented 60°/45° at different values of II (F). 
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7.5 Relationship between the Rock Mass Properties and the Components 

of Fracture Tensor 

Three dimensional geometry of a joint system may be expressed by the geometry 

parameters (1) Joint density, (2) Joint size, (3) Joint orientation and (4) Joint location. In 

studying the effect of joint geometry system on the mechanical behavior of rock masses, 

it is difficult to take into account all these parameters simultaneously and make a general 

conclusion concerning this effect. It may be possible to do this by using fracture tensor 

properties. However, the first invariant of fracture tensor ( II (F) ) is a general index 

showing the intensity of joints which is only related to the joint size and joint volume 

density and is independent of the joint orientation. It was necessary to mention the 

directions related to the mechanical properties considered when the relationships between 

the mechanical properties of rock blocks and the first invariant of fracture tensor were 

studied, as in section 7.3. The diagonal terms of the fracture tensor ( Fxx ' Fyy ' Fzz ) 

express the joint intensity in the three directions ( x, y and z ) of the rock mass. The 

relationship between the deformation and strength properties of rock mass and the 

diagonal temlS of fracture tensor is studied in this section. 

7.5.1 Deformation Modulus Ez ( or Ey or Ex ) vs Fzz ( or Fyy or Fxx ). 

Figure 7.44 illustrates the relationship between EzlEi and Fzz for all the joint 

configurations considered. Ez/Ei decreases as Fzz is increased. When Fzz is beyond about 

2.0 , this variation becomes negligible and finally EzlEi lies around 0.32. A best fit 

regression equation for the data points in Fig.7,41 is: 
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Ez 1 
Ei = 0.602 Fzz 0.729 + 1 ( 7.17 ) 

with square of the multiple correlation r2 = 0.997. 

The relationship between Ey/Ei and Fyy is given in Figure 7.45 for all the 

considered joint configurations. The influence of Fyy on Ey/Ei is similar to the one in 

Fig.7.41. The increase in Fyy reduces Ey/Ei. When Fyy is beyond about 2.0, the 

variation of Ey value is very small and approaches around 33% of the intact rock 

Young's modulus Ei. A best fit regression to the data points in this Figure gives the 

following equation with square of the multiple correlation r2 = 0.991: 

.E.y _ 1 
Ei - 0.842 Fy/·567 + 1 

(7.18) 

Figure 7.46 shows the relationship between Ex/Ei and Fxx for all the considered 

joint orientations and joint sets. As can be seen, the effect of Fxx on Ex/Ei is significant. 

The increase in Fxx reduces the value of Ex/Ei. A best fit has been made to the 

relationship in Figure 7.46. The following regression equation has been obtained with 

square of the multiple correlation r2 = 0.998: 

Ex 1 
Ei = 0.676 Fxx 0.559 + 1 

(7.19) 

It can be seen that the relationships shown in Figures 7.44 through 7.46 are similar. 

This is reasonable because of the fact that the fracture tensor components Fxx, Fyy and 

Fzz have taken into account the effects from all the joint geometry parameters mentioned 
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earlier and the effect ofFxx on Ex, or Fyy on Ey, or Fzz on Ez are conceptually the same. 

So, the three figures are combined together in Figure.7.47 to obtain a general relation 

regarding the effect of the directional fracture tensor component on the deformation 

property of rock mass in the corresponding direction. The following regression equation 

was obtained for the data shown in Figure 7.47 with square of the multiple correlation r2 

= 0.991. 

Em 1 
~= 0.726 F

k
o.618 + ( 7.20 ) 

In which Em means the deformation modulus in any given direction, and Fk represents 

the component of fracture tensor in this direction ( directional component ). 

From the analysis mentioned above, the relationship between the deformation 

modulus of a rock mass in any given direction and the directional component of fracture 

tensor in the corresponding direction can be represented by 

( 7.21 ) 

where 'a' and 'n' are constants with 'a' in the range of 0.602 - 0.842 and 'n' in the range 

of 0.559 - 0.729 for the considered joint configurations. 

7.5.2 Strength Properties Sz ( or Sy or Sx ) vs Fzz( or Fyy or Fxx ) 

Figure 7.48 shows the relationship between Sz/Si and Fzz for all the different joint 

configurations considered. Sz decreases as the Fzz value is increased. Sz drops upto 
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about 20% of the intact rock strength very rapidly when Fzz is increased from a to about 

0.5. For Fzz values beyond about 1.5, Sz/Si approaches a more or less constant value 

around 0.15. The regressed equation for the data points in Figure 7.45 is 

Sz 1 
ST= 4.145 FzzO.809 + 1 

( 7.22 ) 

with square of the multiple correlation r2 = 0.989. 

The relationship between Sy/Si and Fyy for all the considered joint configurations is 

shown in Figure 7.49. The influence of Fyy on Sy is very significant. The reduction of 

Sy/Si at the initial increase of Fyy is rapid. After the value of 1.0 for Fyy ' a further 

increase in Fyy does not affect Sy/Si much, and Sy/Si lies around 0.18. The following 

regression equation was obtained with square of the multiple correlation r2 = 0.937 to 

express the relationship shown in Figure 7.49: 

~_ 1 
Si - 3.466 FyyO.706 + 1 

( 7.23 ) 

Fig.7.50 shows the relationship between Sx/Si and Fxx for all the considered joint 

orientations and joint sets. It is clear that Sx/Si decreases very rapidly when Fxx is 

increased initially. Sx/Si change is negligible for Fxx values greater than about 0.6 and Sx 

reaches a value around 18% of the intact rock strength. A best fit regression gives the 

following equation with square of the multiple correlation r2 = 0.989 to represent the data 

points in this figure: 

Sx 1 
ST= 3.550 F xx O.640 + 1 

(7.24 ) 
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All the data points in Figures 7.48 through 7.50 are then put together in Figure 

7.51, which shows the general relation between the strength property of rock blocks and 

the fracture tensor component in the corresponding direction. The equation obtained for 

data in Figure 7.51 is 

Sm 1 
ST= 3.769 F ko.713 + 1 ( 7.25 ) 

with square of the multiple correlation r2 = 0.972, where Sm means the strength property 

in any direction of the rock mass, and Fk represents the fracture tensor component in this 

direction. 

By using the results given above, a general relationship between the strength of 

rock blocks and the component of fracture tensor for the considered joint configurations 

can be expressed as: 

( 7.26 ) 

where 'b' and 'm' are constants with 'b' in the range of 3.466 - 4.145 and 'm' in the 

range of 0.640 - 0.809. 

7.5.3 Shear Modulus Gxy ( or Gyz or Gzx ) vs F xx+F yy ( or F yy+F zz or 

F zz+F xx ) 
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At the two dimensional level, it was found that Gxy can be related to 11 (F) ( ie F xx + 

Fyy ) through a single equation for all the orientations of single joint sets (Ucpirti, 1992). 

This finding led to the investigation of finding a possible relationship between the shear 

modulus Gxy ( or Gyz or Gzx ) and the components of fracture tensor Fxx+Fyy ( or 

Fyy+Fzz or Fzz+Fxx ). These relationships are investigated in this section by using the 

results obtained from the stress analyses of rock blocks subjected to shear stress paths. 

Figure 7.52 shows the relationship between Gxy/Gi and Fxx+Fyy for all the 

considered joint configurations. It can be seen that Gxy/Gi decreases as Fxx+Fyy is 

increased. For Fxx+Fyy greater than about 2.0, Gxy/Gi change is very small and Gxy/Gi 

reaches a value of about 0.57. By regression analysis, an equation best representing the 

relationship in Figure 7.52 is obtained as 

~ - ---------='---------;,..--;:-;:-=---
Gi - 0.273 (F + F )0.805 + 1 xx yy 

( 7.27 ) 

with square of the multiple correlation r2 = 0.998. 

Figure 7.53 illustrates the relationship between Gyz/Gi and Fyy+Fzz for the 

considered joint configurations. Similar to the one in Figure 7.52, Gyz drops upto about 

50% of the intact rock shear modulus as Fyy+Fzz is increased upto about 3.5. Then 

Gyz/Gi decreases only slightly with respect to increasing Fyy+Fzz. The regression 

equation obtained for the data points in this figure is 

~_ 1 
Gi - 0.201 ( Fyy + F zz )1.129 + 

( 7.28 ) 
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with square of the multiple correlation r2 = 0.998. 

The relationship between Gxz/Gi and Fxx+Fzz ,within the range of tested joint 

configurations is given in Figure 7.54. It can be seen that the data points show a similar 

relationship as in the previous two figures. The regressed equation is 

Gxz 1 
crr-= 0 282 (F + F )0.977 + • xx zz 1 

( 7.29 ) 

with the square of the multiple correlation r2 = 0.998. 

In Figure 7.55, all the data points for shear moduli are combined together. The 

general equation showing the relationship between any shear modulus of jointed rock 

blocks and the corresponding summation of fracture tensor components is 

Gm 1 
01= 0.257 ( Fk + FL )0.963 + 1 

(7.30) 

with square of the multiple correlation r2 = 0.998. In which, Gm means the mass shear 

modulus on any plane of the rock block, and Fk+FL means the summation of the two 

diagonal components of the fracture tensor on this plane. 

A general expression for the relationship between the shear modulus of the rock 

block on given plane and the summation of fracture tensor components on the same plane 

is obtained by using the results given above, which has the form: 

Gm 1 
01= c ( F k+ FL )P + 1 

( 7.31 ) 
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in which, 'c' and 'p' are constants with 'c' in the range of 0.201 - 0.282 and 'p' in the 

range of 0.805 - 1.129. 

The above dis'cussions show clearly that the deformation and strength properties of 

jointed rock blocks are related to the corresponding components of fracture tensor. These 

relationships will be used for setting up the constitutive model of jointed rock masses in 

the following chapter. 

7.6 Exploring the Possibility of Finding the REV Size and REV 

Properties for Jointed Rocl< Masses 

REV problems are related to the scale effect in jointed rock masses, and is affected 

by the joint system present in rock masses. The possibility of finding the REV size and 

REV properties and how the joint patterns control this problem are discussed in this 

section. 

Figures 7.47, 7.51 and 7.55 in section 7.5 illustrate the effects of the components 

of fracture tensor on the deformation modulus, strength and shear modulus of rock 

masses in any direction. It implies that the mechanical properties of rock masses in any 

direction ( or any plane for shear modulus) is directly related to the component of 

fracture tensor in this direction ( or on this plane for shear modulus ). 

It is important to keep in mind that the results mentioned above were obtained from 

3 dimensional distinct element stress analysis, in which only a limited number of joint 
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configurations were used, and the constitutive models for intact rock and joints were 

simplified. Additionally, the stress level used for the deformation modulus calculation 

was 15% of the intact rock strength. Therefore, the discussions given below are useful 

under these assumptions. 

For the deformation modulus of the rock masses, the equation 7.21 can be used to 

predict its variation with respect to the change of the directional component of fracture 

tensor. If the directional component of fracture tensor is beyond about 3.0, then the mass 

deformation modulus in this direction for jointed rock mass stays more or less constant 

related to the effect of joints, which means that the rock block exhibits an equivalent 

continuum behavior with respect to the mass deformation modulus in this particular 

direction. In this case, it is possible to say that the rock block has reached its REV size. 

Because a particular value of fracture tensor component can be produced by different 

combinations of joint size, joint density and joint orientation, the REV size and REV 

properties in a given direction of the rock block can be reached by different combinations 

of the joint geometry parameter values. From Figure 7.47, it can be seen that the REV 

property value for deformation modulus of rock mass is around 25% of the intact rock 

Young's modulus. In addition, the mass deformation modulus of jointed rock can be 

estimated according to Figure 7.47 if the directional component of fracture tensor ( which 

can be figured out by performing field mapping) is known. 

Equation 7.26 provides the relationship between the mass strength properties of 

jointed rock mass and the directional component of fracture tensor. It is possible to 

estimate the strength of rock mass in a given direction by using equation 7.26 if the 

fracture tensor is known for the rock mass. Additionally, it can be seen that the variation 
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of strength becomes very small when the directional component of fracture tensor is 

greater than about 2.0. It can be said that the rock block shows an equivalent continuum 

behavior with respect to strength property for values of Fk greater than about 2.0. The 

equivalent strength for this case is around 15% of the intact rock strength. 

The influence of the component of fracture tensor on the shear modulus of rock 

masses is given by equation 7.31. Similar to the deformation modulus and the strength 

property, the shear modulus decreases with increasing values of the summation of two 

fracture tensor components on the corresponding plane. When the summation of the two 

fracture tensor components is greater than about 4.5, the corresponding shear modulus 

approaches more or less a constant value, which is about 40% of the intact rock shear 

modulus. For these values of ( Fk+FL ), the rock block reaches REV size and shows the 

REV shear modulus. In addition, the shear modulus of a rock mass on any given plane 

can be predicted by using equation 7.31 if the the fracture tensor components on that 

plane are known. 

From above discussions, it is clear that the REV estimations for jointed rock masses 

are decided by the components of fracture tensor, and different mechanical properties of 

the rock blocks reach REV state at different values of the fracture tensor component. 

Therefore, it seems that the rock masses exhibit the REV behavior with respect to the 

same property, say deformation modulus, in different directions at different levels of joint 

intensity ( the value of the first invariant of fracture tensor ). Additionally, in order to see 

the REV behavior with respect to different mechanical properties of the rock block in the 

same direction, different levels of the joint intensity are required. This behavior is the 

result of the anisotropy of joint geometry system. 
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From above discussions, it is clear that whether the rock masses reach REV size 

and show REV behavior with respect to the mechanical properties ( deformation 

modulus, strength and shear modulus) depend on the value of the corresponding fracture 

tensor component. 

7.7 Discussion and Summary 

Fracture tensor is a measure which reflects the combined effects of different joint 

geometry parameters ( joint size, density and orientation ). It is helpful in studying the 

effects of joint geometry patterns on the deformation and strength properties of rock 

masses. Based on the three dimensional distinct element stress analyses results of the 

rock blocks, the relationships between the mechanical properties (deformation modulus, 

strength and shear modulus) of rock masses and the fracture tensor parameters ( its 

invariant and components) have been investigated in this section. 

The components of the fracture tensor are closely related to the mechanical 

properties of jointed rock masses ( ie., directional component of fracture tensor is related 

to the deformation modulus and strength of rock masses in the corresponding direction 

by equations 7.21 and 7.26, respectively; the shear modulus on any plane is related to the 

summation of two directional components of fracture tensor on that particular plane by 

equation 7.31 ). Because of the close relationship between the mechanical properties of 

rock blocks and the fracture tensor components, the anisotropy in the mechanical 

properties of jointed rock masses is directly related to the anisotropy of the joint system ( 

ie the difference between the directional components of fracture tensor ). In addition, 
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when the components of fracture tensor reach certain values, the rock mass exhibits 

equivalent continuum behavior ( REV behavior) with respect to their mechanical 

properties. 

As mentioned earlier, the aforementioned conclusions are mainly valid under the 

assumptions considered. In order to extend the applicability of the conclusions to all 

types of rock masses, effects of (a) many different joini configurations, (b) realistic 

constitutive models for joints and intact rock and (c) different rock types on the 

mechanical properties of rock blocks should be investigated by using the same procedure. 
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CHAPTER 8 

THREE DIMENSIONAL CONSTITUTIVE MODEL FOR JOINTED 

ROCK MASSES 

8.1 Introduction 

Many of the problems encountered in the field of rock mechanics and rock 

engineeIing involve the determination of rock mass mechanical behavior -- deformability 

and strength properties. In order to obtain a reasonably accurate solution from the output 

of a powerful numerical stress analysis technique, it is necessary to have a correct input 

of a realistic constitutive model and a strength criterion for the considered jointed rock 

mass. Therefore, a good representation of the deformation and strength behavior of rock 

masses is very important. In rock engineering, because of the special features associated 

with joint geometry system and the in situ stress situation, the engineering structures are 

usually three dimensional problems and therefore,~hree dimensional analyses are 

required. This leads to the necessity to investigate constitutive models of jointed rock 

masses in three dimensions. 

An ideal model for the mechanical behavior of jointed rock masses should take into 

account not only the contributions from intact rock and joints individually, but also the 

interactions between intact rock and joints, and the uncertainties involved in the 

determination of geomechanical and geometrical properties of joints. However, because 
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of the great difficulties existing in the aforesaid tasks, it has not been possible yet to take 

care of all these factors. 

In this chapter, the results obtained in the previous chapter are used to build a new 

three dimensional constitutive model for jointed rock masses to represent the pre-failure 

behavior. 

8.2 A Three Dimensional Constitutive Model for Jointed Rock Masses 

Because of the extreme difficulties in the theoretical analyses of the jointed rock 

masses, all the constitutive models available at present were derived under some 

simplified assumptions. Based on the assumptions that the joints are (a) persistent 

(through-going), (b) parallel and (c) their spacing is uniform and much smaller than the 

dimensions of the structure to be analyzed, Stephansson ( 1981 ) and Gerrard ( 1982 a, b 

) have considered three orthogonal sets of joints of finite thickness in the rock mass and 

derived its stress-strain relationship. Gerrard ( 1982 c ) has generalized the model for 

multiple joint sets. Because of the assumptions behind this model, it is only valid for rock 

masses which satisfy these assumptions. Rock masses which satisfy these assumptions 

seldom exist in the field. 

However, in the model presented in this dissertation, the joints with any given 

configuration can be accommodated and the interaction between joints are accounted for 

automatically. Therefore, the constitutive model for jointed rock masses developed in this 

chapter should be able to provide more insight about the mechanical behavior of jointed 

rock masses, which is very important for rock engineering purposes. 
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The orthotropic constitutive model has been assumed for jointed rock masses to 

describe their pre-failure behavior in this study ( Chapter 7 ), which has the fonn: 

L\c x .l_~_Yzx 
Ex Ey Ez 

0 0 0 

L\Ey _Yxy .l_Yzx 
Ex Ey Ez 

0 0 0 

L\E z Yxz ~ 1 
0 0 0 = -Ex - Ey Ez 

L\yxy 0 0 0 
1 

0 0 Gxy 
1 

L\yyz 0 0 0 0 Gyz 
0 

L\yzx 0 0 0 0 0 
1 

Gzx 

If the strain energy function exists, the following holds true: 

~-~ 
E· -E· 

1 J 

L\cr x 

L\cr y 

L\cr z 

L\'t xy 

L\'tyz 

L\'tzx 

( 8.1 ) 

( 8.2 ) 

The performed distinct element stress analysis results on the jointed rock blocks 
y.. y .. 

show that for most of the cases, the difference between If and 'It: is relatively small. The 
1 J 

maximum percentage difference between them is about 34%. 

In Chapter 7, the following relationships were obtained between the mechanical 

properties of jointed rock blocks and the fracture tensor components: 

For deformation modulus: 
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( 8.3 ) 

where Em and Ei are the deformation modulus for jointed rock mass in any given 

direction and the intact rock, respectively. Fk is the directional component of the fracture 

tensor in the corresponding direction. Symbols a and n stand for constants; for the 

considered rock properties, ranges for 'a' and 'n' turned out to be (0.606 - 0.842) and 

(0.559 - 0.729), respectively. 

For shear modulus: 

Om 1 
0i = b ( Fk + FL )m + 1 

( 8.4 ) 

where, Om and 0i are the shear modulus for jointed rock mass on any given plane and 

intact rock, respectively. Fk and FL are the two components of the fracture tensor on the 

Om plane. Symbols band m stand for constants; for the considered rock properties, 

ranges for 'b' and 'm' were found to be ( 0.201 - 0.282 ) and ( 0.805 - 1.129.), 

respectively. 

From equations ( 8.3 ) and ( 8.4 ), the following are obtained: 

( 8.5 ) 

which means: 
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E· 
~ = a Fx n + 1 

E· 
~ = a Fy n + 1 

E· 
~ = a F z n + 1 

( 8.6 ) 

and 

( 8.7 ) 

which means: 

( 8.8 ) 

The relationships between the estimated Poisson's ratios for rock blocks and the 

joint geometry parameters were found to be not clear. However, the rock mass Poisson's 

ratios were found to lie between 50% and 192% of the Poisson's ratio for the intact rock 

( vi ). These estimations may be used as a range for the rock mass Poisson's ratios for 

the developed constitutive model. 

Substituting equations ( 8.6) and ( 8.8 ) into equation ( 8.1), equation ( 8.9 ) is 

obtained. 
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Since intact rock was assumed as isotropic, the following equation holds true: 

E-
Gj= I 

2(1+vj) 

Therefore, equation ( 8.9 ) becomes equation ( 8.10 ) with constants a, b, m and n 

having the same ranges as in equations (8.3) and (8.4). In equation ( 8.10 ), s is a 

constant equal to 2 ( 1 + Vj ). 

Equation ( 8.10 ) is the derived constitutive model for jointed rock masses, which 

includes the fracture tensor components to show the influence of joints on the mechanical 

behavior of jointed rock masses. Note that this constitutive equation carries the following 

important characteristics: 

(1) The effects of joint geometry pattern have been taken into account in this model 

in terms of fracture tensor components, which embrace the joint size, joint density and 

joint orientation. This model can be easily incorporated into various numerical techniques 

provided that the joint system is known through field mapping and joint geomctry 

modeling. 

(2) This constitutive model expresses the scale dependent nature of the jointed rock 

masses. If the values of the fracture tensor components are increased, the deformation 

modulus and the shear modulus of the jointed rock masses will be decrcased, and when 

the fracture tensor reaches a certain value, the changes in the modulus value becomes 

insignificant and the rock masses show an equivalent continuum deformation behavior. 
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(3) This constitutive model incorporates the anisotropic nature of the jointed rock 

masses caused by the joint system. This anisotropy is totally dependent on the joint 

system. If the joint pattern leads to an isotropic fracture tensor, then isotropic behavior in 

the mechanical properties of jointed rock masses is expected. 

(4) The constant parameters in this constitutive model ( 'a', 'b', 'm' and 'n' ) 

depend on (a) the rock type, (b) the constitutive models used for intact rock and joints 

and (c) the stress level. The values given for 'a', 'b', 'm' and 'n' are applicable only for 

granitic rock behaving according to the used constitutive models for intact rock and joints 

and at a stress level less than 15% of the intact rock strength. Therefore, further research 

should be conducted in this direction in order to find suitable values for 'a', 'b', 'm' and 

'n' and to extend the applicability of this constitutive model for other rock types, for other 

constitutive models applicable for intact rock and joints and for other stress levels. 

8.3 Discussion and Summary 

Defom1ation and strength of jointed rock masses are two very important properties 

that need to be considered in the design and analysis of rock structures. In this chapter, a 

new constitutive model for jointed rock masses was developed based on the results 

obtained from the distinct element stress analyses of rock blocks which included different 

joint configurations. 

The new constitutive model for rock masses has incorporated the effects of joints 

on the mechanical behavior of rock masses in terms of fracture tensor components. Both 

the scale dependent nature and the anisotropic nature in the mechanical behavior of jointed 
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rock masses are included in this model. In addition, this model includes the stress 

dependent nature of rock mass properties. This constitutive model is applicable to a 

variety of rock masses with the considered joint configurations. Additionally, because the 

interactions between the joints have been taken into account, this model can give more 

realistic analysis results. It is easy to be incorporated into the available numerical 

techniques to perform stress analyses in jointed rock masses. 
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CHAPTER 9 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE STUDIES 

9.1 Summary and Conclusions 

The deformation and strength properties of rocks or jointed rock masses have been 

the basic topics in rock mechanics dedicated to rock engineering. The correct 

understanding of the mechanical behavior of jointed rock masses is vital to arrive at safe 

and economical designs and analyses of rock engineering facilities. Due to the 

uncertainties involved in the estimation of geomechanical and geometrical properties of 

various discontinuities present in rock masses, the stress analysis on jointed rock masses 

is very complicated and a complete knowledge about the mechanical behavior of jointed 

rock masses is not yet available. This research work was set under this background and 

was expected to deepen our understanding in this area. 

The mechanical properties of jointed rock masses are scale dependent. Joint system 

plays an essential role in this scale effect. An important feature associated with the scale 

dependent nature of rock mass behavior is the REV (Representative Elementary Volume 

) and the corresponding properties. When the joint system is changed, the mechanical 

properties of the rock masses vary, and when the joint intensity ( combination of joint 

size and density) reaches a certain value, the rock mass shows an equivalent continuum 
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behavior in their mechanical properties, which is called REV properties. The questions 

which arise regarding this aspect of rock masses are: (a) How does the joint geometry 

system affect the mechanical properties of rock masses? (b) How to quantitatively 

characterize these effects? (c) How to determine the REV properties of the jointed rock 

masses? 

Anisotropy is another important feature associated with the mechanical behavior of 

jointed rock masses. Usually, the rock mass shows different mechanical properties in 

different spatial directions because of the influences of joints. A question that should be 

answered with respect to the anisotropy of jointed rock masses is: How does the joint 

system cause the anisotropy of the rock mass mechanical properties? 

In order to answer the above questions correctly, a new numerical technique was 

proposed to perform stress and deformation analyses at the three dimensional level on 

rock blocks with a variety of joint configurations. 

The outline of this technique was shown in Figure 5.1. A good representation of 

the joint geometry system through field joint mapping is required as the first step, from 

which the joints could be generated into the rock block to represent the in situ jointed rock 

mass. Three dimensional distinct element code ( 3DEC ) is employed as the numerical 

tool to perform stress analyses, because of its distinct features ( like the capacity of 

tackling large displacements and rotations of the rock block) which is especially useful in 

analyzing jointed rock masses. However, 3DEC requires that the problem domain be 

completely discretized into small polyhedral blocks by the joint system. The obtained 

rock blocks from step 1 did not satisfy this requirement. So fictitious joints were 
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introduced into the rock blocks to connect them with actual joints and then to discretize 

the rock blocks into small polyhedral blocks. A computer program has been developed to 

link the three dimensional joint geometry models to 3DEC based on the mathematical 

derivations given in Chapter 5. The question which came up due to the incorporation of 

fictitious joints was what kind of mechanical properties should be assigned to fictitious 

joints so that they behave like intact rock. The constitutive model used for intact rock was 

a linear elastic, perfectly plastic one with the Mohr-Coulomb failure criterion including a 

tension cut-off. The constitutive model used for fictitious joints was linear elastic in 

normal behavior and linear elastic perfectly plastic with Mohr-Coulomb failure criterion 

including a tension cut-off in shear behavior. The representative values found for 

mechanical properties of fictitious joints to simulate intact rock behavior at two 

dimensional level and verified at three dimensional level are as follows: 

(a) The same strength parameter values should be chosen for both the intact rock 

and the fictitious joints. 

(b) A JKS value for the fictitious joints should be chosen to produce a G/JKS ratio 

between 8 x 10-3 and 12 x 10-3 m. 

(c) A value between 2 and 3 should be chosen for the JKN/JKS ratio. The most 

appropriate value in this range may be the E/G value for the particular rock. 

The three dimensional distinct element stress analyses were then perfomled on rock 

blocks with a variety of joint configurations, as given in Table 6.1. The aforementioned 

constitutive models were used for the intact rock and the fictitious joints. The constitutive 
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model used for actual joints was linear elastic in normal behavior and linear elastic 

perfectly plastic with the Mohr-Coulomb failure criterion including a tension cut-off in 

shear behavior. These stress analyses results were used to calculate the mechanical 

parameters of rock blocks to build up the selected constitutive model for jointed rock 

blocks. 

As given in Chapter 6, the assumed constitutive model for the prefailure behavior of 

jointed rock masses is an incremental linear elastic and orthotropically anisotropic model ( 

equation 6.1 ). This model is mathematically simple and accurate enough for rock 

engineering purposes. Its failure behavior is represented by anisotropic strength values. 

In order to estimate different mechanical parameters of the jointed rock blocks, two 

different stress conditions were designed: (1) rock block was subjected to an isotropic 

normal stress first, then, in each of the selected three perpendicular directions, the normal 

stress was increased until the failure of the rock block ( as shown in Figure 6.4 ) to 

estimate the deformation moduli, Poisson's ratios and the compressive strengths in the 

three perpendicular directions. (2) rock block was subjected to an isotropic normal stress 

first, then, increasing shear stress on each of the three perpendicular planes as shown in 

Figure 6.5 was applied to estimate the three shear moduli. 

From the aforementioned analyses, the defom1ation and strength properties of the 

rock blocks with different deterministic combinations of joint size, number of joints, joint 

orientation and number of joint sets were obtained. The influences of the joint geometry 

parameters on the mechanical behavior of jointed rock masses were then investigated 

based on the analyses results. 
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The effects of joint size and joint density on the estimated deformation moduli were 

found to be significant. These effects also depend on the joint orientation and the 

direction in which the deformation modulus is estimated. The relationships between Ex/Ei 

( or EylEi, or Ez/Ei ) and the joint sizelblock size and the joint density are shown in 

Figure 6.26 ( or Figure 6.27, or Figure 6.28 ) for rock blocks with joint orientation 

60°/45°. All these deformation moduli were estimated at a stress level equal to 15% of the 

intact rock strength. These figures clearly show that as the joint sizelblock size or joint 

density is increased, Ex/Ei, EylEz and Ez/Ei are all decreased but at different rates. It is 

easy to see the anisotropy in the deformation modulus. For other joint orientations, 

similar results were obtained ( as shown in Figures 6.35, 6.36, 6.43, 6.45, 6.47, 6.49, 

6.51 ). 

As shown in Figures 6.20, 6.21, 6.37, 6.38, for Poisson's ratios, it was not 

possible to see any clear relationship between any of the Poisson's ratios and joint 

geometry parameters. However, it was found that rock mass Poisson's ratios to vary 

between 50% - 190% of intact rock Poisson's ratio. 

The influence of joint size and joint density on the calculated block strength values 

were found to be significant. The strength properties decreased rapidly initially as the 

joint sizelblock size and the joint density were increased, and then with further increase of 

joint sizelblock size and joint density the strength reached more or less an asymptotic 

behavior. This behavior is shown in Figures 6.29, 6.30, 6.31 for Sx/Si, Sy/Si and Sz/Si 

respectively for rock block with joint orientation 60°/45°. Block strength was found to 

depend on the joint orientation and the direction considered. From these figures, the 
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anisotropy of strength properties can be seen easily. Similar results were obtained for 

other joint orientations as shown in Figures 6.39, 6.40, 6.44, 6.46, 6.48, 6.50, and 

6.52. 

The effect of joint size and joint density on the shear moduli of the rock blocks are 

shown in Figures 6.32 through 6.34 for rock blocks with joint orientation 60°/45°. As 

the joint size or the joint density is increased, the shear moduli decrease. Similar behavior 

was observed for other joint orientations ( Figures 6.41, 6.42, 6.53 ). 

In order to evaluate the effect of joint geometry parameters on the mechanical 

behavior of jointed rock blocks easily, the concept of fracture tensor was used. The 

components and invariants of fracture tensor were calculated for each generated joint 

configuration. The relationships between the mechanical properties of rock blocks and the 

first invariant, and the components of fracture tensor were investigated. 

Figures 7.3 -7.37 show the effects of the first invariant of fracture tensor II(F) on 

the calculated deformation moduli, shear moduli and strength properties in different 

directions of the rock blocks with different joint configurations. As can be seen, 

generally, the I I (F) has a serious effect on the mechanical properties of jointed rock 

masses. The larger the II(F) value, the smaller the values will be for mechanical properties 

of rock masses. When II(F) has reached a critical value, the mechanical property values of 

the rock blocks didn't change much and showed an asymptotic equivalent continuum 

behavior. This relationship and the related critical value for II (F) were found to depend on 

the joint orientation and the direction for the mechanical property considered. As the first 

invariant of fracture tensor includes the contributions only from joint size and joint 
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density, the relationship mentioned above actually reflects the combined influences of 

joint size and joint density, and it was necessary to specify the orientation separately. 

In order to study the relationships between the mechanical properties of rock 

masses and the fracture tensor in detail, the components of fracture tensor were used. 

Figures 7.44-7.47 show the relationships between Ex and Fx, Ey and Fy, Ez and Fz, Em 

and Fk, respectively. Em is the deformation modulus in any given direction and it can be 

either Ex or Ey or Ez, Fk is the directional component of frat:'ture tensor in the 

corresponding direction. It can be seen that the Ex, Ey and Ez values ( or generally Em ) 

decrease with increasing Fx, Fy, and Fz ( or generally Fk ). When Fk is greater than 

about 2.0, the variation of Em is very small and rock block shows an equivalent 

continuum behavior. Through regression analysis, the relationship in the above figures 

are represented by the following equation: 

( 9.1 ) 

in which, 'a' and 'n' are the constants. Ranges for 'a' and 'n' were found to be ( 0.606 -

0.842 ) and ( 0.559 - 0.729 ), respectively. 

The relationships between Sx and Fx, Sy and Fy, Sz and Sz, Sm and Fk are given 

in Figures 7.47 - 7.50. Sm means the strength property in any given direction ( can be 

any of Sx, Sy and Sz ) for rock blocks. Fk is the directional component of fracture tensor 

in the corresponding direction. It is clear that the strength property ( Sx, Sy, Sz or 

generally Sm ) decrease very rapidly around the initial increase of the directional 

component of fracture tensor ( Fx, Fy, Fz or generally Fk ). After Fk has reached a value 
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around 1.0, this variation becomes negligible and the rock block shows an equivalent 

continuum strength behavior. The best fitted regression equation for this relationship has 

the form: 

( 9.2 ) 

where, 'b' and 'm' are constants. The ranges found for 'b' and 'm' are ( 3.466 - 4.145 ) 

and (0.64 - 0.809 ), respectively. 

The effect of the summation of fracture tensor components (Fxx+Fyy, Fyy+Fzz, 

Fzz+Fxx, or generally Fk+Fl ) on the corresponding shear modulus ( Oxy, Gyz, Ozx, or 

generally Okl ) is given in Figures 7.51 - 7.53. Okl means the shear modulus on any 

given plane kl and Fk, Fl are the fracture tensor components on this given plane. It can be 

seen that the reduction in Okl with increase of Fk+FI is very clear. When Fk+FI is 

beyond about 2.3, further increase in Fk+Fl does not change Okl much. At this stage, the 

rock block shows more or less an equivalent continuum behavior with respect to shear 

defonnation. The best fit regression equation obtained for this relationship is: 

Okl 1 
Oi = c ( Fk + FI ) p + 1 

( 9.3 ) 

in which, 'c' and 'p' are constants with ranges of (0.201 - 0.282 ) and ( 0.805 -

1.129.), respectively. 

It is important to keep in mind that the equations obtained above are independent on 

the choice of the coordinate system. It can be seen that the mechanical behavior of jointed 
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rock masses is directly controlled by the components of fracture tensor. For problems in 

the rock engineering field, the mechanical properties of a rock mass can be estimated 

from equations ( 9.1 ), ( 9.2 ) and ( 9.3 ) without performing the expensive in situ tests 

as long as the intact rock properties ( from lab tests) and the joint geometry system ( 

from the field joint mapping) are known. This will be very important and useful if it can 

be combined with the engineer's rock engineering experience. The constant parameters ( 

a, n, b, m and c, p ) in the above equations are dependent on the constitutive models 

chosen for intact rock and joints, and the stress level at which the mechanical properties 

of rock blocks are estimated. 

The scale dependent nature of a jointed rock mass is also controlled by the 

components of fracture tensor. When the fracture tensor components reach a certain 

value, the rock mass exhibits an equivalent continuum behavior. This critical value for the 

fracture tensor component is different for different mechanical properties considered. 

The jointed rock masses are usually anisotropic in their mechanical behavior. The 

deformation moduli of the jointed rock blocks in different directions in three dimensions 

can be shown on the surface of an ellipsoid, where the direction of the radius of the 

ellipsoid shows the direction of the deformation modulus and the length of radius is 

proportional to the modulus value. Figures 7.41 - 7.43 show the elliptical cross-sections 

of this ellipsoid on three perpendicular planes. The degree of anisotropy of the 

mechanical behavior is dependent on the degree of anisotropy of the joint system. 

Finally, based on the three dimensional distinct element stress analyses results, a 

new constitutive model is developed ( equation ( 8.1 0 ) ) to represent the anisotropic, 
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incrementally linear elastic, pre-failure mechanical behavior of the jointed rock masses. 

The directions x, y and z should be chosen along the principal directions of the fracture 

tensor. The constants in this constitutive model depend on the stress level at which the 

mechanical behavior of rock blocks is evaluated. The given ranges for these constants 

represent for a stress level of 15% of the intact rock strength. In this model, the effects of 

joints have been taken into account in terms of fracture tensor components. The scale 

dependent and anisotropic natures of rock masses are incorporated in this model. In 

addition, the constitutive model can be incorporated easily into various numerical 

techniques to perform stress analysis in jointed rock masses. 

9.2 Recommendations for Future Studies 

The conducted investigations in this research have shown some insights about the 

complicated mechanical behavior of jointed rock masses. The new constitutive model has 

limited applicability to rock masses due to the simplifying assumptions made regarding 

the constitutive model for actual joints and also due to the limited joint configurations and 

rock types studied. Therefore, in order to extend the applicability of the developed 

constitutive model for all rock masses, the following future studies are recommended. 

(1) Values obtained for parameters in the new constitutive model are based on the 

distinct element stress analyses of rock blocks carried out on a limited number of joint 

configurations. A number of single joint set and only one two joint set case were used in 

this investigation. Similar investigations should be performed incorporating multiple joint 

sets in order to extend the applicability of the developed constitutive model for rock 

masses with complicated joint patterns. 
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(2) The developed constitutive model for rock masses is based on a simplified 

constitutive model for actual joints. Actual joints were assumed as smooth planar ones. 

The constitutive model used for actual joints in this study has the following features: (a) 

linear elastic model for joint normal behavior with constant normal stiffness JKN, (b) 

linear elastic, perfectly plastic model with the Mohr-Coulomb failure criterion including a 

tension cut-off for shear behavior ( the constant shear stiffness is JKS ). However, the 

joints usually show a normal stress dependent behavior and nonlinearities. Joint surfaces 

may be rough and some of them may contain filling material. Therefore, similar 

investigations should be carried out using more refined constitutive models for actual 

joints to reflect the aforementioned joint properties. 

(3) All the calculations were conducted on only one kind of intact rock, the granitic 

gneiss. In order to generalize the applicability of the obtained results, many rock types 

with different mechanical properties should be investigated by using the same procedure. 

(4) Deterministic representations were used for the joint geometry parameters. It 

may be worthwhile to investigate whether stochastic representations for joint geometry 

parameters have influence on the values of the constants used in the developed 

constitutive model. 

(5) Geomechanical properties of intact rock and joints were treated deterministically 

in the performed investigation. It may be worthwhile to study the effect of uncertainty of 

the geomechanical properties of both intact rock and joints on the developed constitutive 

model. 
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(6) In order to verify the proposed constitutive model, validation studies should be 

performed incorporating field rock mass structures. However, it is important to realize 

that before attempting validation studies, it is necessary to put efforts to investigate on the 

first five recommendations for future studies. 
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