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ABSTRACT 

A new and powerful concept of modeling - the disturbed state concept is 

applied to the joint case. The disturbed state modeling is based on the assumption 

that the behavior of the joint, or the behavior at the disturbed state can be ex

pressed by the joint behaviors at its reference states. The reference states include 

the original state and the critical state. 

The behavior of the intact joint at the original state is modeled by using a 

general plasticity joint model developed by Desai and Fishman (1987) with a small 

modification. The critical state joint is modeled according to observations from 

shear tests of the joints. The disturbed state joint model developed is capable of 

describing the hardening and softening behavior of the joint under various stress 

paths. 

Verification is made by back predictions and predictions of several series of 

shear tests. The constants used for back predictions are obtained from those tests 

back-predicted and the constants used for predictions are from the tests other than 

the tests predicted. Other important issues such as the size effect of joint sample 

sizes, the relationship between the roughness of the joint and the parameters in 

the joint model are also examined. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

In practice, we meet a number of problems associated with rock joints and dis

continuities. In earthquake analysis, active faults are a major focus (Fig. 1.1). In 

mining engineering, stability of the supporting columns which contain rock joints 

or faults is a main conc~rn (Fig. 1.2). And in civil engineering, we have problems 

such as slope stability, foundation and underground openings, which are related to 

the behavior of rock joints and faults involved (Fig. 1.3). Therefore, joints, faults 

and discontinuities playa vital role in rock engineering practices. 

There are many types of joints and discontinuities. They might be formed 

during cooling of lava, from sedimentation, by tectonic activities, or even by vibra

tion from explosions. Their size could vary from tiny fissures of a few microns to 

huge faults of several hundred miles. There could be with or without filler materi

als within themselves, and the filler material could vary from very soft expansive 

clay to very strong calcium cementation. They could be wet or dry and may have 

undergone a complex stress history. Due to these factors, the mechanical behavior 

of the discontinuities can be very complex. 

In engineering, one of the main concerns is to obtain an estimation of the 

shear strength and displacements. With the development of modern numerical so-
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Figure 1.1: Movement of Faults in Earthquake Engineering 

Fault or Joint 

Figure 1.2: Stability of Supporting Columns in Mining Engineering 
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(a) (b) 

(c) 

Figure 1.3: Problem Related to Joints in Civil Engineering ( a) Slope Stability 
(b) Foundation Engineering ( c) Underground Opening 
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lution methods and computer technology, quantitative evaluations become possi

ble. However, unless proper stress-strain relationship ( or constitutive relationship) 

of the material is defined, the results from the calculation may not be fully valid. 

There are two reasons why the constitutive relationship of the discontinuities 

is very important in the analysis of the systems that contain continuous solids 

separated by joints or discontinuities. The :first reason is that we have relatively 

better knowledge of the moqeling of continuous solids, and it is relatively easy 

to perform tests that only involve continua. The second is that the joints or 

discontinuities are the controlling factors in the system, since the presence of the 

discontinuities usually provides a source of low strength, high deformability and 

high permeability. This is especially true in the case of low to medium stress levels, 

where the joints or discontinuities may already reach the failure point while the 

stresses in the intact rocks of a rock mass system could be still well below the 

failure or even the yield stresses. Usually, the failure of the rock mass is mainly 

due to the friction failure of the rock joints, and the deformation of the rock mass 

is mainly contributed by the sliding of the rock blocks along the rock joints. 

The behavior of the discontinuous joints is different from that of the contin

uous solids. The shear strength of a solid comes from the strong internal cohesion, 

while the shear strength of a joint is mainly derived from contact friction which 

involves many types of mechanisms, such as interlocking, ploughing, and damaging 

of the asperities. 

The deformation patten is also very different. For intact rock, deformation 

arises from the mineral deformation and from the cracking activities, while for 

joints, relative motion is the proper word in describing the relative displacement 

of the opposing walls of a joint. 
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Therefore, the modeling of the joints or discontinuities is very important 

and involves significant complexity. Rational models can only be obtained through 

careful study of their special features in addition to those of the continuous solids, 

and also through consideration of the basic mechanics and laboratory testing and 

verification. 

---------------------------~.--,---~~-.-.~.-.-- .... ~ .. -._ .. _ .. _----_ .... 
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1.2 Objective of Investigation 

This research is intended to investigate the strength and deformation behavior 

of the joints or discontinuities under various loading conditions. Disturbed state 

concept theory (Desai, 1989) is applied to the joint modeling, and therefore, the 

damage and softening behavior of the joints can also be properly described. 

The objectives of the investigation can be summarized as follows: 

• To review the existing experimental and theoretical work on the surface ge

ometry and friction behavior of joints, on the friction theories developed, and 

on the joint model!; developed by using the elasticity and plasticity theories. 

• To analyze the mechanisms of shear resistance for joints, based on the ob

served frictional mechanisms of the joints. 

• To modify the disturbed state concept theory in order to apply it to the joint 

modeling. 

• To develop the model capable of describing and predicting hardening and 

softening behavior of the joint under various stress path conditions. 

• To utilize the proposed model and verify it with respect to several sets of 

experimental data on rock Joints. 

• To analyze the model with respect to the size effect of the joints. 

----------------------------.~-~---.---...... -..... _ .. , .. ".,._ .. __ ........ -.-.. _-_ ... . 



26 

1.3 Summary of Various Chapters 

After the introduction in Chapter 1, Chapter 2 reviews the existing literature. The 

review is on the surface geometry of the joints, the history of the friction research, 

various failure models and elastic and elasto-plastic models; major effort is devoted 

to the analysis of the mechanisms of shear strength of the joints. 

Chapter 3 first gives the idealization of a joint, and then presents the joint 

model by utilizing the disturbed state concept theory. 

Chapter 4 gives the verification for the disturbed state modeling of joints 

and discusses the procedure to determine constants needed for the proposed model. 

Chapter 5 presents the analysis of the proposed model with respect to sev

eral important issues such as the relationship between the joint roughnesses and 

the parameters in the joint model developed, and the size effect of joints with 

different specimen sizes. 

Chapter 6 includes conclusions and suggestions for further studies. 

-----------------------------.~ .. --.--.--.-.-- .... _ .. ' ........ ' - .-. -..... -.-_ .. __ .- -.. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 General 

In this chapter, a review is made of the existing literature about discontinuities, 

especially of the rock joints. The review is divided into six parts. The first part 

concerns the surface geometry and roughness of the discontinuities. The second 

part reviews the history of the friction studies. The third part deals with the 

sources or mechanisms of the shear strength of the joints. The fourth part discusses 

the damageable and non-damageable shear resistance and the dilatant behavior of 

the joint. These four parts will provide insights about why and how the joints 

behave in certain special ways, different from the continuous solids. The fifth 

part summarizes the important joint models developed to date. And the last part 

reviews the disturbed state concept theory developed by Desai (1989). 

2.2 Surface Geometry of a Joint 

Under a microscope, surfaces of solids have high mountains and deep valleys. Even 

at the molecular level, highly uneven surfaces are expected due to the unbalanced 

boundary forces. The surface of a natural rock joint also has high asperities and 

deep valleys, and these asperities have a controlling effect on the mechanical be

havior of a joint. 
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Extensive early researches on the surface geometry of solids has been done 

mostly by mechanical engineers (Myer, 1962; Moore, 1969). The German Mechan

ical En~;ineering Standard (1982) summarized the surface geometry as four levels 

of surface topology as shown in Fig. 2.1: 

1. Shape 

2. Waviness 

3. Roughness 

4. Lattice 

1st order asperities 

2nd order asperities 

3rd order asperities 

Micro level asperities 

This classification is important for the application in the mechanical engi

neering, but it is quite vague in regarding the size of the asperities. It is realized 

that the sizes or the levels of the asperities of a surface can be much greater than 

four, possibly an infinite number or a continuous distribution of levels. 

Thus, another way of characterizing the asperities of a surface is adopted 

which treats the asperities as an infinite number of superimposed sine waves 

(Fig. 2.2) (Peklenik, 1967; Whitehouse and Archard, 1970). The levels are ex

pressed as a continuous distribution of frequencies, where higher frequency indi

cates higher order of asperity levels. 

Recently, the concept offractals (Carr and Warriner, 1987; Turk et al., 1087) 

is used to describe the geometry of a surface (Fig. 2.3). In fractals, different levels 

are treated as geometrically similar, and higher order asperities are considered as a 

process of fraction of the lower order asperities. An unique constant called fractal 

dimension D is used to characterize the surface topology. 

Besides the size of the asperities, another important aspect of a surface 

is the heights of the asperities. The heights of the asperities of a surface vary 
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Natural joint 

--- --- ----- ------ Shape 

Waviness 

Roughness 

Lattice 

Figure 2.1: Four Levels of Surface Topology, German Mechanical Engineering Stan
dard (1982) 
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Natural joint 

Sine wave simulation 

Figure 2.2: Characterizing Asperity as Sine Waves 
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Natural joint 

Fractal simulation 

Figure 2.3: Use of Fractals to Describe Surface Geometry 
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greatly, and it is found that the distribution of the heights can be described by 

using statistics. A Gaussian or a Normal distribution patten is found suitable for 

the rock surfaces (Fig. 2.4) (Krahn and Morgenstern, 1979; Reeves, 1985). 

The significance of the surface geometry on the frictional behavior has long 

been known (Amonton, 1699). Many statistical approaches (Myer, 1962; Krahn 

and Morgenstern, 1979; Tse and Cruden, 1979; Reeve, 1985) have been used in 

order to obtain a correlation between the statistical geometry parameters and the 

joint roughness parameter which is obtained from empirical approach in shear 

tests of rock joints (Barton, 1973; Barton and Chouby, 1977). It is found that 

the derivative parameter Z2 has a linear relationship with JRC (Joint Roughness 

Coefficient), where 

1 1x=L dy 2 
- (-) dx 
L x=O dx 

(2.1) 

where x, y are the tangential and normal coordinates, and Lis the specimen size of 

the joint. Linear relation is also found between the fractal dimension D and J RC 

(Carr and Warriner, 1987; Turk et al., 1987). 

In summary, the sizes and heights of the asperities of a natural surface vary 

greatly and continuously. But due to the great complexity of the surface geometry, 

the research on the surface geometry is limited. Moreover, the strength properties 

of a surface depend on many factors other than the surface geometry. Therefore, a 

complete evaluation of the strength factors is necessary in order to obtain a proper 

model in describing the mechanical behavior of a joint. In the next section, the 

mechanisms of the shear strength of a joint are discussed. 
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Height distribution 

Height 

Figure 2.4: Statistical Description of Asperity Heights 
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2.3 History of Friction Research 

2.3.1 Mechanical Interlocking Theory 

Leonardo da Vinci (1452-1519) is generally cited as the first to introduce the basic 

concepts of friction. The systematic study of friction starts from Amonton. (1699) 

and Coulomb (1785). They developed an equipment to measure the frictional 

forces between solids with flat contact surfaces. After extensive experim€:nts, they 

found that the coefficient of friction is independent of the geometry of the contact 

area. In explaining this finding, it was hypothesized that the contact surfaces were 

full of irregularities and the friction was caused by the interlocking of the asperities 

of the contact surfaces; this is termed the interlocking theory of friction. 

Since Amonton and Coulomb's findings were proposed at early times, and 

presented reasonable empirical formulae for limited validity, those findings were 

taken as the laws of friction and usually associated with the name of Coulomb. 

The classical law of friction can be summarized as 

1. Friction force is proportional to the normal load applied, 

2. coefficient of frictiqn is independent of the apparent area, 

3. static coefficient is greater than the kinetic coefficient, and 

4. the coefficient of friction is independent of the sliding speed. 

However, the classical friction laws are not strictly valid, because the friction phe

nomenon is a more complex problem, and the coefficient of friction is not a con

stant. 
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2.3.2 Molecular Attraction Theory 

Several hundred years later, inspired by the early observations that strong adhe

sion develops between lead spheres when they are pressed together, Hardy and 

Hardy (1919) and Tomlinson (1929) proposed the adhesion theory of friction. In 

this theory, it is assumed that the friction force is needed to overcome the molecular 

adhesion forces acting between the contact surfaces. However, this theory seemed 

to disagree with the early findings that the friction coefficient is independent of 

the contact area and it was not until 1938 that Holm (1938) found that the actual 

area of contact is much less than the nominal contact area, and this finding proved 

the validity of the adhesion theory. 

2.3.3 Welding-Shearing-Ploughing Theory 

A rather recent theory was the Welding-Shearing-Ploughing theory proposed by 

Bowden and Tabor (1950). In this theory, it is postulated that normal pressure 

produces local welding at individual contacts. When a shear force is applied, those 

welding points are first sheared by relative sliding of the surfaces. Ploughing by the 

asperities contributes the deformation components of friction. This theory gives 

another explanation of the adhesion component and the deformation component of 

. friction, and is widely accepted for application to ductile materials such as metals. 

However, for brittle materials such as dry hard rocks, brittle fracture would be the 

main characteristic of mechanism (Jaeger, 1959) and cold welding is not evident 

after examination of the fractured particles (Byerlee, 1967). 

In summary, early theories postulated mainly four kinds of mechanisms 

of friction: interlocking, adhesion, cold welding and ploughing. Although these 

----------------------- ----- ------. - - - -. 
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theories were not developed for brittle materials such as rocks, the mechanisms 

they postulated are still considered among the main sources of shear strength for 

rock joints. 
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2.4 Mechanisms of Strength for Brittle Materials 

Patton (1966) performed a series of experiments to investigate the failure modes 

of artificial rough joints. The specimens were made of brittle mixture of plaster of 

Paris. The rough surfaces were modeled to have mated teeth with a height of 0.2 

inches and the teeth slopes varying from 25 to 55 degrees (Fig. 2.5). 

The tests indicate that at low normal stresses, joints tend to dilate and no 

damage of teeth occurs. At very high normal stresses, the teeth are simply sheared 

off at base and no dilation occurs. While at the intermediate normal stresses, a 

joint first dilates, and at a certain shear level when the shear force exceeds the 

shear strength, the tops of the teeth are sheared off. Interlocking and damage of 

the asperities are considered as the mechanisms of the shear strength. 

Byerlee (1967) performed a careful study of friction on granite. Both 

grounded and fractured rough surfaces were used. The specimens were tested 

under a conventional triaxial device. The manner of the surface damage was stud

ied. The peak shear stress occurred at approximately 0.1cm of sliding and the 

friction coefficient was found dependent on the sli_ding distance. It was noticed 

that within the first 0.1cm of the displacement, damage to the surface was con

fined to isolated regions, as would occur if the surface were not perfectly flat when 

they were originally placed together. At displacements greater than 0.1cm, there 

was damage over the whole surface, as shown by a fine layer of crushed material. 

For sliding greater than 0.5cm, the surfaces were completely separated by loose 

particles. The particles had optical continuity and had sharp angular edges, as 

would be expected if the grains failed by brittle fracture. The grain size ranged 

from 0.1mm in diameter down to about 1.0 micron. 
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Figure 2.5: Tests of Artificial Joints (Patton, 1966) 



39 

Byerlee's tests indicated that the mechanism of friction is due mainly to the 

brittle damage of the asperities, and the damage is minor before peak and full

scale after peak. They also indicated another possible mechanism that damaged 

particles may be involved in influencing the frictional strength of the surfaces. 

Krahn and Morgenstern ( 1979) performed a series of tests to investigate 

the ultimate friction resistance of rock discontinuities. It was observed that the 

ultimate frictional resistance was related to the initial roughness of the surfaces. 

For the same rock, different ultimate strengths would result with different ways of 

preparing the samples. Rougher surf aces gave higher peak strength and also higher 

ultimate strength. It was also observed that roughness profiles would change after 

experiencing shearing. The higher peaks were missing and some distinct plateaux 

were created, and it was postulated that these plateaux were probably the only 

points of contact at later stages of shearing. These tests provided greater insight 

into the damage mechanism of the asperities, that is, damage depends on the initial 

roughness, and ultimate strength is mainly provided by the plateaux created. 

Coulson ( 1971) pursued an extensive study on friction phenomenon on var

ious rock surfaces. Ten rocks selected included very strong rocks like basalt and 

granite to relatively weak rocks like limestone and sandstone. The surfaces were 

lapped with different sizes of silicon carbide grits, or sand-blasted to yield vari

ous roughnesses. The normal pressures used varied from 10 to 1000 psi (0.069 to 

69MPa). The features of the surface damage were carefully analyzed. In general, 

damage increased with normal pressure and four types of damages were observed. 

• Rock Flours: existed in almost all cases, and they were .distinct, optically 

continuous and angular, and appeared to be the result of tensile failures. 
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• Gouge Zones: gouge troughs were observed in most of the cases. They were 

usually filled with compacted debris. It was reasoned that the gouge were 

probably by Riedel shear, that is, local contact was so intimate that the 

asperities at the contact regions behave as an intact mass, and then shear 

failure occurred within the rock near the surfaces. 

• Indurated Crust: indurated crust was only observed for certain rocks with 

the surfaces sheared wet. It indicated that the ductile delamination failure 

could occur if water was present. 

• Surface Polish: surface polish was observed and it was reasoned that th0 pol-

ish of rock surfaces indicates brittle and mechanical abrasion on an extremely 

fine scale, unlike metal polish as a result of surface plastic flow. 

These tests indicate that the mechanisms of strength could be explained as, dam-

age, interlocking in very high order of asperities, Riedel shear (type of adhesion), 

ductile mechanisms if the surface is wet, hardening of the gouge materials, and 

ploughing of penetrated asperities. It is also indicated that the severity of damage 

is related to the normal stress applied. 

Scholz and Engelder (1976) suggested that indentation and ploughing played 

an important role in sliding. The "carrot" shaped wear grooves observed could be 

caused by asperity ploughing. These tests indicated that indentation and ploughing 

are among the mechanisms of shear strength. 

In summary, the mechanisms of shear strength for brittle materials can be 

stated as follows: 

1. Interlocking: interlocking of the matching asperities of opposite 
surfaces. 



2. Damage: 

3. Ploughing: 

4. Adhesion: 

Breaking of the asperities. 

Indenting of the hard asperities into the opposite 
surfaces and ploughing to produce grooves during 
shearing. 

Strong local micro cohesion such that the material 
behaves like an intact rock and then shear failure 
occurs. 

5. Hardening gouge: The damaged materials are highly compacted and 
provide some shear strength. 

6. Plateau: Plateaux are formed when the high asperities are 
sheared off, these secondary surfaces provide some 
shear strength. 

7. Ductility: Certain wet rock surfaces behave in a ductile way, 
this is also the case for very soft rocks and when a 
large quantity of filing materials is present. Plastic 
flow and extensive adhesion will be the causes of 
the shear strength. 
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The sources of the shear strength of the rock joints are mainly a combination 

of the mechanisms listed above. However, research is still in the stage of qualitative 

analysis, and quantitative approaches of relating the shear strength with every 

mechanism are not available yet. 
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2.5 Damageable and Non-damageable Shear Resistance 

It is mentioned briefly in the beginning of this chapter that the behavior of the 

joint can be separated into the damageable and the non-damageable components. 

In this section we will discuss this concept in details. 

It is indicated from experiments that the behavior of joints is controlled by 

the surface geon.,.etry and the mechanical properties of the walls of the joint, and 

by the contact conditions of the opposing walls. Initially, the walls of the joint 

only have very limited contact if there is no normal or shear load applied. Upon 

applying the normal load, the asperities try to get closer to or even make indents 

on the opposing walls. And if the shear stress is applied and changed, the degree 

of surface contact will change1 so does the surface geometry or roughness and the 

mechanical properties of the walls. Moreover, new debris materials will be created 

and these materials could have a significant influence on the behavior of the joint. 

These changes and their effects on the behavior of the joint can be summarized as 

follows: 

• Breaking of the asperities: the higher asperities engaged in interlocking and 

ploughing could be broken, and the shear resistance components provided by 

these asperities could be lost. 

• Mating of the joint walls: the mating of the contact walls could change to 

either less close or closer depending on the initial contact condition and the 

direction of sliding. If the joint are initially mated, dilation would occur upon 

sliding and the mating of the joint would become less intensive . 

• Losing contact of the asperities: if dilation occurs during shearing, some 
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asperities would lose contact to the opposing walls, and the shear strength 

provided by these asperities could be lost. 

• Hardening of the joint walls: upon relative sliding of the opposing walls the 

surface material could be hardened. This is especially true if the walls are 

wet and the joint is in soft rocks. The hardening of the joint walls could 

provide greater shear resistance. 

• Damaging of the wall surfaces: after sliding and ploughing by the asperities 

from the opposing wall, the wall surface would have a lot of dents and "carrot" 

shaped troughs. The damage at one hand will make the joint walls weaker 

and the shear resistance will decrease, but on the other hand, it will make 

the surface rougher and may increase the shear resistance of the joint. 

• Debris materials formed: small particle debris materials are the result of 

breaking of the asperities and the damage of the walls surfaces. These ma

terial have several effects on the behavior of the joint. 

1. highly compressed debris could provide shear strength for the joint. 

2. loose round particles would provide rolling effect and decrease the shear 

strength of the joint. 

3. too much debris would cause separation of the walls of the joint and 

make the components of interlocking and ploughing of the asperities 

much smaller. And subsequent hardening of the debris could provide 

larger shear resistance . 

• Plateau phenomenon: after certain degree of shearing, large asperities are 
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sheared off and plateaux would be formed. These secondary plateaux will 

provide shear strength at the later stage of shearing. 

Out of so many changes of the joint when undergone shearing, there is one 

major characteristics can be noticed: after initially mobilized, the shear resistance 

of various components is either increased or decreased. For example, the higher 

asperities are first mobilized to provide most of the shear resistance from inter

locking and ploughing, and then with damage occurring to these asperities, the 

resistance they could provide becomes smaller and smaller. For rock flour and de

bris, at first they provide rolling effect and decrease the shear resistance, but with 

subsequent hardening, they will provide more and more shear resistance for the 

joint. The resistance component which decreases during the process of shearing 

is termed the damageable shear resistance and the component which increases is 

called the non-damageable shear resistance. 

The overall effect of all the damageable shear resistances, Td, will provide a 

source of softening behavior of the joint as shown in Fig. 2.6a. And the overall effect 

of all the non-damageable shear resistances, Th, will provide a hardening behavior 

as shown in Fig. 2.6b. The combination of the damageable and non-damageable 

shear resistance will give a complete description of the shear behavior of the joint 

(Fig. 2.6c). 

If the damageable component, Td is relatively small compared to the non

damageable component, Th, the behavior of the joint is hardening. And if the 

damageable component, Td is relatively large, softening will occur. Similar results 

are also expected from experiments that sever damage is present if the joint mani

fests softening behavior, while slight or no damage is present if the joint manifests 
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(a) 

(b) 

T 

(c) 

Tangential Displacement u 

Figure 2.6: ( a) Damageable Component of Shear Resistances rd , (b) 
Non-damageable Component of Shear Resistances Th , ( c) Combined Shear Re
sistances 
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hardening behavior (Coulson, 1971). 

At the residual state, the component of the damageable resistance, Td, is 

zero and the residual shear strength, Tr , is equal to the non-damageable shear 

resistance Th. Therefore, the residual strength is dependent on the damage level 

happened to the joint since the non-damageable shear resistance provides all the 

shear resistance at this stage. This level of damage is usually related to the initial 

roughness of the joint and determined by the stress level applied. For very low 

normal stress, damage to the joint is very slight. While for high normal stress, 

damage to the joint could be very severe. For a ceratin stress level, there will be a 

corresponding level of damage to the joint. In terms of the asperity damage, there 

will be a certain critical size of asperity, such that the asperities are unbreakable 

above this size. So, the residual strength and the residual coefficient of friction will 

depend on the level of normal stress applied. 
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2.6 Dilatant Behavior of Joints 

Because of the existence of roughnesses or asperities of the joints, the shear dis

placement of a closely mated rock joint can only be realized by two ways: either 

sHding up to cause dilation or breaking of the asperities which are in the way of the 

shearing. Pure sliding-over without breaking of the asperities is unlikely except 

when small or no normal stress is applied. When large normal stress is applied, 

breaking of the asperities will be inevitable if the work needed to break the as

perities is less than the work needed to dilate against the normal stress. Dilation 

is caused by the sliding up during shear and damaging of the asperities plays an 

important role in the dilatant behavior of joints. 

Rengers (1970) measured the roughness angles of natural rock joints by us

ing a variable focus microscope, a profilometer anel terrestrial photogrammetry. 

The measurements were made where a band of different sizes of steps (or rulers) 

from 0.01 to 1000 cm were chosen (see Fig. 2.7). Based on the measured config

uration of the joint surface, the ~gles of the asperities could be calculated. And 

since smaller step sizes could provide more details about the measured surface and 

the calculated angles would be larger than the angles from the bigger step sizes, 

a distribution of the roughness angles could be obtained with respect to the step 

sizes. The biggest roughness angle (a) for each step size was chosen as the repre

sentative angle for that step size. For it was assumed that if the joint had a shear 

displacement which was equal to the step size, the dilation angle would be the 

biggest roughness angle. Rengers plotted the representative angles with respect to 

the corresponding step sizes to get an envelope (Fig. 2.7). This envelope governs 

the dilatant angles for different step sizes, and where the positive angles represent 
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the clockwise shearing and the negative angles represent the counter-clockwise 

shearing. The dilation ( h) can thus be calculate by 

h = Ltana (2.2) 

where L is the step size in the measurements and also represents the shear dis

placement occurred to the joint. Rengers' way of obtaining the dilation of a joint 

only considers one side of the two walls of a joint. Besides, it is purely geometrical 

and the influence of the breaking of the asperities caused by the shear forces is not 

taken into account. Therefore, the dilation angles and the calculated dilations can 

only be considered as the possible maximum values. 

Patton (1966) performed a series of experiments to investigate the failure 

modes of artificial rough joints. The tests indicated that at low normal stresses, 

the joint tends to dilate and no damage of the teeth occurs. At very high normal 

stresses, the teeth are simply sheared off at base and no dilation occurs. While 

at intermediate normal stresses, the joint fi.~st dilates, and at a certain shear level 

when the shear force exceeds the shear strength, the tops of the teeth are sheared 

off. The breaking or damage to the asperities can change the roughness of the 

joints. And because the severity of damage to the asperities depends on the level 

of the normal stresses, the dilation decreases when the normal stress increases. 

The dilation will be completely diminished when the normal stress reaches a level 

where the parent material of the joint walls fails. 

Schneider ( 197 4) published an experimental investigation about the max

imum dilations under different normal stresses. The joints tested were model 

joints which were cast with model materials called hartformengips, moldano and 

alabasterformengips. And the surfaces of the model joints were replicas from nat-
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Figure 2.7: Dilation Angle Envelope by Rengers (1970) 
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ural joints. It was reported that the maximum dilatancy h of a model joint with 

respect to different normal stresses can be expressed as 

(2.3) 

where ho is the maximum dilatancy at zero normal stress (un) and k is a coefficient 

dependent on the roughness and type of the joint. 

The patterns of the dilation with respect to the normal stresses and the 

shear displacement are reported many times and are all similar as shown in Fig. 2.8 

(Schneider, 1974, 1976; Williams 1980; Bandis et 8.1., 1981; Fishman, 1988). Some

times, it is noticed that there is an initial compression in the dilation responses. 

This compression is probably caused by initial mismatching and usually it is quite 

small. 

As a summary, the dilatant behavior of joints is a basic characteristic of 

an initially closely mated joint. Dilation increases in the shearing process until 

an ultimate value is reached, and the maximum dilatancy for a given joint is a 

function of the normal stress applied. 
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Tangential Displacement u 

Figure 2.8: Dilation Patterns of Joints 
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2.7 Various Joint Models 

In this section, various models (or mathematical descriptions of joint behavior) 

are discussed. This section is divided into two parts: the first part discusses the 

failure models which are concerned only with the shear strength of a joint. The 

second part deals with the elastic and elasto-plastic models which also consider the 

stress-strain relationship of a joint. 

2.7.1 Failure Models 

Failure models describe the shear stress in relation to the normal stress and other 

parameters. A typical relation is shown in Fig. 2.9. This relation is generally 

nonlinear as long as the range of the normal stresses is wide enough. It is easy 

to observe from experiments that under a constant normal stress, the shear stress 

is not constant with respect to the shear displacement. Usually, the shear stress 

reaches a peak value and then decreases to a residual value. This phenomenon is 

termed softening and is found for most rocks (Jaeger, 1971; Goodman, 1974, 1976; 

Hoek and Bray, 1974). In failure models, emphasis is usually focused mainly on 

the modeling of the peak and residual shear stresses. 

Amonton (1699) proposed the earliest friction law, that is, the friction stress 

T is proportional to the normal stress Un applied; 

(2.4) 

where J1. is the proportionality constant termed friction coefficient, which is also 

expressed as: 

(2.5) 

- ......... - --"---"'~-----'--~-'--"-----'----- -- .. ---.. --.. -
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Normal Stress u n 

Figure 2.9: A Typical Shear Stress vs Normal Stress Relation 
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where </> is called the friction angle of the surface. 

Coulomb's law ( Coulomb, 1785) gives a better description of friction by 

introducing a cohesion interception c: 

(2.6) 

This law gives a better linear fitting for a nonlinear friction relation. Thus, it 

is useful only if the range of the normal stresses is not too wide. Besides, c is a 

constant from linear regression, it may not be the real cohesion when normal stress 

equals to zero. 

Archard (1958) analyzed many contact problems, and proposed a nonlinear 

power law of friction: 

(2.7) 

where k and m are constants. This model gives an improved description of both 

the peak shear strength and the residual shear strength for most rocks. 

Patton (1966) proposed a model based on a series of tests on the "saw-tooth" 

shaped artificial joints. The peak shear strength is assumed bilinear (Fig. 2.10), 

that is 

Tp = an tan( <Pu + i) (2.8) 

for low normal stresses, and 

Tp = an tan <Pu + C (2.9) 

for high normal stresses. Here i is the angle of the asperities, <Pu is the friction 

angle for a flat surface, and c is a constant (Fig. 2.10). 
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<Pu + i 

Normal Stress Un 

Figure 2.10: Bilinear Shear Strength Envelope (Patton, 1966) 
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Ladanyi and Archambault (1970) developed a nonlinear model to describe 

the peak shear strength of rock discontinuities by using the energy concept. Four 

strength components were considered and the following relation was derived: 

(2.10) 

where v is the dilation rate, as is the area of asperities which are sheared off, Tj is 

the shear strength of the intact rock, 4>u is the friction angle along a flat surface 

(i = 0), and 4>/ is the friction angle along a rough surface (i = 0). For very low 

normal stresses, no shearing off of asperities occurs (as = 0) and Eq. 2.10 reduces 

to 

Tp = Un tan( 4>u + i) (2.11) 

and for very high normal stresses, no dilation occurs (v = 0), and Eq. 2.10 reduces 

to 

Tp = un (1 - as) tan 4>u + a,,( Un tan 4>0 + so) (2.12) 

or 

Tp = Un tan ¢>o + So (2.13) 

The model by Ladanyi and Archambault (1970) features an extra term in 

the shear strength of the asperities. If this term is omitted (that is, a" = 0), 

Patton's bilinear model is obtained. This model requires more information which 

can not be obtained only from the shear tests of joints, and thus its application is 

limited. 

Jaeger (1971) proposed another nonlinear model which changes Patton's 

bilinear model into a continuous one (Fig. 2.11): 
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J aeger·'s , model 

Tp = a(l - e-bO'n) + O"n tan <Pr 

Patton's model 

Figure 2.11: Nonlinear Failure Model by Jaeger (1971) 
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(2.14) 

where a, b are constants and ~r is the residual friction angle. For very large values 

of normal stresses Un, Eq. 2.14 becomes 

T1' = a + Un tan~r (2.15) 

and for Un = 0, by making differentiation of the above equation with respect to 

Un, the initial slope can be obtained as 

dr. 
-1' = ab + tan~r 
dUn 

(2.16) 

Barton (1973) and Barton and Chouby (1977) proposed a model for peak 

shear strength of rock joints after summarizing extensive tests upon specially pre-

pared artificial rock joints. The peak strength was expressed as 

JOS 
T1' = Un tan[JRClog(--) + ~b] 

Un 
(2.17) 

where JRC, JCS are the Joint Roughness Coefficient and Joint Compression 

Strength, respectively, and ~b is the basic friction angle or the residual friction 

angle. This model combines the factors of joint wall compression strength and 

joint roughnesses into the strength provided by the asperities, and converts these 

factors into a component of the total peak friction angle. 

Schneider (1975) modified Patton's bilinear model by combining the angle 

of asperities of natural rock Joints. The model describes the peak shear strength 

as 

T1' = Un tan( ¢>o + i) (2.18) 

where i is the angle of asperities and 
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i = ioe -kiO'n (2.19) 

where ki is a constant and io is the dilation angle when the normal stress (7 n is 

equal to zero. 

In summary, most failure models attempt to relate the shear strength of a 

rough joint with the slope angle, and only a few try to relate the shear strength 

with the shear strength of the, asperities. However, the shear strength of a joint 

can be due to many other sources as discussed in the previous sections, so a more 

realistic model is needed in order to consider all the major factors involved, and 

if it is impossible to include all the factors, a macro approach is necessary which 

could consider all the factors in an average sense. Beside the difficulties mentioned 

above, the failure models are not capable of dealing with the post peak or softening 

phenomenon which is a basic characteristic of the behavior of a joint. 

The major disadvantage of the failure models is that they can not give 

descriptions of the stress vs displacement relationship which is necessary for cal-

culations involved with displacements other than the strength of the joints. The 

elastic and elasto-plastic models are capable of providing' this stress vs displacement 

relationship and these models are discussed below. 

2.7.2 Elastic and Elasto-plastic Models 

Goodman, Taylor and Brekke (1971) proposed a nonlinear model for rock joints, 

there the stress-strain relationship was expressed as 

(2.20) 

where the off-diagonal terms of the stiffness matrix are considered as the cou-

piing terms between the shear and normal behavior. This stiffness approach was 
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developed as a nonlinear elastic model and is not able to treat the unloading cases. 

Ghaboussi and Wilson (1973) proposed the possible application of plasticity 

theory in joint modeling by assuming the associative flow rule. The yield functions 

used are the Mohr-Coulomb failure law for non-dilatant joint, and the Cap (DiMag

gio and Sandler, 1971) type of yield functions for dilatant joint. The fixed failure 

envelop fJ and the hardening yield cap fe are expressed as 

fi( O'n, O's) = 0 

!e(O'n,O's,l\:) =0 

where I\: is the strain hardening parameter. 

(2.21) 

(2.22) 

Zienkiwicz et al. (1977) proposed an elastic-viscoplastic model for joint. 

The yield function F used is the Mohr-Coulomb failure law. Both associative and 

non-associative flow rules are assumed. The non-associative potential function Q 

has a similar type as the yield function, as 

F - T - 0' n tan( <p) - c = 0 

Q - T - O'n tan(1jJ) - canst = 0 

(2.23) 

(2.24) 

where 1jJ is the dilation angle and is less than the friction angle <p. Heuze and 

Barbour (1982) presented a review of available joint models. 

Plesha (1987) proposed a non-associative plasticity joint model. The feature 

of this model is to use a parameter called the asperity angle, a,C! to characterize 

the strength and deformation behavior of the joint. A damage model can also be 

developed by assuming a degradation function of ak. The yield function F and 

the deformation potential Q are expressed as 

F = 1 O'n sinak + T cos ak + p.(O'n cosak - Tsinak) 1= 0 (2.25) 
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Q = 1 Un Sinak + rCOSak 1= 0 

where f1. is the residual friction coefficient and ak is 

7rh • 7r gt 
ak = -sm-(1 +-) 

2Lk 2 Lk 

61 

(2.26) 

(2.27) 

where h, Lk are the height and size of the asperity and gt is the tangential displace

ment. With appropriate manipulation, the following results are obtained from 

Eq. 2.25 and Eq. 2.26: 

F - r-untan(±ak+¢»=O 

Q = r ± Un tan(±ak) = 0 

(2.28) 

(2.29) 

where ± indicates the direction of either up the slope or down the slope. From 

Eq. 2.28 and Eq. 2.29, it can be seen that this model extends Patton's model by 

expressing the dilation angle a as a trigonometrical function, and the dilation is 

determined by this angle. However, as pointed by Patton (1966), the asperities 

along a real rock joint would have different sizes, inclinations, internal strength, 

and coefficient of friction. Thus, a single mode of a single asperity could not 

reflect the multi-mode behavior of the multi-level asperities. And if higher order 

asperities are introduced, the model will become very complicated. Even so, this 

model considers only the geometry aspect of the joint property but as discussed in 

the previous sections, the behavior of a joint is influenced by many other important 

factors. 

Besides, real rock joints can rarely be characterized as a single asperity. 

The dilatant displacement of a rock joint is generally different from the sine wave 

pattern of a single asperity. The dilatant displacement of a rock joint usually 

increases first and then remains at a residual value (Rengers, 1970; Schneider, 

1974, 1976; Dight and Chiu, 1981; Leichnitz, 1985). 
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Desai and Fishman (Desai and Fishman, 1987; Fishman, 1988) developed a 

non-associative plasticity model by specializing a general 3-D hierarchical plasticity 

model (Desai et al., 1984, 1986, 1987). The yield function F and the displacement 

potential function Q are expressed as 

(2.30) 

(2.31) 

where n, 'Y are material constants, (l' is the growth function and (l'Q is the non

associative growth function. The model can be used for both quasi-static and 

cyclic loading conditions. However, softening was not included. 
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2.8 Disturbed State Concept Modeling 

The disturbed state concept (DSC) is based on the idea that the response of a 

material can be related to and expressed as the responses of the reference states 

(Desai, 1989; Desai, Wathugala and Armaleh, 1990). As a result, the behavior of a 

material is thus treated as the disturbance to the behavior of the reference states. 

And non-associativeness, anisotropy and strain softening can also be expressed. as 

disturbances with respect to the reference states. The progressive damage model 

developed by Frantziskonis and Desai (Frantziskonis and Desai, 1986; Frantzisko

nis, 1986) can be treated as a special case of the disturbed state modeling method. 

The behavior of the material which is considered to be continuous and 

remain intact during loading, and the behavior of the material under the critical 

state are adopted as the reference states. The former is termed the intact material 

and is said to be at the intact state. The later is termed the critical state material 

and is at the critical state. The disturbed state concept is successfully applied to 

the modeling of the dense and loose sands (Desai, 1989), but is not used to the 

modeling of the two dimensional joints yet. 

From the above review of joint modeling, the focus was mainly on the 

interlocking of the asperities and there is only limited consideration of the other 

characteristics of the joints. There is hardly any model that could explain the 

size effect of the joint behavior. And the modeling of the softening behavior is 

primitive. The major objective of this work is to develop a model which adopts 

the disturbed state concept modeling, and includes both hardening and softening 

behavior, with a framework that can include a number of important characteristics 

of a joint. 
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CHAPTER 3 

DISTURBED STATE CONCEPT FOR MODELING OF JOINTS 

3.1 General 

The behavior of a joint depends mainly on the property of the asperities of the joint 

walls and their contact conditions against the opposing wall. From the previous 

reviews, it is understood that the asperities of a joint can be divided into two 

categories: the damageable asperities and the non-damageable ones. And the 

shear resistance provided by these asperities can consequently be divided into the 

damageable and non-damageable components. Such response of a joint can be 

described by using the disturbed state concept modeling (Desai, 1989; Armaleh, 

1990; Katti, 1990). Therefore, in this chapter, we will discuss the formulation and 

application of the disturbed state concept for the behavior of joints and develop 

a joint model which is capable of describing and predicting the hardening and 

softening behavior of joints. Before introducing the disturbed state concept (DSC), 

idealization of the joint and definition of the basic variables will be presented. 

These variables will be used in joint modeling in the subsequent sections. 

3.2 Idealization of a Joint 

Properly defined variables are necessary and essential in describing the behavior 

of a joint. The variables needed for a joint are the stresses acting on the joint, 
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the displacements occurring at the joint, and the confining conditions from the 

environment surrounding the joint. This section will provide the idealization of a 

joint and identify the variables needed for the proposed model. 

3.2.1 Joint 

A joint is the region of two opposing surfaces of two contacting solids. The phys

ical properties of a joint are determined by these two surfaces and their contact 

conditions. Because natural surfaces are usually rough and full of asperities, the 

contacted surfaces will create a complicated joint configuration. 

In order to make the description of the behavior of a joint possible, idealiza

tion and simplification to the joint must be made. The joint is usually considered 

as a planar surface with two joint walls and a contact space (Fig. 3.1). These two 

walls are the planes that all the asperities are based on. The equivalent uniform 

thickness of a joint changes according to the contact conditions and it may vary 

from almost zero thickness for imaginary perfectly smooth joint walls, to a maxi

mum thickness where the opposing asperities merely touch at their tips. Here, the 

contact space is the contact zone of the opposing asperities and it can be assigned 

an averaged thickness, t. The middle plane between the joint walls is referred as 

the joint plane. A coordinate system can be established for the joint plane where 

the direction within the joint plane is taken as the tangential direction and the 

direction normal to the joint plane as the normal direction. 

3.2.2 Displacements 

The displacement of a joint is different from the deformation of a continuum. The 

displacement of a joint can be postulated as a combination of three components: 
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Natural joint Idealized joint 

Figure 3.1: Idealization of a Joint 
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the elastic deformation of the contact asperities, the plastic deformation of the 

contact asperities, and the slip displacement between the contact asperities of the 

joint. The first two components are often small compared with the slip displace

ment . 

The slip displacement of a joint reflects the property of the discontinuity. 

This displacement is mainly governed by the slope of the asperities and therefore, 

the slip displacement of a joint is highly directional. For continuous solids, how

ever, the deformation is not mainly from slip displacement but due to elastic and 

plastic deformations of the minerals. As for particulate materials such as sands, 

although the defo~mation includes slip displacements between the particles, the 

size of the sand particles are so small that the slip displacements can occur all 

directions and the gross displacements are usually not so highly directional as the 

slip displacement of the joint are. In the extreme case where a major shear band 

is formed, the slip displacements along the shear band is so large and directional 

that the shear band can virtually be treated as a special interface or discontinuity. 

The displacement of a joint can also be decomposed into the tangential 

and normal directions in the joint coordinate system. The tangential or shear 

displacement, u, and the normal displacement, v, can be expressed as 

u 

V 

ue + uP + us 

Ve+ VP+ Vs 

(3.1) 

(3.2) 

where ue, ve are the elastic deformations of the asperities, uP, vP are the plastic 

deformations of the asperities and u3, vs are the slip displacements of the contact 

asperities of the opposing walls, respectively. The plastic deformations of the 

asperities are often small compared with the slip displacements, and it is also very 
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difficult to separate them in measurements. So it is convenient if we can combine 

them and define the combined nonrecoverable quantities as the tangential or shear 

relative displacement, ur , and the normal relative displacement vr , as 

(3.3) 

(3.4) 

these relative displacements are nonrecoverable and are used in modeling herein. 

Now, we introduce an important concept called the critical tangential dis

placement U U (Fig. 3.2). At this value of tangential displacement, the shear resis

tance reaches its critical state when both of the shear stress and normal displace

ment would not develop further. For convenience, the critical tangential displace

ment U U is used to normalize the displacements as 

(3.5a) 

vn v 
(3.5b) -

UU 

urn ur 

(3.5c) -
UU 

vrn vr 
(3.5d) -

UU 

ucn Uc 
(3.5e) -

UU 

vcn Vc 
(3.5!) -

UU 

. -..•..... -...... -•.. _----------------_._._ .. . 
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Tangential Displacement u 

Figure 3.2: Critical Tangential Displacement uu 
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where the superscript n indicates the normalized displacement. For simplicity, we 

will drop the superscript n herein. And the notations u, v, ur , vr , ue and ve all 

stand for the corresponding normalized displacl3ments. 

3.2.3 Stresses 

Stress is the averaged force over a planar projected area. The definition of stress 

is dependent on the area used (see Fig. 3.3). Because the contact of the surfaces 

across a joint is only through a finite number of asperities, the actual contact 

area (A) is only a small fraction of the total projected area of the joint plane. 

The stresses defined by using the actual contact area are called the actual contact 

stresses. The tot8.I area of a joint plane is called the nominal surface area (Ao) 

and the stresses defined over this area are called the nominal stresses. The actual 

contact stresses defined over the actual contact area could be much larger than 

the nominal stresses. However, the nominal stresses are usually used in modeling 

because the determination of the actual area is very difficult and this area keeps 

changing during the deformation process. 

The stresses across a joint are separated into two components: the tangential 

stress, T, and the normal stress, (fn' If T and N are the tangential and normal 

forces applied (Fig. 3.3), and Ao is the nominal area, the tangential and normal 

stresses are defined as 

T 
T=

Ao 

N 
(fn =-

Ao 

(3.6) 

(3.7) 
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Ao 

Figure 3.3: Definition of Stresses 
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3.2.4 Environment of a Joint 

The surrounding environment of a joint is important in describing the behavior of 

a joint because it could result in different stresses reacted to the joint. The envi

ronment of a joint is the confining condition or restrains to the relative movements 

of the joint. For simplicity, we can use stiffness to represent the environmental 

reactions to the joint (Fig. 3.4). These stiffnesses are the tangential environmental 

stiffness, Kj, and the normal environmental stiffness, fc:J, and they are different 

from the stiffness of a joint. Let's consider an example to illustrate the meaning 

of the normal environmental stiffness, K3: when a joint experiences a dilation !:l.d, 

the joint penetrates the environment and the environment will induce a reaction 

to the joint. This reaction is represented by the increased normal stress !:l.un , such 

that 

(3.8) 

If the normal environmental stiffness, K3, is equal to zero, then the dilation can 

be developed freely as in the shear tests with constant normal stresses. The envi

ronmental stiffnesses are very useful in describinB certain stress paths which will 

be discussed next. 

3.2.5 Stress Paths 

The applied loads could follow certain stress paths. There can be many arbitrary 

stress paths possible, and usually three of the stress paths are considered important 

in engineering practice, that is 

• Normal Compression: The joint is subjected to increasing normal stresses 

with no shear stress. This is in the situation where the underground horizon-
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Figure 3.4: Environmental Stiffness 
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tal joints are subjected to a uniform normal loading applied at the ground 

surface (Fig. 3.5). 

• Shear with Constant Normal Stress: The joint is subjected to shear stresses 

with a constant normal stress. This is in the situation of a sliding slope 

(Fig. 3.6). 

61 Shear with Constant Normal Environmental Stiffness: The joint is under 

shear where the environmental stiffness is constant, that is, the normal stress 

will increase in proportional to the normal dilation of the joint. This is in 

some cases of the sliding faults under shear, where dilation can not be freely 

developed (Fig. 3.7). 

-_ .... ,- .. , .... --,. __ .. _-----_._-------- '_ .. _._--_ ...... " .. 
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Figure 3.5: (a) Normal Compression Stress Path and (b) Foundation on Layered 
Rock Masses 
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T 

Figure 3.6: ( a) Shear with Constant Normal Stress and (b) Slope with a Constant 
Normal Dead Load 
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K; is const 

Figure 3.7: ( a) Shear with Constant Normal Environmental Stiffness and (b) Slid
ing Fault with a Constant Normal Confining Stiffness 
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3.3 The Concept of Various States 

In the disturbed state modeling, the concept of various reference states is of great 

importance. Let's explain the concept of these states with an example: suppose 

there is a container filled with ice. When the container is heated, the ice will finally 

thaw into water. The ice is the material at the original state and the water is the 

material at the critical state. The initial state where no ice is thawed is the original 

state, and the final state where all the ice is thawed is the critical state. 

During the period starting from ice at the original state and ending with 

water at the critical state, there are many intermediate states where the container 

includes both ice and water. These intermediate states are said to be in the dis

turbed state. During the disturbed state, the ice gradually changes to water and 

there exists a mixture of ice and water. 

In the case of a joint, the concept of the original or intact state and the 

critical state is similar to the initial state of ice and the final state of water. And 

the concept of disturbed state is similar to the ice-water mixture. 

The modeling by using the concept of disturbed state is based on the hy

pothesis that the disturbed state is related to or can be expressed with reference to 

the original state and the critical state. In the following sections, we will analyze 

and justify this hypothesis, and discuss the special implications of the concept of 

disturbed state in the joint case. 

Before going any further, there are two terms that need to be defined. The 

term "material" indicates all the aspects of the material constituents. In the case of 

sands, for example, material includes the constituents, the particle arrangements, 

the density and so on. And for a joint, material refers to the geometry of the joint 
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wall surfaces, the constituents of the joint wall materials, the filler materials in the 

joint, the contact situations of the two opposing walls, etc. 

The term "state" refers to the condition of both the joint material and the 

behavior of the joint material. It is assumed ~hat when undergone a loading, the 

joint experiences state changes from the original state, to the transient state, and 

finally to the critical state. The transient state is taken as the disturbed state in 

the sense that the joint is disturbed from the original state towards the critical 

state. 

3.3.1 Original State 

The original state of a joint is the initial state of a joint which is going to be 

subjected to loading. It is at certain initial conditions, of the joint wall roughness, 

the asperity distribution, the fillers and the mating of the joint walls. The original 

state is determined by these initial conditions of a joint, or the material at the 

initial state. 

The material at the original state is usually called the intact material. But 

the term "intact" can only be understood in a relative sense since the initial joints 

do not always refer to fresh joints without any previous loading history. The term 

"intact" only means that the asperities of the initial joint are intact now and would 

be damaged in the loading process. 

The intact material of a joint can be defined as the contacts that keeps their 

original contact properties before being damaged or losing contact. 

The material at the original state has its own distinct mechanical behavior. 

In our example, the original state material ice behaves as a solid. It will keep its 

mechanical properties even when it is mixed with other materials in the disturbed 
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state. 

3.3.2 Critical State 

The concept of critical state comes originally from the shear tests on sands. It was 

reported by Casagrande (1936) that the void ratio at large strains was the same for 

a large number of shear tests even though the initial void ratio for these tests was 

different, and this void ratio was called "the critical void ratio". Watson (1939) 

later found that the critical void ratio was dependent on the vertical effective stress. 

Tailor (1948) ran constant volume triaxial tests to verify the concept of critical void 

ratio. It was found that at large strains, there is a unique confining pressure for 

a specific Dr required to maintain the sample at a constant volume. Therefore, 

at large strains the void ratio is only related to the confining pressure. If that 

happens, we say that the sands is under the critical state. 

The joint is said to be at the critical state when at large shear displacements, 

both the dilation and shear resistance of a joint reach their stabilized values under 

a certain normal load. At critical state, in the limit, all the damageable asper

ities have vanished, and the only asperities that are participating in providing 

the residual constant shear resistance are the non-damageable ones. Those non

damageable asperities will not be damaged with further shearing and the shear 

resistance provided by them will keep the residual value. 

That a joint reaches the critical state does not mean that now this joint 

becomes perfectly smooth or does not have any roughness. Because further defor

mation and damage to these asperities would be possible if a (larger) normal stress 

is applied. 

The critical state is only meaningful when it is referred to a certain normal 
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stress. As mentioned in Chapter 2, the size of the non-damageable asperities is 

related to the normal stress level applied. When reaching a critical state and t,hen 

the normal stress is further increased, the increased normal stress corresponds to a 

new critical state because the size of the damageable asperities increases too. The 

new critical state could not be reached until those new damageable asperities are 

all damaged with further shearing. 

The joint at the critical state is not necessarily smoother or rougher than 

at the original state. A rough joint could become smoother when it reaches the 

critical state if damage of the asperities occurs. But it can also be true that a very 

smooth joint could become rougher when the smooth surface is made rough through 

indentation and ploughing troughs. Therefore, the shear resistance provided by a 

joint at the critical state is not necessary larger or smaller than that at the original 

state. When a joint is weaker or smoother at the critical state, strain softening 

is likely to occur. And when the joint becomes stronger or rougher at the critical 

state, hardening will occur. 

The critical state material also has its own mechanical behavior. In our 

example, the critical state material water behaves as a liquid. It will keep its 

mechanical properties even when it is mixed with the intact material. 

3.3.3 Disturbed State 

The concept of the disturbed state of a joint is similar to the ice-water mixture 

case. The disturbed state for a joint is the intermediate state from the original state 

until the critical state is reached. And during the disturbed state, the damageable 

material and the non-damageable material co-exist. The damageable materials 

are gradually damaged and will finally vanish, while the proportion of the non-
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damageable material increases, and finally non-damageable materials are the only 

contact materials which provide all the shear resistance for the joint at the critical 

state. 

The reason that the original state changes to the critical state is that the 

material changes during the disturbed states. From Chapter 2, we know that the 

materials of a joint which participate in providing shear resistance can be divided 

into two par.ts, that is, the damageable and the non-damageable. The damageable 

materials are those asperities that are broken or lose contact during shearing, and 

those contacts that are separated by the debris. The non-damageable materials are 

those asperities that are not breakable under the applied nonnal stress with further 

shearing. Some secondary asperities, the plateaux fonned, and the compacted 

gouge materials belong to the non-damageable category. 

The losing of the damageable material and the fonnation of the non

damageable materials could be summarized in three stages: before the peak shear 

stress, around the peak, and finally post the peak (Fig. 3.8). Before the peak shear 

stress, dilation and minor damage cause losing of contact of some damageable as

perities. Around the peak, sever rupturing of asperities and high rate of dilation 

damage most damageable asperities. And post peak, debris are gradually com

pacted, secondary asperities and plateaux are finally formed. Therefore, during 

the process the proportion of damageable materials is gradually decreasing and 

that of the non-damageable materials is gradually increasing. 

The material at the disturbed state is a mixture of two kinds of materi

als, the intact material and the material at the critical state. Consequently, the 

mechanical behavior at the disturbed state is a combination of the mechanical be-

-------- -_._ .. 
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Figure 3.8: Change of Damageable and Non-damageable Materials 
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havior of both the original state and the critical state materials. This is the basis 

of the disturbed state modeling and we will apply this concept in the following 

derivations. 
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3.4 Joint Models of Various States 

Materials for the intact state and the critical state behave differently and their 

behavior can be modelled by different joint models. The material at the disturbed 

state is a mixture of the materials at the original state and at the critical state. 

Therefore, its behavior can be described by the combination of the original state 

and the critical state. In the following, we will discuss the joint models at the orig

inal state and the critical state, and then propose a joint model for the disturbed 

state. 

3.4.1 Joint Model for Intact Behavior 

From the last section, we have discussed that the intact material will keep its own 

mechanical behavior during the disturbed state as long as it is not damaged and 

changed to the critical state material. In our example, ice, the intact material, be

haves like a solid before it is changed to water. And for joints, the intact asperities 

will have their own mechanical behavior until they are damaged. 

This behavior of the intact material can be modelled by using any ap

propriate frameworks such as the theory of elasticity, the theory of plasticity or 

visco-plasticity. In the case of rock joints, the model should be able to describe 

the strain hardening property of the intact joints. The elasto-plastic joint model 

developed by Desai and Fishman (Desai and Fishman, 1987; Fishman, 1988) is an 

appropriate model and will be used in this study. 
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Elasto-plastic Model for Intact Response 

By specializing the generalized three-dimensional elasto-plastic model developed 

by Desai (1980a), Desai and Faraque (1984), Desai et al. (1986), and Desai et al. 

(1987), Desai and Fishman (Desai and Fishman, 1987; Fishman, 1988) proposed 

a model for planar joints. Here the yield function, F, is expressed as 

F = r2 + au n n - "((1 n 
2 (3.9) 

where n, "( are material response constants, a is the growth or hardening function 

and is expressed as 

(3.10) 

where e is the plastic displacement trajectory (e = f (durdur + dvrdvr)t) and a, b 

are material constants. In the case of non-associative flow rule, the plastic potential 

function Q can be expressed as 

(3.11) 

where aQ is the new growth function and is expressed as 

(3.12) 

where Ii, is a material constant and ar is the value of a at the initiation of non-

associativeness. The parameter r ll is equal to ellie, where ell is the normal plastic 

displacement trajectory (ell = f dvr ). 

The yield function F (Fig. 3.9) involves a series of continuous convex sur

faces which expand towards an ultimate surface during deformation. And the 

ultimate surface, which represents asymptotic (shear) stress, can be expressed as 

(with a = 0), 

.... -... __ .-_._. __ ._------
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Figure 3.9: Yield Function F 
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(3.13) 

or 

(3.14) 

which is a straight line in the T VS Un plot (Fig. 3.9). 

However, in many cases the experimental data manifest that the ultimate 

shear stresses can more realistically be expressed as a power function of the normal 

stresses (Archard, 1958). This is especially true if the range of the normal stresses 

is considerably large. Therefore, the validity of the relation expressed by Eq. 3.13 

is only limited to cases when the range of the normal stresses is small. In order to 

overcome the difficulty mentioned above, we wi~l use a more general yield surface, 

that is 

(3.15) 

where q is an ultimate constant and the ultimate surface is expressed as 

(3.16) 

which is a curved line in the T VS Un plot if q is less than 2 (Fig. 3.10), and will 

still be a straight line if q is equal to 2. 

3.4.2 Joint Response at the Critical State 

The critical state is a steady state where the stresses and normal displacement are 

stabilize.d. The joint model at the critical state consists of two parts: the modeling 

of the critical shear stress, and the modeling of the critical dilation. We realize that 

... --.. -.-.---~.-----
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Figure 3.10: Ultimate Yield Surface 



90 

the critical shear stress and the final dilation are functions of the normal stresses 

applied and are independent of the shear displacement. 

The friction failure models discussed in the reviews of Chapter 2 can provide 

the modeling of the critical shear stress. The failure model proposed by Archard 

(1958) is a simple one yet it gives a very good description of the shear stress at the 

critical state. Archard's non-linear power law model can be expressed as follows: 

(3.17) 

where T C is the shear stress or shear resistance at the critical state, Un is the normal 

stress applied, and Co, m are material constants. 

The final dilation or the maximum dilation at the critical state (VU
) is found 

to have a relation with the normal stress (Schneider, 1974), as 

(3.18) 

where V o is the maximum dilation when the normal stress (un) is equal to zero and 

k is a material constant. 

3.4.3 Joint Response at the Disturbed State 

In the last section, we discussed the disturbed state concept for the joint case and 

next will complete the formulation of the joint model based on the disturbed state 

concept. And before doing that, let's look at the three-dimensional case where 

most formulations are provided by Desai (1989), Wathugala and Desai (1987). 

Modeling for Three-Dimensional Solid 

From the last section, the material response under the disturbed state can be 

expressed in terms of its response at the intact and the critical states. The stresses 



----.-. ..-.-. 

91 

and strains under the disturbed state can then be expressed under the intact and 

critical states according to the disturbed state theory. Let's look at Fig. 3.11. In 

this figure, the material is represented as a homogeneous and isotropic mixture of 

the intact material of the original state, and the disturbed material at the critical 

state. The shear resistance and deformation are provided by both materials in the 

mixture. Therefore, the total shear resistance along any plane (eg. A-A) can be 

expressed as 

(3.19) 

where TO is the averaged or measured shear resistance of the mixture material, TC 

is the shear resistance provided by the critical state material and Ti is the shear 

resistance provided by the intact material. The superscript a, c and i represent 

the average, critical and intact, respectively. 

If we write Eq. 3.19 in terms of stresses, we have 

(3.20) 

where Sij, Sf; and Sf; are the average shear stress, the shear stress at the critical 

state and the shear stress at the intact state, respectively, and A, A C and Ai are the 

total area, the area occupied by the critical state material, and the area occupied 

by the intact material, respectively, and 

(3.21) 

Dividing both sides of Eq. 3.20 by the total area A, we obtain 

S~. = AC S~. + Ai S!. 
'3 A '3 A '3 

(3.22) 
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Figure 3.11: Solids at Disturbed State 
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and if we define a disturbance function D by the area ratio of the critical state 

material to that of the mixture as 

(3.23) 

and 

A-AC Ai 
1-D= =-A A (3.24) 

Now, we can re-write Eq. 3.22 as 

Sf; = DS& + (1- D)Sjj (3.25) 

The disturbance function D can be taken as a special disturbance function 

(Desai, 1989), and one form of the damage function proposed by Wathugala and 

Desai (1987) is expressed as 

(3.26) 

where r is the damage function, and ru and a are constants and eD is the deviatoric 

plastic strain trajectory. A similar damage function was proposed by Frantziskonis 

and Desai (1987), which is 

(3.27) 

where r u , '" and R are material constants. 

Let's look at Fig. 3.11 again. The total longitudinal strain along a column 

(B-B) is the sum of the strains provided by both the intact material and the critical 

state material, that is 

(3.28) 
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where I, IC and Ii are the total length, the length of the critical state material, and 

the length of the intact material, and fa, fC and ft are the average longitudinal 

strain, the strain in the critical state material and the strain in the intact material, 

respectively. When divided by the total length I, we obtain 

IC Ii. 
fa = -fc + -f' 

I I 
(3.29) 

and we can re-write the above equation as 

(3.30) 

if we assume that 

VC AC IC 
D=-=-=-

V A I 
(3.31) 

where V is the total volume of the mixture, and VC is the volume occupied by the 

critical state material. Eq. 3.31 is justified since we have made an assumption that 

an element of the mixture is homogeneous and isotropic, and thus the material 

ratio is the same in the one-dimensional, two-dimensional and three-dimensional 

cases. 

Modeling for Two-Dimensional Joints 

Joint is assumed planar, and hence is different from the three-dimensional solid. 

Here we make a similar assumption as the solid case that the joint material is a 

mixture of the intact and critical state materials, and this mixture is homogeneous 

and isotropic in the plane of a joint. Figure 3.12 shows a joint at the disturbed 

state. The total area (AO) can be separated into two parts, that is, the intact or 

damageable contacts (Ai) and the critical or non-damageable contacts (AC), that 

is 

.--_ .•.......... _- .-.--~---------
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(3.32) 

SHEAR DISPLACEMENT 

The shear resistance is provided by both th~ damageable and the non

damageable materials. The shear resistance along the joint plane (A-A) is similar 

to the solid case in that the total shear resistance is the sum of the shear resistance 

by the intact and the critical state contacts. IT we follow the same way of derivation 

as in the solid case, we obtain 

(3.33) 

where T is the shear resistance and the superscripts a, c and i represent the average 

or measured, critical state and intact ,shear resistances, and DT is the disturbance 

function in shear, and can be expressed as in Eq. 3.26 or 3.27. 

NORMAL DISPLACEMENT 

Now, let's discuss the normal displacement of a joint. The normal displace

ment v can be divided into three components as in Eq. 3.2, that is 

where ve , vP are the elastic and plastic deformations of the asperities and v 6 is the 

slip displacement between the joint walls. 

ELASTIC DISPLACEMENT ve 

The elastic deformation ve can be computed by the normal elastic stiffness 

Kn and the normal stress applied, as 

(3.34) 
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Figure 3.12: A Joint at Disturbed State 
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PLASTIC DISPLACEMENT vP 

The plastic deformation vP is the plastic compression of the asperities. At 

the critical state, the plastic deformation reaches its steady and critical compression 

vp0. In the framework of disturbed state concept of modeling, we assume that the 

asperities reach their critical compression once they are in the critical state. At 

the disturbed state, we can express the plastic deformation as, 

vP = Dpvp0 (3.35) 

where DP is the disturbance function for the normal plastic deformation. We can 

propose DP function based on assumption or observations, and will be used in 

the formulations in the next section. Unfortunately, there is scarce research on 

this aspect and the understanding on the plastic deformation is very limited. One 

major evidence that the plastic deformation is significant comes from the fact that 

there is an initial compression for some tested rock joints. However, this evidence 

still needs verification. The reason is that initial compression of a joint can be the 

result of other factors such as initial mis-mating (see Fig. 3.13). Initial mis-mating 

can cause initial compression if shear takes place in the direction of increasing 

mating. 

Later, we will make an assumption that the plastic deformation of the as

perities vP is negligible for joints in hard rocks. This is based on the experimental 

observations that the damage of most rock joints ( especially hard rock joints) in

volve rupture failure with no trace of plastic flow on the particles of the damaged 

asperities ( Coulson, 1971; Byerlee, 1967). That is to say, those damaged asperities 

have experienced negligible plastic deformation before being sheared off. Therefore, 

for joints in hard rocks, we can assume that the plastic deformation is negligible. 
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SLIP DISPLACEMENT v 6 

The slip displacement v6 reflects the total effect of the damage of the asper

ities and the mis-mating process, and can be expressed as 

(3.36) 

where V U is the critical dilation of a joint under a given normal load, and Dv is the 

disturbance function for the normal slip displacement and can be expressed as 

(3.37) 

The critical dilation V U is dependent on the normal stress applied. It is 

found that V U has a relationship with the normal stress (7n (Schneider, 1974), as in 

Eq.3.18, 

where k is a constant and VO is the ultimate dilation when the normal stress is 

equal to zero. 

Figure 3.14 gives the schematic of the slip displacement v". It is seen that 

for a given normal stress (7n, there will be a corresponding critical dilation V U
• 

These different critical dilations result because the damage levels occurred to the 

asperities are different. The severer the damage to the asperities, the smaller the 

critical dilation will be. It is found that the damage levels are dependent on the 

normal stresses applied. The larger the normal stress, the severer the damage will 

be. And when the normal stress is equal to zero, there will be negligible damage 

to the asperities and the critical dilation reaches its maximum value va. At this 

maximum value of dilation, the joint also reaches its loosest state. 

.. .-------- - .. _-------
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This loosest state reveals another feature of joints besides the damage char

acteristics. Along the dilation process, the joint looses up. This loosing up changes 

a joint from the most mated to the totally mis-mated position. And at the same 

time, some of the asperities lose their contact and interlocking with the opposing 

asperities. This process will not terminate until the joint reaches its critical state, 

or reaches its critical dilation V U
• 

Therefore, a joint mainly experiences two simultaneous processes, that is, 

asperity damage and mis-mating. The damage level determines the critical state 

dilation VU and the disturbance function in normal displacement (DtJ) determines 

the way that the normal displacement reaches this critical dilation. 

Here, we also assume that the joint is initially closely mated. If for some 

reason, the joint is initially mis-mated and then a shear test is performed, there 

might be an initial compression due to shear displacement (see Fig. 3.13). This 

kind of mis-mating could be the main source of initial compression for most joints 

in hard rocks. This compression is possible and can be very large, but we assume 

that this situation will not occur in our analysis. 

If the normal stress is so high that very sever damage occurred to the joint 

and as a result, the critical dilation VU is close to zero, there will be no dilation at the 

joint. Similar situation will occur when the joint is in an extreme configuration 

(see Fig. 3.15), where tangential slip displacement can only be realized through 

shearing off the asperities and normal dilation is not possible. 

If the joint is very smooth such that the asperities are very tiny, we may 

expect that this is a special case. However, this is actual similar to the case of a 

rough joint. The only special reason is that the value of the normal displacement 
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Figure 3.15: An Extreme Configuration of Joints 
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is so small that we may have an illusion that normal displacement is in a steady 

state. Actually, no matter how smooth the joint is, there will still exist roughness 

(or asperities) and the previous formulations are still valid. 

As for the case of normB:! compression tests, we assume that all the contacts 

are intact contacts. Therefore, the normal behavior can be described by the intact 

joint model. And since this case is related to the intact joint model, we will not 

give more detail about this situation here. 

3.5 Incremental Formulations 

In this section, we will give incremental formulations based on the discussions in 

the previous sections. The incremental formulations are composed of two major 

parts, that is, the intact response and the averaged (or measured) response. Let's 

first discuss the intact response. 

3.5.1 Intact Response 

The elasto-plastic joint model mentioned above will be implernented into incremen

tal form in order that it can be used to describe the intact behavior of ajoint. Next, 

we will give the derivation of the incremental stress-displacement relationship in 

matrix form. And since the variables are all associated with intact behavior, we 

will use a superscript i for every these variables. 

The stress and total displacement vectors are expressed as 

(3.38) 

and 
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. { U
i 

} {US} = vi (3.39) 

The elastic displacement and the relative displacement are expressed as 

(3.40) 

and 

(3.41) 

The elastic stiffness matrix is expressed as 

[
'K 0 1 [K] = ' 
o Kn 

(3.42) 

where K, and Kn are elastic shear and normal stiffnesses and the coupling terms 

are ignored. The incremental stress-elastic displacement relation can be written as 

(3.43) 

and the elasti.c displacement can be expressed as the total displacement minus the 

relative displacement, that is 

(3.44) 

By substituting Eq. 3.44 into Eq. 3.43, we obtain 

(3.45) 

By assuming the associative plasticity flow rule, we can express the relative 

displacement as (note: q~ is the normal stress but qi is a vector defined in Eq. 3.38) 

,---~~----.... -----
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(3.46) 

where ,\ is a scalar factor, which can be obtained by using the consistency condition 

of the yield function, that is 

(3.47) 

with 

(3.48) 

and by substituting Eq. 3.46 into Eq. 3.48, we obtain 

(3.49) 

and we finally obtain the expression of ,\ from Eqs. 3.47 and 3.49, as 

(3.50) 

The stress-total displacement relationship is obtained from Eqs. 3.45, 3.46 

and 3.50, as 

(3.51) 

and 

(3.52) 
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and we can write Eq. 3.52 as 

(3.53) 

where 

[Kf" = [K ] - [K] {~H-frt [Kl 1 

{ 8F }T { 8F} 8F ({ 8F }T { 8F }) 
2 

a;;; [ K] a;;; - Te a;;; a;;r 

(3.54) 

And by using the field function F, Eq. 3.15 and a, Eq. 3.10, that is 

we expand Eq. 3.54 and obtain the detailed formulation as follows : 

(3.55) 

and the elements are obtained by using Eqs. 3.54, 3.15 and 3.10, as 

(3.56) 

ki = KsKn 8F 8F 
sn Mv 8ri 8a~ 

(3.57) 

ki = KnKs 8F 8F 
ns Mv 8a~ 8ri 

(3.58) 

. ,.. Kn 2 8F 8F 
k~n = An + M -8 i -8 i 

V an an 
(3.59) 



where 

and 

aF b( i )neb-1 - = -a (f ae n 

a~ = 2Ti 
aT' 

aF ( i )n-l (;)9-1 -a . = nO! (fn - 'Yq (fn 
(f' n 

3.5.2 Disturbed State Response 
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(3.60) 

(3.61) 

(3.62) 

(3.63) 

In the previous section, we discussed the theory of the disturbed state modeling 

and here, we will summarize all the formulations for the joint model and develop an 

incremental form which will be used in Chapter 4. The superscript a indicates that 

the variables are used for the averaged or measured responses and the superscript 

i refers to the variables for the intact responses. 

The averaged or measured shear stress (Ta) can be described as 

(3.64) 

where D-r is expressed as 

(3.65) 
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and r C is expressed as a function of normal stresses in Eq. 3.17, as 

The normal displacement can be described as 

(3.66) 

where DpvpO is the plastic deformation and at the present time, we will omit this 

term. vC
, DlI and VU are expressed in Eqs. 3.34, 3.37 and 3.18 as 

V
C 

(1a 
- .....!l. 

Kn 

DlI - 1 - exp (-II:"eD R.) 

V
U - VO exp (-k(1~) 

Taking incremental form of the shear stress in Eq. 3.64 and the normal 

displacement in Eq. 3.66, we obtain 

or 

D drcd a ( D )d i (C i) dDT d'c 
- T d(1~ (1 n + 1 - T r + r - r deD t"D 

1 daD dv
u

d a udDvdc 
- Kn (1n + v d(1~ (1n + V deD t"D 

(3.67) 

(3.68) 

(3.69) 

(3.70) 

The stress - displacement relationship for intact joint behavior can be ex-

pressed as in Eq. 3.55, that is 

(3.71) 

where 

.. - ................ _._--_ ..•• _ .. _--



Ii 

109 

(3.72) 

We assume that the nonnal stress for intact joint is the same as the measured 

nonnal stress O'~ and the relative tangential displacement for intact joint is the same 

as the measured relative displacement, therefore, 

. 1 . 
du' - -dr' 

Ka 

(3.73) 

(3.74) 

By combining Eqs. 3.69, 3.70, 3.55, 3.73 and 3.74, we can finally obtain the 

stress-displacement relationship for the measured or averaged behavior, as 

where 

and the components can be expressed as 

k:a - 1 drl 

M nn 

k:n =- 1 drl 

M an 

k:a =- 1 drl 

M na 

k:n 
1 drl - M IJIJ 

where 

(3.75) 

(3.76) 

(3.77) 

(3.78) 

(3.79) 

(3.80) 

(3.81) 

(3.82) 
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D d.,.e +Ndi 

d:n 
"'dUG .n (3.83) - N - (;C _ ri)dDr 

cl(D 

vudDp 
d:. - cl(p (3.84) -

N - (rc - ri)~D 

d:n - 1 dv
u 

D udDv dQ 

K n + dO'~ v + v deD .n (3.85) 

and where 

dD.,. Ii:R( ur)(R-l)(1 - D.,.) (3.86) 
deD -
drc 

com( O'~)(m-l) (3.87) 
dO'~ 

-

dDv Ii:.R.(ur)(R.-l)(1 - Dv) (3.88) 
deD 

-

dvu 
-kvo exp (-kO'~) (3.89) 

dO'~ 
-

N 
(1 - D.,.) 

(3.90) - ...!.. -di 
K. ... 

and in Eqs. 3.83 and 3.90, there are two terms which are related to the intact 

stiffness matrix [Kirp (Eq. 3.55), that is 

. _ki 
~n = . . ..n .. 

k! .. k~n - k!nk~ .. 
(3.91) 

d! .. = ki ki k~n ki ki 
u nn an na 

(3.92) 

By using Eq. 3.75, we can calculate any two variables if the other two are 

given. And in the shear tests which will be verified in Chapter 4, the increments 

of the normal stress are known, such that 

(3.93) 

where K~ is the environmental normal stiffness applied. J(~ is a constant for the 

constant normal stiffness tests and is zero for the shear tests with constant normal 

stresses. 

.. -. -_._--_ ... _---------
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Therefore, for any given one increment of drel , duel or dvel , the other two can 

be calculated by using Eq. 3.75 since dO'~ is already known. And in our predictions 

and back predictions, the tangential displacement duel is the one that is given first, 

the other variables are then determined. 

In Chapter 4, verifications will be made by back-predicting and predicting 

several sets of data from shear tests. The verifications are based on the incremental 

formulation developed in this chapter. 

~ ............. - ...... -... -.. -.--~--.--------
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CHAPTER 4 

VERIFICATION AND DETERMINATION OF CONSTANTS 

4.1 General 

In this chapter, verification will be made for the disturbed state joint model dis

cussed in Chapter 3. Four series of tests are used for verifications for the disturbed 

state joint model. The test series selected possess their own characteristics of 

test conditions and joint behaviors. The test series by Fishman (1988) provides 

the shear hardening behavior of joints under test condition of constant normal 

stresses. The test series by Schneider (1974) provides softening behavior of joints 

under constant normal stresses where the joints have a same joint roughness. The 

test series by Bandis et al. (1981) provide softening behavior of joints under con

stant normal stresses with the joints having varying joint roughnesses. And finally, 

Williams' tests (1981) provide a test series under test condition of constant normal 

stifi"nesses. 

The procedure in determining the constants needed for the disturbed state 

joint model will be discussed first. 

4.2 Determination of Material Constants 

The proposed joint model involves a number of material constants and they can be 

determined from a series of tests on joints. The material constants can be divided 

------ .... 
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into four categories: the elastic constants, the constants for describing the critical 

state, the constants for the intact state, and the constants for the disturbed state. 

The material constants are all1isted in the following: 

1. Elastic Constants: 

2. Intact Joint In Yield F\mction F: 

a,b,n,,,(,q 

3. Critical State 

a. Critical shear stress: 

Ca,m 

b. Critical dilation: 

4. Disturbed State 

a. Disturbance function: 

K.,R 

b. Sliding function: 

There are fifteen constants needed for the proposed model. But parameter 

q equals to two times of m and thus we have fourteen constants altogether. We 

will explain the procedure of finding these constants in the following sections. But 

due to the large number of figures involved, we will only choose several typical of 

them to illustrate the process of finding the constants. 
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4.2.1 Elastic Constants 

There was only limited study on the elastic stiffnesses of joints at early times 

and even now, elastic stiffness data are rarely published. Table 4.1 and Table 4.2 

present some stiffness data provided by Einstein et al. (1983) and by Goodman et 

al. (1972). In Table 4.1, only the shear stiffness data are presented. The values of 

the shear stiffness vary from 0.2 to 2.0 (MPa/mm) fqr the soft rock joints, and up 

to 89 (MPa/mm) for the relatively hard rock joints. 

In Table 4.2 by Goodman et al. (1972), both the shear stiffness and the nor

mal stiffness data are presented. The values of the shear stiffnesses vary from 0.27 

to 1.93 (MPa/mm) for the sandstone joints, and vary from 0.24 to 4.07 (MPa/mm) 

for the granite joints. The normal stiffness values vary from 5.40 to 5.60 (MPa/mm) 

for the sandstone joints, and vary from 5.22 to 67.64 (MPa/mm) for the granite 

joints. The normal stiffness is always greater than the shear stiffness and the ratio 

of the normal stiffness to the shear stiffness varies from 1.4 to 83. 

The stiffness data shown in Table 4.1 and Table 4.2 are actually the ini

tial stiffness defined by the initial slope of the stress-displacement curves. This 

definition of the elastic stiffnesses may have difficulty in the case where plastic 

displacements are present from the very beginning of loading. And here we will 

give an alternative definition for the elastic stiffnesses. 

The elastic shear stiffness KII is defined as the unloading slope of the shear 

stress versus shear displacement plot which is obtained from a shear test with a 

constant normal stress, as shown in Fig. 4.1. The elastic normal stiffness J(n is 

the unloading slope of the normal stress versus normal displacement plot which is 

obtained from a normal compression test, as shown in Fig. 4.2. 
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Table 4.1: Shear Stiffnesses by Einstein et al. (1983) (MPa/mm) 

Rock Type Discontinuity Type K/J 

Range Mean 

CLAYSTONE Oriented lamination 0.2-1.0 0.6 

Non-oriented Lamination 0.3-0.7 0.5 . 
LIGNITE Intact Rock 0.3-2.0 0.8 

Fracture 0.3-0.4 0.4 

AMPHIBOLITE Sawn 9-19 15.0 

Joint 2-89 11.0 

MONZONITE Joint 0.3-11 4.0 

However, unloading during a shear test has not been performed for the test 

data which will be back-predicted in the next section. Hence, the initial shear 

stiffnesses are used as the shear stiffnesses as approximations. The data for the 

normal stiffnesses are also not available, but a value of 5 is chosen for the stiffness 

ratio based on the study of the stiffness ratio above. 
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Table 4.2: Stiffness Data for Filled Joints by Goodman et aI. (1972) (MPa/mm) 

Test No. Rock Type Kn K6 Kn/KIJ 

25 Sandstone 5.60 0.27 20.6 

26 Sandstone 5.40 1.93 2.8 

28 Sandstone 5.40 1.28 4.2 

47 Sandstone 5.43 1.66 3.3 

69 Granite 5.22 0.24 22.6 

70 Granite· 16.92 0.76 22.3 

71 Granite 67.64 0.81 83.0 

72 Granite 7.23 4.07 1.4 

-----_.... .......... .. ... -".,".,,-.--.-.~ .. ,-.. ., .... - .. _-_.- ... ---_._- _. __ .. ..-_--_._._. -.--.. -.-. .- --
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Tangential Displacement u 

Figure 4.1: Ks as the Unloading Slope from T vs u Plot 
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Normal Displacement v 

Figure 4.2: Kn as the Unloading Slope from O'n vs v Plot 
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4.2.2 Intact Joint Constants 

The elasto-plastic model used to describe the behavior of the intact joint requires 

both elastic constants and plasticity parameters. The elastic constants are the nor-

mal stiffness Kn and the shear stiffness Ka, and they are discussed in the previous 

section. The plasticity parameters include those needed for the yield function F, 

that is, for the ultimate yield surface and the growth function. The parameters and 

constants can be determined if the stress-displacement behavior of the joint is ob-

tained. In this section, we will discuss the physical significance and determination 

of the plasticity parameters. 

Ultimate State Parameters 

The ultimate state parameters are , and q, and they are needed in defining the 

yield function F. The ultimate state is reached when the growth function a 1s 

equal to zero, and then the ultimate yield surface becomes: 

F - r 2 
- ""a q - 0 u- U In - ( 4.1) 

or 

( 4.2) 

However, the ultimate shear stress r u of the intact joint is not readily known 

since the shear tests can only provide us with the ultimate shear stress of the mea-

surable or average behavior, in stead of the intact behavior. Normally the ultimate 

shear stress of the intact joint can be estimated by the actual ultimate shear stress 
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obtained from the shear test. In the case of hardening, the intact ultimate shear 

stress is lower than the actual residual shear stress and is usually twenty,.five to 

fifty percent smaller than the actual residual shear stress (see Fig. 4.3). In the case 

of softening (see Fig. 4.4), the intact ultimate shear stress is usually twenty-five 

to fifty percent greater than the peak shear stress. The parameters 'Y and q are 

obtained from the best fit of the In( T u) versus In( 0' n) plot. Figures 4.5 and 4.6 

show the data and fitti~gs for the test data by Schneider (1974) and by Bandis et 

al. (1981). More details about these tests will be given when these tests and some 

others are used as verifications in the following sections of this chapter. 

Parameter n and Hardening Function a 

The parameter n and hardening function a in the yield function may be found 

provided that in the plot of normal displacement (v) vs shear displacement (u), 

there is a transient point (or valley point) from compression to dilation, as shown 

in Fig. 4.7. The shear stress at this valley point is indicated by TvO' By assuming 

the associative flow rule, the following should hold in order that the change of the 

vertical relative displacement is zero: 

(4.3) 

and from Eq. 3.15, we obtain 

naO'n n-l - q'YO'n q-l = 0 (4.4) 

and since 
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Figure 4.3: Ultimate Shear Stress r u in the Hardening Case 
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Tangential Displacement u 

Figure 4.4: Ultimate Shear Stress Tu in the Softening Case 
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(4.5) 

or 

n 2 + 2 Ot(ln = -7'vO 7'U (4.6) 

we get 

(4.7) 

So, n can be calculated as long as the shear stress at the valley point is 

known. We have to remember that the n value is obtained by assuming that the 

associative flow rule is valid. Hence, it is an approximation for the non-associative 

cases. And if the yield surfaces are required to be closed surfaces, n must be greater 

than q • 

. The growth function is associated with material hardening or yielding and, 

it is a function of the history of the irreversible displacements, the irreversible 

work, or some other internal variables. Here we define the growth function Q' as a 

function of the irreversible relative displacement trajectory e, as 

(4.8) 

where e is expressed as 

(4.9) 

and from Eq. 4.2, we obtain 

(4.10) 
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ln(a) 

ln(e) 

Figure 4.8: a, b from the ln( a) versus ln( 0 Plot 
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since a can be calculated with the stresses obtained from the shear tests (Eq. 4.10) 

and be expressed as a function of e' the parameters of a and b can be obtained 

from the ln( a) vs ln( e) plot, as schematically shown in Fig. 4.8. 

In the discussion above, we have made an assumption that the parameter 

n can be found because there exists a valley point where the change of the vertical 

relative displacement is equal to zero, as shown in Fig. 4. 7. But in our case, this 

valley point was not readily available since the intact behavior of the joint can not 

be obtained directly from the shear test. However, if we can not get n and a from 

the above procedure, we can try the following method to determine them. From 

F -2+ n q_o - T O'.O"n - 10"n -

we obtain 

taking logarithm of both sides, we obtain 

ln a + n In an = Zn~ 

and if we assume that 

a 
a=-e 

we will obtain 

ln a - b ln e + n ln O" n = l n~ 

( 4.11) 

(4.12) 

(4.13) 

( 4.15) 

where ln e, In an and ln ~ can be calculated from the available data. And we can 

get a series of equations for different data points, as 



129 

1 -Inel InO'nl In~l 

1 -lne In Un 
2 

{!a }= 
In~2 

1 -lne In Un 
3 In~3 (4.16) 

1 -In en InO'nn In~n 

Equation 4.16 is an over-determined or abundant matrix equation, and we 

can solve it by using the least-square procedure to obtain the values of n, a and b. 

Figures 4.9 and 4.10 shows the ~ values obtained from the test data (Schneider, 

1974; Bandis et al., 1981) and from the calculation by the constants obtained 

from Eq. 4.16. In Figs. 4.9 and 4.10, there are several solid.Iines visible and these 

different lines represent different tests under different normal stresses Un. The 

values of ct from the test data and from the calculation are also shown in Figs. 4.11 

and 4.12, where the influence of the normal stresses is eliminated. 

4.2.3 Material Constants for Critical State 

The constants needed for the critical state are those for describing the critical shear 

stress (co, m) and the critical dilation (VO, k). At the critical state, the shear stress 

and the dilation of a joint reach stabilized values and the constants can be readily 

determined from these values. 

The constants Co and m are determined from the following equation, 

Tr = COO'nm (4.17) 

where Tr is the critical shear stress and Un is the normal stress applied. Take 

logarithm for both sides, we obtain 

(4.18) 

----------------------------~--------- .. --- ,,"---" -, ._----."._,,--- .. ------- -
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Figure 4.9: ~ versus e Plot, Data from Schneider, 1974 (Type A) 
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solving the above equations, we can get Co and m. Or we can get them from the 

1n(Tr) - In(O'n) plot. Figures 4.13 and 4.14 show the data and fittings from two 

shear tests by Schneider (1974) and by Bandis et ale (1981). 

The constants Vo and k are from the following equation where the critical 

dilation VU is a function of the normal stress applied, 

(4.19) 

taking logarithm for both sides, we have 

(4.20) 

and constants Vo and k are obtained from solving the above equations or from the 

In (VU
) - 0' n plot. Figures 4.15 and 4.16 show this process for test data by Schneider 

(1974). 

4.2.4 Material Constants for Disturbance Function 

The constants for the disturbed state are the constants for the disturbance function 

(It, R) and the sliding function (Its, Rs). The disturbance function is expressed as 

( 4.21) 

where ed is equal to the trajectory of tangential relative displacement U r , and D.,. 

can be obtained from 

D 
_ Tj - To .,.-

Tc - To 
(4.22) 

where Tj, To and Tc are the intact shear stress, the average shear stress and the 

critical shear stress, respectively. Exchanging items and taking logarithm twice for 

both sides of Eq. 4.21, we obtain 

-----------------------------~-~~-------.-.--- .. - -......... - --'.'-_ .. _"._--'.-.- . 
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Figure 4.13: ln (Tr) versus ln ( an) Plot, Data from Schneider, 1974 (Type A) 
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Figure 4.14: ln (Tr) versus ln ( an) Plot , Data from Bandis et al. , 1981 ( JRC=l6.6) 
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In(-ln(l- D,.)) = In(,,) + Rln(ed) 
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(~.23) 

the constants" and R can be determined from the In ( -In (1 - D,.)) - In (ed) plot 

(see Figs. 4.17 and 4.18). 

Similarly, the "II and RII can be detennined from the In (-In (1- rd)) -

In (ed) plot (see Figs. 4.19 and 4.19). And where the sliding function rd is calculated 

from 

(4.24) 

where dj , da and de are the dilation of the intact joint, the average dilation and 

the dilation at the critical state, respectively. 

--------------------------~-------.-.-.-..... -........ -."" ....... _ .. _ ................ _-_ .. _. 
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4.3 Back Prediction and Prediction of Tests by Fishman 

Fishman (1988) performed an extensive series of shear tests with constant normal 

stresses. The tests were conducted on joints in concrete. The concrete has a 

weight ratio of 1: 3.26: 2.9: 0.75 (cement:sand:coarse agg.:water) and the 28-day 

unconfined compression strength is around 17.25 MPa (2500 psi). The walls of the 

joints are prepared by casting concrete against metal forms such that saw-shaped 

joint surfaces are created ( see Fig. 4.21 ). The roughness is defined by the angle 

of the saw-shaped teeth as shown in Fig. 4.21. Four roughnesses with the teeth 

angles 0°, 5°, 7°, 9° are used in the tests. 

The relative large sample size ( top block: 30cm x 30cm x 14cm; lower 

block: 40cm x 40cm x 14cm) needs a large test device named CYMDOF ( Cyclic

Multi-Degree-Of-Freedom) which is originally developed by Desai et al. (1980b) 

and modified by Fishman ( 1988). 

Four tests with different normal stresses were performed for each roughness 

which is indicated by the teeth angle of the joint surface. The normal stresses used 

are 0.345 MPa (50 psi), 0.139 MPa (20 psi), 0.069 MPa (10 psi) and 0.035 MPa (5 

psi), respectively. 

The back predictions for the roughness with teeth angle 5° are shown from 

Fig. 4.22 to Fig. 4.26 and the constants used in the back predictions are listed in 

Table 4.3. Figure 4.22 shows the back predictions of the shear responses of the 

concrete joints for four different normal stresses (0.345 MPa, 0.139 MPa, 0.069 MPa 

and 0.035 MPa). The normal stress Un is kept constant during each test while the 

shear stress T increases. Hardening behavior is shown for all four tests. The back 

predictions are satisfactory for most tests except for the test with normal stress u n 
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T 

Figure 4.21: The Saw Shaped Concrete Joint Surface by Fishman (1988) 
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= 0.069MPa, where the back prediction of the initial part of the shear behavior is 

not very close to the test data. Figures 4.23 to 4.26 show back predictions of the 

normal displacement responses and dilatancy is back-predicted. 

Let's look at Fig. 4.22 again, the data points show that the shear stresses 

almost reach their residual values at quite earlier stage of shearing, especial for 

the tests with low normal stresses (0.035 MPa and 0.069 MPa). The dilation data 

(Figs. 4.23 to 4.26) look a bit odd at very low values. But if we notice that how 

small these values are, we could see that those data points are questionable, and 

the error could be caused by measurements from the published data. And if we 

compare the dilations developed under different normal stresses, we can find that 

the dilation values for different normal stresses are quite close. This is because the 

normal stresses are too small for the concrete joint to have significant amount of 

plastic deformation or damage. The low level of damage is also manifested by the 

hardening responses of the joints. The dilations developed are mainly the sliding 

up of the opposite walls along the slope of the concrete teeth. It may be reasoned 

that if this is really the case, the amount of dilation could be calculated from 

trigonometry based on the value of the teeth angle. But the teeth angle is not 

really 5°, due to manufacture difficulties at the base of the teeth. Therefore, the 

measured dilation data indicate the contour of the teeth and the sliding condition 

between the contact teeth of the opposite joint walls. 

The back predictions for the roughness with teeth angle gO are shown from 

Fig. 4.27 to Fig. 4.31 and the constants used in the back predictions are listed in 

Table 4.4. Let's look at Fig. 4.27, the test data show that there is a little peak 

shear stress for the test with normal stress O'n = 0.345MPa. The back predictions 

are unable to catch this detail and basically have treated this series of tests as 

-----------------------------~.-~,- .. -----...... , .....• ""." ... - ... " ..•...... ,_ .... , .. , 
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hardening while a slight softening behavior is still present. For tests with normal 

stresses Un = 0.035 and 0.069MPa, the initial part of the shear stresses is stepped 

and the back predictions are unable to predict this behavior either. However, the 

model gives very good back predictions for this series of tests, especially for the 

test with normal stresses Un = 0.138MPa. 

The above back predictions use the constants obtained from the same test 

data back-predicted. One series of tests with teeth angle 7° is predicted where the 

constants used are obtained from averaging of the constants from the other two 

series of tests (from teeth angle 5° and 9°) and they are listed in Table 4.5. The 

numbers with a superscript * listed in the table are those constants averaged. 

The predictions for the roughness with teeth angle 7° are shown from 

Fig. 4.32 to Fig. 4.36. The correlation between the responses predicted and the 

real responses are very close, and this is very satisfactory since the predictions are 

based on the constants calculated from the constants of other teeth angles. 

----------------------------------------.---.. -.. "- .. -.... "- _ .... _-... _- .. _-_ .. -.. 
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Table 4.3: Constants for Back Predictions, Teeth Angle 5° (Fishman, 1988) 

Elastic Constants En 6.2MPa/mm 

Ell 31.0MPa/mm 

Yield Function F a 0.0035 

b 0.9 

n 2.1 

'Y 0.0936 

q 1.79 

Critical State Co 0.48 

m 0.895 

vO 0.81 

k 0.0 

Disturbed State ~ 1.15 

R 0.37 

~II 0.85 

RII 1.85 

-------------------------------.-~,-- .. - .. -.. _ .... -...... _ ... __ .-.. -_._-_ ...... 
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Figure 4.22: Shear Responses for Teeth Angle 5° (Fishman, 1988) 
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Table 4.4: Constants for Back Predictions, Teeth Angle 9° (Fishman, 1988) 

Elastic Constants En 6.2MPa/mm 

Es 31.0MPa/mm 

Yield Function F a 0.0085 

b 0.9 

n 2.1 

' 0.303 

q 1.98 

Critical State Co 0.81 

m 0.99 

VO 0.81 

k 0.0 

Disturbed State K, 3.29 

R 0.65 

Ks 0.85 

Rs 1.85 
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Figure 4.27: Shear Responses for Teeth Angle 9° (Fishman, 1988) 
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Figure 4.28: Dilatant Response for Teeth Angle 9°, Normal Stress (J"n = 0.345MPa 
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Figure 4.29: Dilatant Response for Teeth Angle 9°, Normal Stress an = 0.138MPa 

(Fishman, 1988) 
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Figure 4.30: Dilatant Response for Teeth Angle 9°, Normal Stress an == 0.069MPa 
(Fishman, 1988) 
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Figure 4.31: Dilatant Response for Teeth Angle 9°, Normal Stress (J"n = 0.035MPa 
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Table 4.5: Constants for Back Predictions, Teeth Angle 7° (Fishman, 1988) 

Elastic Constants En 6.2MPa/mm 

Es 31.0MPa/mm 

Yield Function F a 0.0060* 

b 0.9 

n 2.1 

' 0.198* 

q 1.88* 

Critical State c.o 0.645* 

m 0.94* 

VO 0.81 

k 0.0 

Disturbed State K, 2.22* 

R 0.51* 

Ks 0.85 

Rs 1.85 
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Figure 4.36: Dilatant Response for Teeth Angle 7°, Normal Stress an = 0.035MPa 
(Fishman, 1988) 
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4.4 Back Prediction and Prediction of Tests by Schneider 

Schneider (1974) performed a series of well designed shear tests. The samples 

of the joints are replicas made of plaster casts from a same natural rock joint. In 

doing so, many similar joint samples were produced and the influence of the normal 

stresses on the joint behavior was studied. The behavior of the replicas produced 

were found to be similar to the original rock joint. There were three types of rock 

joints which are used as the mold joints. The granite joint (Type A) is relatively 

rough and has a high degree of indentation both on the microscopic as well as 

on the macroscopic scale. The sandstone joint (Type B) has the washboard type 

shape and is very rough with many large asperities. The limestone joint (Type C) 

is relatively smooth compared with the granite and the sandstone. 

For Type A joint, five tests were performed under different constant nor

mal stresses. The normal stresses are 1. 77MPa, 1.38MPa, O.99MPa, O.69MPa, 

O.34MPa, respedively. The back predictions of four tests (normal stresses (J'n = 
1. 77MPa, 1.38MPa, O.69MPa, O.34MPa) are shown from Fig. 4.37 to Fig. 4.41 and 

the constants used in the back predictions are listed in Table 4.6. Figure 4.37 

shows the back predictions of the shear responses for the four tests under the four 

different normal stresses. The normal stress (J'n is kept constant during each test 

and severe softening occurs for all the four' tests. Figures 4.38 to 4.41 show the 

back predictions of the dilatant responses. 

In Fig. 4.37, it is seen that the back predictions have predicted softening 

behavior of the Type A joint. The back predictions are very satisfactory for the two 

shear tests with low value of normal stresses (O.69MPa and O.34MPa). Reasonably 

good predictions are shown for the two shear tests with higher normal stresses 

-----------------------------~.--.------.. -........ ...... ..- .................. _ ..... . 
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(1. 77MPa and 1.38MPa), but the high peaks of the shear stresses are not predicted 

by the back predictions. This is because the constants are found through an average 

process and the number of data points for the high peaks are too few to input a 

significant influence. 

The difference of the normal stresses used in the tests are large enough to 

cause a significant change in the dilatant behavior for different normal stresses 

(Figs. 4.38 to 4.41). The back predictions for the dilatant behavior are very good 

except for the test with normal stress O'n = 1. 77MPa, where large discrepancy can 

be observed in Fig. 4.38. This large discrepancy is due to the non-regularity of 

the data obtained from the test, possibly due to a catastrophic damage occurred 

to t.he asperities under such a high normal stress and consequently, the dilation 

reduces to a very small value at later stage of the shear process. 

One test (O'n = O.99MPa) is selected such that predictions are made based 

on the constants found from the other four tests. Since the joint is the same as 

the previous ones, the constants are the same as shown in Table 4.6. The only 

difference is that the normal stress applied is different from the previous four tests. 

Figure 4.42 and 4.43 show the responses and predictions for both the shear and 

dilatant behavior. The prediction for the shear response indicate that softening 

occurs to the joint but the peak shear stress is under-estimated. The prediction 

for dilation is very reasonable. As a whole, the predictions are very satisfactory 

since the constants are not calculated from the test predicted. 

----------------------------~.--.--.---...... - ........ _ ...... __ •............ _._-_ ...•.. 
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Table 4.6: Constants for Back Predictions, Type A Joint (Schneider, 1974) 

Elastic Constants En 5.6MPa/mm 

E. 28.0MPa/mm 

Yield FUnction F a 0.0656 

b 1.42 

n 2.31 

'Y 3.24 

q 1.91-

Critical State Co 0.90 

m 0.955 

VO 4.94 

k 1.21 

Disturbed State ~ 3.87 

R 0.36 

~. 3.88 

R. 0.90 

--------------------------~------.. -.-- .. - -- ... "--'--."-.. --.----'.----. 
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For Type B joint, there were four tests performed with different constant 

normal stresses. The normal stresses applied are 1.29MPa, O.93MPa, O.61MPa, 

O.32MPa and the normal stresses Un are kept constant during each test. The 

back predictions for three tests (1.29MPa, O.93MPa, O.32MPa) are shown from 

Fig. 4.44 to Fig. 4.47 and the constants used in the back predictions are listed in 

Table 4.7. Figure 4.44 shows the back predictions of the shear responses for the 

three different normal stresses. Figures 4.45 to 4.47 show the back predictions of 

the dilatant responses. Perfect back predictions are obtained for the three tests 

back-predicted both for the shear and dilatant responses. Softening behavior is 

shown for all the tests. The difference of the normal stresses used in the tests are 

large enough to cause a significant change in the dilatancy values under different 

normal stresses (Figs. 4.45 to 4.47). 

One test (un = 0.61MPa) is selected such that predictions are made based 

on the constants found from the other three tests. Figure 4.48 and 4.49 show the 

responses and predictions for both the shear and dilatant behavior. The prediction 

for the shear response indicate that softening occurs. The prediction for dilation 

is a bit larger than the real response and is still reasonable. As a whole, the 

predictions are very satisfactory since the constants are not calculated from the 

test predicted. 

For Type C joint, five tests were performed under different constant nor

mal stresses. The normal stresses are 1.64MPa, 1.28MPa, O.93MPa, O.61MPa, 

O.33MPa, respectively. The back predictions for four tests (1.64MPa, 1.28MPa, 

0.61MPa, 0.33MPa) are shown from Fig. 4.50 to Fig. 4.54 and the constants used 

in the back predictions are listed in Table 4.8. Figure 4.50 shows the back predic

tions of the shear responses for the four different normal stresses. Slight softening 



'~ .. 

177 

is observed for the four tests back-predicted. All the back predictions for shear re

sponses are very satisfactory, except for the test with normal stress Un = 1.28MPa 

where the back-predicted shear stresses are a bit lower than the real responses. 

Figures 4.51 to 4.54 show the back predictions of the dilatant responses and the 

back predictions are all reasonably good. 

One test (un = O.93MPa.) is selected such that predictions are made based 

on the constants found from the other three tests. Figure 4.55 and 4.56 show the 

responses and predictions for both the shear and dilatant behavior. The prediction 

for the shear response indicate that softening occurs to the joint and the predictions 

are very satisfactory. 

----------------------------~~,~----,' .. -........ - .. ,"'.'._ .. ---_._.-._---_ .. 
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Table 4.7: Constants for Back Predictions, Type B Joint (Schneider, 1974) 

Elastic Constants En 5.0MPa/mm 

Ell 25.0MPa/mm 

Yield Function F a 0.124 

b 1.21 

n 2.23 

"Y 3.68 

q 1.97 

Critical State Co 0.89 

m 0.985 

VO 7.52 

k 1.069 

Disturbed State K, 6.27 

R 0.90 

K,1I 7.99 

RII 1.52 

------------------------_. __ .,-- -.. _.-.. - "'" ............. --- ... . 
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Table 4.8: Constants for Back Predictions, Type C Joint (Schneider, 1974) 

Elastic Constants En 4.2MPa/mm 

E6 21.0MPa/mm 

Yield FUnction F a 0.0082 

b 1.05 

n 2.10 

'Y 1.91 

q 1.98 

Critical State CQ 0.82 

m 0.99 .. -
VO 3.80 

k 0.873 

Disturbed State K. 2.97 

R 0.30 

K.6 4.18 

R6 1.64 

-------------------------~----~ ... ~-...... -" ..... - .. --... _ ....•. __ ..... . 
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4.5 Back Prediction and Prediction of Tests by Bandis et ale 

Bandis, Lumsden and Barton (1981) published a series of shear tests with constant 

normal stresses. In those tests, the joint samples are the identical replicas made of 

mixture of Plaster of Paris and are prepared by casting them in the rubber molds. 

These molds are made from natural rock joints of four different roughnesses. Three 

different normal stresses for each roughness are used and thus the influence of the 

joint roughness and the normal stress can be studied. 

Four types of joints were used and each type was associated wi th a joint 

roughness measured by JRC (Joint Roughness Coefficient). The JRC values are 

16.6, 10.6, 7.5 and 6.5. Three tests were performed under different constant normal 

stresses. The normal stresses are 90kPa, 34kPa, lOkPa, respectively. 

The back predictions for joint roughness (JRC=16.6) are shown from 

Fig. 4.57 to Fig. 4.60 and the constants used in the back predictions are listed 

in Table 4.9. Figure 4.57 shows the back predictions of the shear responses for 

the three different normal stresses. Softening behavior is back-predicted for all the 

three tests. Reasonable, but not very well back predictions are obtained. It is 

observed that all the peak shear stresses back-predicted are inclined to the left of 

the real peak shear stresses. The back-predicted shear stresses for test with normal 

stresses O'n = 34kPa are a bit too large compared with the real shear stresses, and 

the test with normal stresses 0' n = lOkPa under-estimated the real shear stresses. 

Figures 4.58 to 4.60 show the back predictions of the dilatant responses and it is 

seen that the normal stresses has little influence on the dilatant behavior. 

The back predictions for joint roughness (JRC=7.5) are shown from 

Fig. 4.61 to Fig. 4.64 and the constants used in the back predictions are listed 

-----------------------------~-.-.. ----...............•. _ ......... _. _ •.... _" .... __ ...... . 
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Table 4.9: Constants for Back Predictions, JRC = 16.6 (Bandis et aI., 1981) 

Elastic Constants En 1.5MPa/mm 

Ell 7.5MPa/mm 

Yield Function F a 0.154 

b 1.255 

n 2.1 

'Y 34.46 

q 1.52 

Critical State Co 2.88 

m 0.76 

Vo 0.35 

k 0.0 

Disturbed State K. 4.05 

R 1.02 

K.II 7.47 

RII 2.25 

-------------------------~----.-.- .. --.-- .. -,--.. , .. ,-.- .. -_ ... _ ... _----_.-_ .. 
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in Table 4.10. Figure 4.61 shows the back predictions of the shear responses for 

the three different normal stresses. It is seen that the softening behavior is related 

to the normal stresses applied. The larger the normal stress is, the sever the soft

ening will be. It is also observed that softening is related to the joint roughnesses if 

compared with the back predictions for JRC = 16.6. The softening occurred here is 

much less severe than the tests with JRC = 16.6 ( also see Fig. 4.57). Figures 4.62 

to 4.64 show the back predictions of the dilatant responses. The back predictions 

for the first part of the dilatant responses are very good but over-estimation are 

seen for the later part of the back predictions. And it is also shown that the di

lations for different normal stresses are almost same since the normal stresses are 

too small to cause a significant difference. 

The back predictions for joint roughness (JRC=6.5) are shown from 

Fig. 4.65 to Fig. 4.68 and the constants used in the back predictions are listed 

in Table 4.11. Figure 4.65 shows the back predictions of the shear responses for 

the three different normal stresses. Softening is also observed and the back predic

tions are similar to the tests with JRC = 7.5. Figures 4.66 to 4.68 show the back 

predictions of the dilatant responses and the results are reasonably good. 

The back predictions above use the constants obtained from the very tests 

back-predicted. The tests with JRC = 10.6 are reserved for the purpose of predic

tions. That is, the constants used in the prediction of the tests are not obtained 

from the predicted tests, they are obtained from averaging of the constants of the 

other three tests with different joint roughnesses (JRC = 16.6, 7.5, 6.5). The con

stants thus obtained are listed in Table 4.12 and those numbers with a superscript 

*· are those actually averaged. 

The predictions for tests of joint roughness ( JRC=l0.6) are shown from 
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Fig. 4.69 to Fig. 4.72. Figure 4.69 shows the predictions of the shear responses for 

the three different nonnal stresses. It has been seen in the previous back predictions 

that the rougher the joint, the severe the softening. From Fig. 4.69 we can see that 

there are some softening in the shear response for JRC=10.6. And when compared 

with the other back predictions, it has less softening than the joint with JRC=16.6, 

but it has severe softening than the joint with JRC=7.5. Figures 4.70 to 4.72 show 

the predictions of the dilatant responses. The correlation between the predictions 

and the real responses of the joint is very satisfactory. 

------------------------------------.... ~ .... - ........ _ ....... _ ..... __ ... . 
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Table 4.10: Constants for Back Predictions, JRC = 7.5 (Bandis et al. , 1981) 

Elastic Constants En l .5MPa/mm 

Es 7.5MPa/mm 

Yield Function F a 0.073 

b 1.255 

n 2.1 

i 15.76 

q 1.52 

Critical State Co 2.16 

m 0.76 

VO 0.182 

k 0.0 

Disturbed State /'i, 3.14 

R 0.63 

Ks 7.47 

Rs 2.25 
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Table 4.11: Constants for Back Predictions, JRC = 6.5 (Bandis et al., 1981) 

Elastic Constants En 1.5MPa/mm 

E, 7.5MPa/mm 

Yield Function F a 0.060 

b 1.255 

n 2.1 

"( 11.42 

q 1.52 

Critical State Co 2.01 

m 0.76 

Vo 0.065 

k 0.0 

Disturbed State ~ 4.46 

R 0.73 

~, 7.47 

R, 2.25 

------------------------~--.----.... - ...... --...... --.--... _-_ .. _-----. 
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Table 4.12: Constants for Back Predictions, JRC = 10.6 (Bandis et al., 1981) 

Elastic Constants En 1.5MPa/mm 

E" 7.5MPa/mm 

Yield Function F a 0.096· 

b 1.255 

n 2.1 

'Y 20.55· 

q 1.52 

Critical State Co 2.35'" 

m 0.76 

VO 0.199· 

k 0.0 

Disturbed State /(, 3.88· 

R 0.79· 

/('" 7.47 

R" 2.25 

_______________________ ._._ .. __ •. '.'_"'_0"'" 



212 

1~ 
,...., 
= 0.. 
~ 

120 ..._., 
r, Data: 
'1l 
'1l 
Q) • • an=90kPa 
'-4 90 

+1 
Ul • l:l. an=30kPa 
'-4 • 
= • an=10kPa 
Q) 

,.c:: 80 
Ul Predictions: 

30 b. 

Tang~ntial Displacement u (mm) 

Figure 4.69: Shear Responses for JRC = 10.6 (Bandis et al., 1981) 



213 

0.5 
.......... s s 0.4 ....._,, 

> 
= 0 • •.-4 

+J 0.3 
cd • ..... Data: •.-4 

~ 
..... • an=90kPa 
cd 0.2 s Prediction: 
J.t 
0 z 

0.1 

o.o~ .... ~.....--~~.....-~---..--~--.~~---~~--~~--~~--~~ 
0 1 2 3 8 7 8 9 

Tangential Displacement u (mm) 

Figure 4.70: Dilatant Response for ·JRC = 10.6, Normal Stress crn = 90kPa (Bandis 
et al., 1981) 



214 

0.5 
........... e s 0.4, ......., 
> 
= 0 A ·~ ~ 0.3 ca ..... Data: -~ 
0 
..... A an==30kPa ca 0.2 e Prediction: 
~ 
0 

A z 
0.1 

o.o ....... ~:::;_---~~--~--~~___.~~ ........ ~~--~~--~~--~---t 
0 1 2 3 8 7 B 9 

Tangential Displacement li (mm) 

Figure 4.71: Dilatant Response for JRC = 10.6, Normal Stress an= 34kPa (Bandis 
et al., 1981) 



.,." 

215 

0.5 

I 0.' 
~ 

J:I 
0 ... :Q o.s 
I'd = Data: 
~ 

-; 0.2 
... ou-l0kPa 

~ Pred1otlon: 

~ 
0.1 

0.0 -H~~r---...,..--,-----.--...,...--.,....--r---.---l 
o 1 2 3 8 7 B 8 

Tangential Displacement u (mm) 

Figure 4.72: Dilatant Response for JRC = 10.6, Normal Stress Un = 10kPa (Bandis 
et al., 1981) 

______ ••••• -._~_. ' •• ".Ok.'. "'~ 0 ... _- ..... _" ~_ ••• _ ••• __ ••• _~ __ • 



.~:. 

216 

4.6 Back Prediction and Prediction of Tests by Williams 

Williams (1980) performed seven direct shear tests on highly weathered mudstone

concrete interfaces. Since the tests were designed to simulate the behavior of the 

pile-rock interface, constant normal stiffness shear tests were conducted. The tests 

were performed using a CNS (Constant Stiffness Shear) machine where the nor

mal stress was directly proportional to the dilation of the joint. The size of the 

samples was approximately 19cm long x 14.5cm wide. The normal environmental 

stiffnesses (1(3) varied from 36 to 1374kPa/mm. Dight and Chiu (1981) analyzed 

and back-predicted the tests by using the model developed by Ladanyi and Ar

chambault (1970), and here it is shown that the proposed model provides better 

descriptions of the responses of the interfaces. 

Table 4.13 presents a brief summary of the seven tests performed and the 

tests were numbered from SM2 to SM8. For each test, the normal environmental 

stiffness (1(;;) selected and the initial normal stress (O'~) applied were different, and 

the uniaxial compression strength of the highly weathered mudstone varied. The 

only disadvantage of this series tests is that the roughnesses of the interfaces were 

not recorded. 

There are five tests (Test No. SM3, SM5, SM6, SM7 and SM8) are used 

for back prediction. For every test, there are four graphs presented to show the 

back predictions of the responses. For test No. SM3, for example, Fig. 4.73 shows 

the back prediction of the shear stress vs shear displacement, Fig. 4.74 shows the 

back prediction of the normal stress vs shear displacement, Fig. 4.75 shows the 

back prediction of the normal dilation vs shear displacement and Fig. 4.76 shows 

the back predictio~ of the shear stress vs normal stress. The constants used in the 

----------------------------~--.. --.--.--...... -- ... '_ .. ' ..... _ ... -.. -_ ....... -.. _-_ .. ,- . 
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Table 4.13: Tests Perfonned by Williams (1981) 

Stiffness Mudstone Initial 
Test No. K~ qu UO 

n 
(kPa/nun) (kPa) (kPa) 

SM2 69.7 900 30.0 

SM3 144.2 760 10.0 

SM4 36.3 800 15.0 

SM5 362.8 820 10.0 

SM6 1373.9 620 10.0 

SM7 222.5 750 20.0 

SM8 222.8 750 10.0 

back predictions are listed in Table 4. i4. 

A new term called weakening has to be defined to give more exact de

scription of the behavior of the joints. If the friction angle 4> decreases, where 

tan4> = r/un , we say that the joint is weakening. Weakening is different from 

softening and we will discuss this difference in more detail in section 4 of Chapter 

5. 

Let's give some detailed features of the tests performed and it is noticed 

that all the five tests have similar patterns. First, weakening happens almost at 

the start point of every test since after the elastic period, the slopes in the normal 

stress-shear stress are all declining for all the five tests (see Fig. 4.76 for test 

No. SM3). Secondly, although weakening occurs all the way through the tests, the 

shear stress usually increases first (see Fig. 4.73 for test No. SM3) and the interface 

still hardens because the nonnal stress increases at the same time (see Fig. 4.74 

----------------------------~.~-----.. --.-.--... - .- ' .... ' .... _ ............. -.. -.. __ ..... . 
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for test No. SM3). This hardening will continue until no significant increase of the 

normal stress can be achieved and the shear stress decreases, or softening occurs to 

the interface ( see Fig. 4. 73 for test No. SM3). Thirdly, the normal stress increases 

due to the environmental confining which is represented by the stiffness K7J. And 

the amount increased is proportion to the dilation occurred to the interface. Thus 

the normal stress-tangential displacement plot has a similar curve as the dilation

tangential displacement plot (see Figs. 4.74 and 4.75 for test No. SM3). 

Back predictions for tests No. SM5 to SM8 are presented in figures from 

Fig. 4. 77 to Fig. 4.92 and the constants used in the back predictions are listed in 

tables from Table 4.15 to Table 4.18. The back predictions are all quite satisfactory. 

Two tests (No. SM2 and No. SM4) are used for predictions. All the con

stants except one are obtained from averaging of the constants of the five previously 

back-predicted test (that is, Test No. SM3, SM5, SM6, SM7 and SM8). The con

stants obtained are listed in Table 4.19 for No. SM2 and in Table 4.20 for No. SM4. 

The numbers with a superscript * are the averaged constants. 

The one exception is the ultimate dilation value v 0 . The values of the 

ultimate dilations for different specimens tested are so diverse (No. SM2-SM8: v0 

= 2.01, 0.93, 2.11, 0.70, 0.24, 1.06, 1.11cm) that the average of this quantity may 

give false indication. The ultimate dilation is quite different for each interface 

tested and without this information, reasonable prediction is not possible. This is 

especially true for the tests with constant normal stiffnesses. Since dilation will 

produce increased normal stresses and without correct estimation of the dilation 

and normal stresses, predictions are not really valid. Therefore, we still use the 

true values of v 0 for predictions of Tests No. SM2 and SM4 ( v 0 = 2.01 and 2.11cm). 

And in the cases like that, pure prediction without some knowledge of the interfaces 



219 

is not possible. 

The predictions for Test No. SM2 and SM4 are show in figures from Fig. 4.93 

to Fig. 4.lO0. In the predictions, it is seen that the shear stresses are all overly 

estimated, up to a maximum error of about 25%. The predictions of the dilations 

and the normal stresses are reasonable. On the whole, the back predictions of the 

previous five tests give better results than the predictions. But still, the predictions 

give reasonable estimations of the shear and dilatant responses if considering the 

fact that the constants used for predictions are from the other tests and interfaces. 

As a summary, the back predictions and predictions of the four series tests 

give substantial evidence that the proposed joint model is capable of describing 

various behaviors of joints, under different stress paths. The joint behaviors in

clude hardening, softening and weakeiling, and the stress paths include shear with 

constant normal stresses and shear with constant normal stiffnesses. The joints 

could be of different roughnesses and under application of different normal stresses. 

the results of back predictions and predictions are all satisfactory. 

----------------------------~-...... -----------... -.-.-.- ... '--.' ' .. ,.- .- .... _.,., .. __ •..... 
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Table 4.14: Constants for Back Predictions for Test No. SM3 (Williams, 1981) 

Elastic Constants En 1.0MPa/mm 

Ell 5.0MPa/mm 

Yield FUnction F a 0.1 

b 4.5 

n 3.0 

"Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

vO 0.93 

k 0.0 

Disturbed State K, 5.15 

R 1.03 

K,II 4.97 

RII 1.27 

--------------------------.~.--~--.~ ......... -.... _ ........... _._ ............ --_ .... - . 
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Table 4.15: Constants for Back Predictions for Test No. SM5 (Williams, 1981) 

Elastic Constants En ·1.0MPa/mm 

Ell 5.0MPa/mm 

Yield Function :P a 0.1 

b 4.5 

n 3.0 

I 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

Vo 0.70 

k 0.0 

Disturbed State K. 5.47 

R 1.10 

K.II 3.77 

RII 1.10 

-------------------------------_._---.... __ .- ..... _., ... ,-_ .... __ ........ -.----_ .... -
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Table 4.16: Constants for Back Predictions for Test No. SM6 (Williams, 1981) 

Elastic Constants En 1.0MPa/mm 

Ell 5.0MPa/mm 

Yield Function F a 0.1 

b 4.5 

n 3.0 

'Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

Vo 0.24 

k 0.0 

Disturbed State " 6.71 

R 1.35 

"II 10.6 

RII 1.54 

-------------------------------.~ ... -........ -...... -"_ ..... _ ... _ .. __ .... . 
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Table 4.17: Constants for Back Predictions for Test No. SM7 (Williams, 1981) 

Elastic Constants En 1.0MPa/mm 

Ell 5.0MPa/mm 

Yield Function F a 0.1 

b 4.5 

n 3.0 

'Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

Vo 1.06 

k 0.0 

Disturbed State '" 4.30 

R 1.04 

"'II 4.16 

RII 1.11 

--------------------------------_ ..... - .. -._-........ _ ... __ ... _.----_ .. ---.. 
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Table 4.18: Constants for Back Predictions for Test No. SM8 (Williams, 1981) 

Elastic Constants En 1.0MPa/mm 

E6 5.0MPa/mm 

Yield Function F a 0.1 

b 4.5 

n 3.0 

'Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

vo 1.11 

k 0.0 

Disturbed State K. 4.19 

R 0.28 

K.II 2.63 

RIJ 0.94 

-------------------------~. ----_._-_ .... __ ........ _ .. _ .. _ .. _. __ .-_ ... 
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Table 4.19: Constants for Back Predictions for Test No. SM2 (Williams, 1981) 

Elastic Constants En 1.0MPa/mm 

E" 5.0MPa/mm 

Yield FUnction F a 0.1 

b 4.5 

n 3.0 

'Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

Vo 2.01 

k 0.0 

Disturbed State It 5.16· 

R 0.96· 

It" 5.23· 

R/J 1.19· 

----------------------------.--~--- "---"-"'---"------"-' ... 
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Table 4.20: Constants for Back Predictions for Test No. SM4 (Williams, 1981) 

Elastic Constants En' 1.0MPa/mm 

E6 5.0MPa/mm 

Yield Function F a 0.1 

b 4.5 

n 3.0 

'Y 42.5 

q 1.78 

Critical State Co 1.27 

m 0.89 

Vo 2.11 

k 0.0 

Disturbed State K, 5.16* 

R 0.96* 

K,6 5.23* 

R6 1.19* 

--------------------------~-------- ... -- ..... -...... -_ .. __ ... _ .. --_ .....•.. 
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CHAPTER 5 

DISCUSSION AND ANALYSIS OF THE PROPOSED MODEL 

5.1 General 

In the previous chapters, we presented the disturbed state joint model, back

predicted and predicted several series of shear tests. Here we will give further 

discussions about the joint model and the discussions are focused mainly on four 

aspects: the relation between the roughness of the joint and the constants of the 

joint model, the size effect on joints manifested in the tests by Bandis et al. (1981), 

and lastly, the hardening and softening behavior of joints. 

5.2 Joint Roughness and its Representation 

The behavior of a joint is closely related to the roughness of the joint wall surfaces. 

It is found that the joint roughness influences the parameter a in the growth 

function, a, of the proposed joint model. 

Very rough joints usually have softening behavior. The roughness of the 

joint usually decreases during shear due to severe damage to the asperities, espe

cially under high normal stresses. Perfectly smooth joint may have a perfect plastic 

response. But some smooth joint may have hardening behavior if damage to the 

smooth joint walls occurs. This kind of damage will make the joint walls rougher 

and results a rougher joint, and the subsequent hardening of the damaged debris 
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will increase the shear strength of the joint. Therefore, it is usual that rough joints 

will exhibit softening behavior and smooth joint will probably exhibit hardening 

behavior. But rough or smooth here is only relative and a measurable quantity is 

needed to denote the roughness of a joint. 

There are many ways in defining the roughnesses of a joint, for example, 

as discussed in Chapter 2, there are many statistical methods to measure and 

define the roughnesses of the joint surfaces. But due to the complex measurements 

and calculations involved, the application of the definitions based on statistical 

methods is limited. Nevertheless, Barton (1973) and Barton and Chouby (1977) 

proposed a empirical way to define the joint roughnesses based on extensive studies 

on natural rock surfaces. The JRC ( Joint Roughness Coefficient) defined is found 

to be a good measure for rock joints. 

In the proposed joint model, the JRC values of the tests by Bandis et 

al. (1981) are found to have a close relationship with the parameter a of the growth 

function, a. The tests are discussed in Chapter 4 and the back predictions and 

predictions of these tests are shown in Fig. 4.57 to Fig. 4. 72, while the constants 

used are listed in Table 4.9 to Table 4.12 of Chapter 4. The relation of the param

eter a with the roughness of the joint is shown in Fig. 5.1 and it is seen that this 

relation is almost linear. 

The trend that the parameter a of the growth function, a, increases with the 

joint roughness is also manifested in the tests by Schneider ( 197 4) ( see Table 5.1), 

and as well as in the tests by Fishman (1988) (see Table 5.1 and Fig. 5.2). In the 

tests performed by Schneider (1974), we can see that the sandstone joint (Type B) 

is the roughest, the limestone joint (Type C) is quite smooth compared with the 

sandstone joint (Type B) and the granite joint (Type A), and the granite joint 
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Table 5.1: Joint Roughness and Parameter a (Fishman, 1988; Schneider, 1974) 

~ishman's Tests 

Roughness Angle 5° ~ 9° 

a Values 0.039 0.041 0.085 

bchneider's Tests 

Joint Types Type C Type A Type B 

a Values 0.069 0.095 0.121 

(Type A) is less rough than the sandstone (Type B) although the granite joint 

has many high frequency roughnesses. The trend that a rougher joint has higher 

value of parameter a is indicated here. Fishman's data (1988) give the same trcmd 

where parameter it increases with the increase of the asperity angle which is an 

indication of roughness of the joint (see Fig. 5.2). However, linear relationship is 

not manifested here. 

This relationship between the joint roughnesses and the parameter a in the 

joint model is also shown in another series of tests by Bandis et al. (1981), where 

the tests are designed to investigate the size effect of joints. We will discuss both 

the size effect and the joint roughnesses in the next section. 

---------------------------------_. __ ._ .......... '-." . "--' .-_ ... _"._._-_ .... '. 
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5.3 Effect of Sizes of Joint Samples 

The behavior of a joint depends on the joint wall roughnesses and the contact 

condition of the joint walis. Size change of a joint dose not change the roughness 

of the joint walls but it changes the contact condition and in tum does change the 

effective roughness involved in the contact. 

Rengers (1970) reported that different ruler sizes in measurements could 

result in different roughness angles and dilations. Smaller ruler size would obtain 

larger angles and bigger ruler size would obtain smaller angles. Sample sizes of 

joints are related to the ruler sizes in tht:: measurement. Therefore, the sample size 

of joints does have effects on the joint behavior. 

Following is a similar situation: assume there is a small joint, it moves on 

top of a very large joint, whose surface has lots of valleys and peaks. The possible 

largest slope that the small joint experiences will depend on the slope of the large 

joint as well as the size of the small joint itself. For example, a large slope angle 

will be experienced by the small joint if the small joint is small enough to si t on one 

side of a large asperity of the large joint (see Fig. 5.3), while very small angle could 

be obtained if the small joint is large enough to span two asperities. The larger the 

slope angle, the larger the shear component and consequently the shear strength. 

Therefore, smaller size would result in higher strength and this is one kind of size 

effect. If we assume that there is a representative length for every joint of certain 

size, then for different joint sizes, there exist different representative lengths. 

Let's consider another kind of size effect. For a small joint discussed above, 

if we chose a very small joint such that this small joint can rest on the side of an 

asperity of the large joint (Fig. 5.3), the small joint could only touch the minute 

-----------------------------~--.~ .. ----.-...................... -................... __ .... _ .. 



261 

Figure 5.3: A Tiny Joint on the Side of an Asperity of a Large Joint 
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roughnesses on the side of that asperity. In fact, if this small joint is so tiny 

that its size is in the range of the molecular lattices, the tiny joint can only feel 

the roughnesses caused by the unbalanced boundary forces. Therefore, the size 

of the joint also determines the roughness level that the joint could possibly feel. 

Since the roughnesses of different levels are results of different causes and may 

have experienced different stress histories, these roughnesses seldom possess similar 

properties. Different joints with varying sizes touch different levels of roughnesses 

and will likely show quite different behaviors. Therefore, different samples with 

different sizes will have different responses, even the samples are cut from a same 

reproducible large sample. 

A well known test series was performed by Bandis et al. (1981), where 

the joint samples are made from Plaster of Paris. The samples were prepared by 

casting in the rubber models and these models were made from natural rock joints. 

In doing so, samples with natural rock joint wall surfaces can be made and a large 

number of identical samples with different sizes can be reproduced. 

A typical test is the No. 7 series. There were four groups of samples de

signed. The first group had only one big sample of a size 40cm, the second group 

had four samples which have a size of 20cm and are made from cutting the first 

group sample into quarters, the third group had sixteen samples ( size 10cm ), which 

are in turn made from cutting the second group samples into their quarters and 

the last group, the fourth group which had sixty-four samples with a size of 5cm 

were obtained by finally cutting the first group into sixty-four pieces. 

The size effect was studied by shearing the four groups of samples. Four 

major findings were discovered with the increase in the sample sizes: 
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• an apparent transition from a "brittle" to "plastic" mode of shear failure, 

• a gradual increase in the peak shear displacement (Up), 

• a decrease of the peak dilation angle, and 

• insignificant scale effects in the case of relatively planar and smooth joint 

types. 

These findings are very important and give a consistent explanation for the 

size changes. The four levels of roughnesses that the four samples possess exhibit 

quite different behavior, and have a well-defined trend. With the increase of the 

sample sizes, the size of the asperities increases and the dilation decreases. And 

with the increase of the sizes of the asperities, since larger asperities are relatively 

harder to rupture, damage to the asperities decreases and a shear behavior change 

from softening to hardening is observed. 

These tests are back-predicted by using the proposed model. The back 

predictions of three tests are shown in Fig. 5.4 to Fig. 5.7 and the constants used 

are shown in Table 5.2. Since the tests are performed only at one normal stress, 

parameter q can not be determined and a value of 0.99 is assumed. 

The back predictions give a very good description of the behavior of the 

joints with different sizes. The transition of the shear mode from "brittle" to 

"plastic" is well presented, where the smallest sample (5cm) experiences a lot of 

softening and damage, the larger sample (20cm) shows only slight softening and 

the largest sample (40cm) shows no softening behavior. 

The test with a sample size lOcm is reserved for use of prediction. The 

responses of this test are predicted based on the constants obtained from three of 

----------------------~-------~ .. ---.. - .. --........ " ............ - ............... ---... . 
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Figure 5.4: Shear Responses for Tests with Different Sample Sizes (Bandis et al., 
1981) 
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Table 5.2: Constants for Tests with Different Sample Sizes (Bandis et al., 1981) 

Sample Sizes 5cm 120cm I 40cm 

Elastic Constants En 0.2MPa/mm 

Es 1.0MPa/mm 

Yield Function F a 0.69 I 0.12 I 0.05 

b 0.70 

n 2.10 

'Y 13.40 I 2.72 1 1.02 

q 1.98 

Critical State Co 1.53 I 1.26 I 1.11 

m 0.99 

VO 0.7751 0.70 1 0.61 

k 0.0 

Disturbed State K. 4.10 

R 0.71 

K.s 7.21 

Rs 1.70 



269 

the previously back-predicted tests. The constants are calculated by interpolating 

against the sample sizes. The process of interpolation is shown in Fig. 5.8 to 5.11 

and the constants thus found are shown in Table 5.3. It is found that parameters 

a and 'Y have linear relationships with the inverse of the sample sizes (L) and 

parameters Co and V O have a linear relationship with the sample sizes (L). 

It is very important that these parameters a and 'Y have linear type of 

relationships with the sample sizes since these parameters are closely related to the 

roughnesses of the joints. From previous section, we have discussed that parameter 

a is related to the roughness of a joint. And it is discussed in Chapter 2 that the 

ultimate shear stresses are related to the initial joint roughnesses, and parameter 

'Y and Co are constants determined by the ultimate shear stresses. Therefore, the 

change of the sizes actually indicates a change in the roughnesses of the joint 

specimens. 

The predictions for the test with a samp17 size 10cm are shown in Fig. 5.12 

to Fig. 5.13. The prediction of the shear stress in Fig. 5.12 shows that the joint 

with a sample size lOcm still exhibits a lot of softening. The severity of softening is 

less than the smaller joint size (size 5cm), and is much greater than the larger joint 

(size 20cm). The dilation predicted is greater than the larger joints (size 20cm and 

40cm) and is smaller than the smaller joint (size 5cm). The correlation between 

the predictions and the real responses is very satisfactory. 

It was reported by Bandis et al. (1981) that the back-calculated JRC (Joint 

Roughness Coefficient) decreases with the sample sizes, that is, the smaller sample 

is rougher than the larger samples. However, from the process of preparing the 

samples, we know that the smaller samples are just cut from the large sample(s) 

-----------------------------~-.. ---.-.--................... - -'" .......... _--... . 



270 

0.8 
«s 
S-4 
Q) 

.+J 
0 Data Point Q) 

s 0.8 - Linear Fitting «s 
S-4 
«s 

'1.t 

0.4 

0.2 

0.0-+-~~~~--~~~~---~~~~--~~~~~--~~~---1 

0.00 0.08 0.10 0.18 0.20 0.25 

Inverse of Size (1/L) 

Figtire 5.8: Interpolation to Find Constants for Size= 10cm, Parameter a (Bandis 
et al., 1981) 



171 

4.00 
~ 

E 
E ......., 

Data: 
> 3.00 
s:: 11 an== 1.38MPa 
0 .... 

Backprediction: +J «s ..... ..... 
~ 2.00 ...... «s 
E 
s.. 
0 z 1.00 11 11 11 

0.00 ..-..--------,.-------"T""""---..-----,.----1 
0 20 80 80 100 120 1"0 

Tangential Displacement u (mm) 

Figure 4.39: Dilatant Response for Type A Joint, Normal Stress an = l.38MPa 
(Schneider, 1974) 



272 

1.7 
0 
CJ 
M 1.8 Q) 

+) 
Q) 

0 0 Data Point E 1.5 

= IJnear Fitting M 

= p.. 1.4 

1.3 
0 

1.2 

1.1 0 

1.0 
0.00 10.00 20.00 30.00 .W.00 50.00 

Size (L) 

Figure 5.10: Interpolation to Find Constants for Size = 10cm, Parameter c0 (Ban
dis et al. , 1981) 



273 

1.0 
0 
> ,.. 
Q) 

...,;. 0.9 Q) 
0 Data Point E a, Fitting ,.. 

a, 0.8 11.. 

0.7 

0.8 

o.~-+-~~~~--~~~~~--~~~~---~~~~--~~~~--1 

0.00 10.00 20.00 30.00 .W.00 fi0.00 

Size (L) 

Figure 5.11: Interpolation to Find Constants for Size = 10cm, Parameter v0 (Ban
dis et al. , 1981) 



274 

70 
~ 

C 
a.. 60 Data: ~ ..__, 
~ 

IJ Size L =- 1 0cm 

en 50 
en Prediction: 
Q) 
L.. 
+' 40 Cl) 

L.. 
IJ C 

Q) 
30 ..c: 

Cl) 

20 

10 

0 
0 2 3 4 5 6 7 8 9 10 11 

Tangential Displacement u (mm) 

Figure 5.12: Shear Response for Test with Sample Size 10cm (Bandis et al. , 1981 ) 



""""' E 
E 

'-' 0.8 
> 
C: ·o 

+' 
C 0.8 

Cl 

C 
E 
1... 0.4 
0 z 

0.2 

275 

Data: 

CJ CJ Size L =10cm 

Prediction: 

0.0-H:~=-r~~,-~-.-~~r-~-,-~----r~~-r-~--r~~--~--~~ 
0 2 3 5 8 7 8 9 10 11 

Tangential Displacement u (mm) 

Figure 5.13: Dilation Response for Test with Sample Size 10cm (Bandis et al. , 
1981) 



.~:. 

276 

Table 5.3: Constants for Test with Sample Size 10cm (Bandis et a1., 1981) 

Sample Size 10cm 

Elastic Constants En 0.2MPa/mm 

E6 1.0MPa/mm 

Yield Function F a 0.30 

b 0.70 

n 2.10 

, 6.05 

q 1.98 

Critical State Co 1.40 

m 0.99 

Vo 0.75 

k 0.0 

Disturbed State ~ 4.10 

R 0.71 

~6 7.21 

R6 1.70 
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and the surfaces are not really altered. And therefore, the joint roughnesses should 

not be different for different sample sizes. 

One possible reason for this discrepancy is that the roughness changes are 

the result of a change of the effective asperities which are involved in actual contact 

for different sample sizes. As we discussed in the previous chapters, the behavior 

of a joint is determined by the properties of the joint wall surfaces as well as the 

contact conditions. And since there is no change of the joint wall surfaces, the 

difference of JRC values for different sample sizes must be caused by the change 

of the contact conditions. Therefore, surface roughness of the joint walls alone 

is not sufficient in describing the behavior of joints. And the concept of effective 

roughness, which also considers the contact conditions between the joint walls 

should be applied. 

From the last section, we discussed that the parameter a in the joint model 

increases with the increase of the joint roughnesses, and this trend is also shown 

here (see Fig. 5.14). The JRC values are obtained by Bandis et al. (1981) and 

they could be understood as measured effective joint roughnesses. Besides, it is 

found that parameter a is inversely proportional to the size of the samples as 

shown in Fig. 5.8. Therefore, parameter a can be ~onsidered as an indication of 

the representative size and the effective roughness of a joint. 

Another question is that under what conditions, softening or hardening 

may occur. Softening or hardening depends on the property of the damageable 

asperities when the size of the samples changes. this question will be addressed in 

the next section. 
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5.4 Hardening, Internal Harden, Softening and Weakening 

Before discussing the conditions whether softening or hardening occurs, we will 

first address the problem associated with the concepts of hardening and softening. 

Hardening and softening are the behavior related to the shear resistance of 

a joint. Usually, hardening refers to the increasing of the shear resistance with 

respect to shear displacement, and softening refers to the decreasing of the shear 

resistance. 

However, the increase of the shear stress can be caused by two reasons: the 

first is due to the hardening of the joint and the second is that the normal stress 

increases during shear, and consequently the shear stress increases. Therefore, an 

increase of the shear stress does not reflect a true property of a joint, and the 

ability of the shear resistance provided by a joint must be evaluated in regard to 

the normal stress applied to the joint. 

In order to properly discuss the ability of the shear resistance of a joint, 

let's define the concepts of weakening and internal hardening. Weakening can be 

used when the ratio of the shear stress to the normal stress, that is, the friction 

coefficient J1. decreases. And internal hardening occurs when the friction coefficient 

J1. increases. The friction coefficient J1. is a very important measure since it can 

be related to the friction angle, and it gives a good indication of the roughness of 

a joint. Therefore, the concept of weakening and internal hardening reveals more 

virtual information about the actual property of a joint, instead of merely pointing 

out whether the shear stress increases or decreases. 

The concept of weakening is different from the concept of softening, since 

softening is defined only when the shear stress (not necessary the friction coeffi-

----------------------------~--------'" ... -.....•............. - ~-... -..... ---....... . 
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cient) decreases. We can give two example to illustrate that. The first example 

is that a weakening joint does not necessary show softening behavior. This can 

be true when the normal stress is increasing at the same time, and the decrease 

of the shear resistance caused by weakening is compensated by the increase of 

the shear stress accompanied by the normal stress increase. The overall effect of 

the weakening and the normal stress increase still causes an increase of the shear 

stress. And by definition, softening does not happen. The second example is that a 

non-weakening joint may exhibit softening behavior ( decrease of the shear stress). 

This can be true when severe decrease of normal stress occurs, and this decrease 

may cause great decrease of shear stress and softening still happens. Therefore, 

softening is related not only to weakening, but also to the normal stress applied. 

And weakening is the more appropriate concept in measuring the ability of the 

shear resistance provided by a joint. 

Weakening and softening coincide only when the normal stress is kept con

stant during shear. But the word softening is over used such that sometimes, it 

is used to express the concept of weakening even when the normal stress changes. 

There is a distinction between these two usages and we try to point out the possible 

mis-conception caused by the use of the word softening. 

Similarly, the word hardening is used to state the situation when the shear 

stress increases and sometimes, it is also used to express the concept of internal 

hardening, which is an indication of the shear resistance capacity of a joint. Any

way, the concept of the increase or decrease of the shear resistance capacity of a 

joint is quite different from the apparent increase or decrease of the shear stress, 

this increase or decrease may be caused by the increase or decrease of the normal 

stress applied. 
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Therefore, we suggest that the words weakening and internal hardening can 

be adopted to express the concept concerning the ability of the shear resistance for 

a joint. And softening and hardening are used to indicate the apparent decrease 

or increase of the shear stress. However, the popularity of the word softening an:d 

hardening may result in confusions if this terminology is used without explanation 

elsewhere. Therefore, this terminology is only limited to section 5.4 of this chapter 

and it will be conceptually very beneficial if this terminology could be widely used. 

Whether weakening or internal hardening occurs depends on the ratio of the 

damageable and non-damageable shear resistance. In the joint model, we formu

lated that the shear resistance is composed of two parts, that is, the damageable 

and the non-damageable. Internal hardening (Fig. 5.15) occurs when the shear 

resistance provided by the critical state material is larger than the shear resistance 

provided by the original state material. And weakening (Fig. 5.16) occurs when 

the shear resistance provided by the critical material is smaller than the shear re

sistance provided by the original state material. If internal hardening occurs, the 

intact material can only provide less shear resistance than the joint at the critical 

state, or the original joint may be smoother than the joint at the critical state. 

And if weakening occurs, the intact material can provide more shear resistance and 

the original joint is rougher than the joint at the critical state. 

The normal stress also plays an important role in whether weakening occurs 

or not. From the previous sections, we know that weakening is caused due to 

damage occurring to the joint asperities, and the damage is related to the normal 

stress applied. When the normal stress level is low, damage is slight and weakening 

is not likely to occur. But when the normal stress level is high, damage will be sever 



282 

Critical response 

Int act response 

Tangential Displacement u 

Figure 5.15: Joint with Internal Hardening 
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Intact response 

Measured response 

Critical response 

Tangential Displacement u 

Figure 5.16: Joint with Weakening 
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and weakening will likely occur. Therefore, weakening will happen if there exist a 

great amount of damageable asperities. Rough fresh surfaces usually provide more 

damageable asperities and higher normal stresses will also cause more damageable 

asperities. 

The normal stress also plays an important role whether softening will occur 

or not. Weakening will cause a decrease of shear stress and internal hardening will 

cause a increase of shear stress. But the decrease or increase of the normal stress 

will also cause a decrease or increase of the shear stress as discussed previously. The 

overall effect of the ability of the joint and the change of the normal stress applied 

will determine whether the shear stress decreases or not, or softening will occur 

or not. For example, weakening joint with no increase of the normal stress will 

have a softening behavior and internal hardening with 110 decrease of the normal 

stress will result a hardening behavior. And weakening joint with a decrease of the 

normal stress and internal hardening with an increase of the normal stress may 

result either a hardening or a softening behavior, depending on the overall effect 

whether the shear stress increase or decreases. 

______________________________ ~ ____ e __ "_. __ ..•.•. __ ... _ ••• _·_ •• _ •••••.• ____ e._·. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The disturbed state modeling provides a new and powerful way of describing the 

behavior of joints and interfaces. It is based on the assumption that the behavior 

of a joint, or the behavior at the disturbed state can be expressed by the joint 

behaviors at its reference states. 

The reference states include the original state and the critical state. Basic 

models can be used to describe the simple behaviors at the reference states and the 

complex behavior at the disturbed state can be ·described by using the disturbed 

state modeling method. Different models could be developed to describe various 

behaviors if different models are used for the material behaviors at the intact and 

critical states. 

In the context of this study, the behavior of a intact joint at the original 

state is modeled by using a general plasticity joint model developed by Desai and 

Fishman (Desai and Fishman, 1987; Fishman, 1988) with a small modification. 

The critical state joint is modeled according to observations from shear tests of 

joints. The disturbed state joint model thus developed is capable of describing the 

hardening and softening behavior of a joint under various stress paths. 

Verification is made for four series of tests. These test series selected possess 

different characteristics of test conditions and joint behaviors. The test series 
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by Fishman (1988) provides the shear hardening behavior of joints under test 

condition of constant normal stresses. The test senes by Schneider (1974) provides 

the shear softening behavior of joints under constant normal stresses where the 

joints have a same joint roughness. The test series by Bandis et al. (1981) provides 

the shear softening behavior of joints under constant normal stresses with the joints 

having varied joint roughnesses. And finally, Williams' tests (1981) provide a test 

series under test condition of constant normal stiffnesses. Verifications are made 

with back predictions and predictions. The constants used for back predictions are 

obtained from the back-predicted shear tests, and the constants used for predictions 

are obtained from the shear tests other than the predicted ones. The results of 

both the back predictions and predictions are very satisfactory. 

A series of shear tests with different sample sizes are also used for the 

purpose of verification and discussion, and the size effect on joint behaviors is 

analyzed. It is reasoned that ~he size of the joint determines the roughness level 

that a joint could possibly feel, and different joints with varying sizes touch different 

levels of roughnesses and will show quite different behaviors. Consequently, surface 

roughness alone is not sufficient in describing the behavior of a joint. The effective 

joint roughness, which also considers the contact conditions between the joint walls, 

should be used. The constants needed for back predictions are obtained from the 

shear tests themselves and the constants used for predictions are interpolated from 

the tests with other sample sizes. It is found that the sample size and the roughness 

of a joint are related to the constants in the joint model, and in a consistent linear 

trend. 

-=-----------------------..;..------.... ~-... -.. ~- .. --.- .' 
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6.2 Recommendations 

Although the currently proposed joint model provides a significant contribution to 

the modeling of joints, there are many other aspects that need to be improved. 

These improvements are recommended as the following: 

• Comprehensive series of tests are needed to get a complete understanding of 

the constants in relation to the joint properties. Such a series of tests should 

include variations of measurable joint roughnesses, joint wall materials (such 

as Paster of Paris, low strength concrete), normal stresses, and stress paths. 

Surface configurations from natural rock joints are necessary. 

• Different models of both intact and critical joint behaviors can be used to 

include more advanced models, such as the time-dependent models. Simpler 

intact models could be tried to reduce the number of the constants required. 

• Filler materials and water in joints should be considered since the filler ma

terial and water are very important factors in influencing tha behavior of 

joints. 

• The model should be implemented in order for direct use in numerical appli

cations, such as in finite element procedures. 

• Until today, the understanding of the behavior of joints still remains a big 

challenge in many respects, among them are the experimental testing, math

ematical modeling and numerical applications. In the research of joints, 

systematic approach is of great importance. 

----------------------------,~----.. --.-,-.,., .. " ... "",' ,. .-............... _-- .. -
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