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ABSTRACT 

The influence of discontinuity roughness on the shear strength and defor

mation behavior of rock joint is analyzed. The study is divided into three parts: 

laboratory direct shear test on rock samples having different roughness characteris

tics, characterization of roughness profiles using variogram and probability density 

distribution and the application of dynamical systems theory to analyze the stability 

condition of the sliding motion. 

The relative motion along the rough joint is erratic particularly at a low 

normal load. A steady motion develops as the normal load increases. The kinemat

ics of translational motion has two distinct characteristics: the translation occurs 

as a result of a gross and uniform motion (sliding) and/or through localized inho

mogeneous motion (slipping). 

Three modes of volumetric changes are observed during the tangential mo

tion: a dilatant-contractant behavior with the overall volumetric change being 

strictly dilatant, a dilatant-contractant behavior with the overall volumetric change 

varying from dilatant to contractant and the strictly contract ant behavior. 

The size of the sheared zones is a function of the distribution of the asperi

ties and of the interface strength. The coefficient of friction decreases as the normal 

load increases. It mayor may not increase when the normal load is decreased. 

The probability density distribution of the height of the interface asperities 

is not always Gaussian. The variation of the experimental distribution (histogram) 

indicates that the asperities are not necessarily sheared off in order of decreasing 

height but rather on the basis of the condition underlying the existence of contact. 

The slope of the initial portion of the variogram and the sill, when it exists, 
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are used to characterize the surface morphology of the discontinuity. The lower the 

slope, the smoother the surface. Two types of anisotropy are observed: geometric 

anisotropy (elliptic shape) and zonal anosotropy. The rate of collapse of the bound

ary of the loop describing the roughness of the interface describes the deformation 

of the discontinuity. 

The location of the orbit with respect to the stagnation line depends on the 

normalized stiffness. As the normalized shear stiffness increases, the orbit tends to 

collapse towards the stagnation axis. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Statement of the Problem 

In general, a rock mass is not a continuous medium. It contains geological 

discontinuities such as faults, joints and bedding planes. Depending on the density, 

orientation (strike and dip) and physical and mechanical interface attributes of the 

discontinuities, they may represent a potential for structural instability. They tend 

to weaken the rock mass and control its response to loads and load changes. While it 

is recognized that the response of the rock mass is dominated by the discontinuities, 

their influence on the stability of engineering structures is not fully understood. 

It is imperative to improve current understanding of the influence of dis

continuities on rock mass behavior. The increasing demand for complex engineering 

structures within and on rock is a primary reason, as is the demand for improved 

predictability of the behavior, especially stability, of the structures. The choice of 

the location of such structures frequently is dictated by external factors over which 

a rock mechanics engineer has little control. These factors include public needs, 

strategic defense requirements, ore location and political expediencies. They can 

enhance the pressure facing the rock mechanics engineer. Another challenge he is 

facing is that he must stabilize the entire rock mass adjacent to the opening. He 

may not have the option of discarding a defective portion of the rock mass as a 

mechanical or a material science engineer may be able to do if a defect is encoun

tered in machinery or in alloy cast. He is thus confronted with the task of satisfying 
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public demand for construction and insuring the stability of the structure wherever 

it may be. 

In analyzing the stability of an excavation (tunnel or rock slope), one im

portant factor to consider besides the orientation of the discontinuities is the shear 

strength of the potential failure surface. In the case of a slope design, for example, 

(Hoek and Bray, 1981, p. 83) relatively small changes in the shear strength can cause 

significant changes in the safe height or angle. The stabilization design of excava

tions with rock bolts can be significantly improved with a thorough understanding 

of the fundamental factors which determine the shear strength characteristics of the 

discontinuities. This requires consideration of the various factors that can affect the 

shear strength. 

In the context of stability of sliding motion, the physical and mechanical 

character of a discontinuity surface can be more critical than its orientation (At

tewell and Farmer, 1976, p. 326). The physical attributes of the joint interface 

include both the roughness and any solid or liquid lubricants which may be present. 

The mechanical attributes correspond to those components which determine the 

deformability of the asperities as well as the coefficient of friction and the cohesion. 

1.2 Approaches to Shear Strength Formulation 

The importance of the influence of the asperities on the shear strength of 

a discontinuity is well recognized. This topic has inspired numerous investigations. 

Significant progress has been made toward a better understanding of the behavior 

of rock discontinuities and particularly toward an understanding of the influence of 

interface roughness on the shear 'behavior of rock joints. Among the most significant 

references are Patton (1966), Mogi (1966), Ladanyi and Archambault (1969), Byer

lee (1967a, 1967b, 1968, 1975), Barton (1971, 1973, 1976, 1983), Schneider (1976), 
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Goodman (1974, 1976), Barton and Bandis (1980, 1982), 'lUrk and Dearman (1985) 

and Turk et al (1987). 

Based on analyses of shear test data, many models have been developed 

to formulate the shear strength of rock joints. All the resultant shear strength 

equations incorporate the influence of the interface roughness. The following shear 

strength equations represent the most widely used expressions in rock mass stabili ty 

analysis: 

where 

1) Amontons' law of friction (Jaeger and Cook, 1979, p. 53): 

T = IUI n 

J.l = the coefficient of friction 

Un = the normal stress across the surfaces in contact 

T = the shear stress across the surfaces in contact 

(1.1) 

Equaticn 1.1 represents the simplest criterion to describe the frictional strength of 

a discontinuity. The physical and mechanical influence of the asperities are implicit 

in the coefficient of friction. 

2) Mohr-Coulomb shear strength criterion (Desai and Siriwardane, 1984, p. 

283): 

where 

c = the cohesive strength 

tan( rPb) = the coefficient of friction 

(1.2) 

This model indicates that the shear strength depends on the cohesive strength c 

(also called adhesive strength), the interface friction angle and the normal stress. 



24 

The Mohr-Coulomb shear strength criterion expresses a linear relationship between 

the shear stress and the normal stress. It can be used to represent the peak and 

residual strengths of the discontinuity. The residual strength corresponds to the 

constant strength reached by a discontinuity subjected to deformation. The peak 

shear strength corresponds to the minimum shear stress at which sUp is initiated. 

In this expression, the influence of the asperities is implicit in the cohesion term 

and in the interface effective angle of friction (rPb). 

3) Bilinear failure criterion (Patton 1966): 

r = Un tan(rPr + i) at a low normal stress (1.3) 

at a high normal stress (1.4) 

where 

rPr = the residual angle of friction 

rPb = the basic or effective angle of friction 

z = the angle of inclination of the asperities with respect to the sliding 

plane 

The bilinear model developed by Patton (1966) shows an overriding of the asperities 

at a low normal load. As the normal load exceeds a critical value, shearing through 

the asperities occurs. The effective angle of friction in the bilinear and Mohr

Coulomb expression represents the sum of the residual angle of friction and the 

angle of inclination (i) of the asperities. 

4) Non-linear model (Archard 1958): 

(1.5) 

where m and b are constants. 
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This formulation shows that the two mechanisms described by Patton (1966) in 

equations 1.3 and 1.4 are not so distinct but rather combine in varying proportions 

so that the shear strength curve is non-linear. This suggests that dilatancy occurs 

simultaneously with the shearing of the asperities. 

as: 

where 

5) Barton's equation (Brady and Brown, 1985, p. 124) which is expressed 

J RG = the joint roughness characteristics 

J G S = the joint wall compressive strength 

Un = the effective normal stress 

with Un < JGS (1.6) 

Barton proposed this empirical equation to express the peak shear strength of a 

rock discontinuity. The equation indicates that the shear strength can be expressed 

in terms of three components: a) a basic frictional component given by the residual 

frictional angle (rPr), b) a geometrical component controlled by surface roughness 

(JRC) and c) an asperity failure component controlled by the ratio (JGS/un ). Bar-

ton's equation is simple to implement in practice because the roughness parameter 

and the joint wall compressive strength can be easily determined through the tilt 

test and the Schmidt hammer test. 

6) Ladanyi and Archambault's model (Ladanyi and Archambault, 1969): 

(1.7) 

where 

as = the shear area ratio giving the proportion of joint area sheared 

through the asperities 
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v = the rate of dilation (i.e., by / bx where by is the change in the vertical 

displacement and bx is the change in the horizontal displacement) 

1] = the degree of interlocking 

<P f = the statistical average value of the friction angle when sliding occurs 

along the irregularities 

<Pu = the angle of frictional sliding resistance along the contact surfaces 

<Pb = the basic or effective angle of friction 

Ladanyi and Archambault's model represents the most comprehensive formulation 

as it incorporates the essential physical aspects (dilatancy and interlocking) of the 

shearing mechanism encountered in the laboratory. However, the formulation of 

the interlocking factor is still somewhat ambiguous. This model expresses the shear 

strength in terms of four components: 

a) a component which represents the external work done in dilating against 

the external normal force N (N v ) 
b) a component which represents additional internal work in friction due to 

dilatancy (Sv tan <P f) S being the total s~earing force 

c) a component which represents work done in internal friction if the sample 

did not change volume during shearing (N tan <Pu) 

d) a component which is similar to Coulomb's expression 

7) Statistical and stochastic approaches: The influence of the asperities on 

the shear strength has also been analyzed through the stochastic approach where 

the spatial representation of surface roughness is determined by means of the auto

correlation and spectral density functions (Wu and Ali, 1978) and (Dight and Chiu, 

1981). Different surfaces can be characterized consistently by these functions. To 

date, this approach is used only to quantify the geometrical parameter (JRC) in 
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Barton's equation. The roughness has also been described by means of the struc

ture function or the variogram function (Sayles and Thomas, 1977). The probability 

density function of the height distribution of the asperiHes also can characterize the 

roughness of discontinuities (Greenwood and Williamson 1966, Brown and Scholtz 

1985, Whitehouse and Archard 1970). 

1.3 Need for this Study 

The existing shear strength equations (section 1.2) express the variation of 

the shear strength with normal stress at a constant shear displacement. By con

sidering the peak shear load or the residual shear load alone in the determination 

of the shear strength, the influence of the asperities on the sliding motion is un

derestimated. In particular, the process whereby the residual is achieved remains 

unaccounted for. Attempts to improve the basic model of the shear strength equa

tion have indirectly focused on improving the reliability of the limiting equilibrium 

equation. The limiting equilibrium approach consists of comparing the shear stress 

with the shear strength through the factor of safety. The factor of safety represents 

the constant by which the shear strength parameters may be reduced in order to 

bring the sliding mass along a given slip surface into a state of equilibrium (Mor

genstern and Sangrey, 1978). While this method may be satisfactory for design in 

soil engineering it does not seem to be quite appropriate for stability forecasting in 

rock because it does not fully account for the influence of asperities. 

The coefficient of friction is influenced by the interface asperities (Byerlee, 

1970) and varies from point to point on slip surfaces. Instability is associated with 

decreases in the frictional force from peak values as sliding proceeds. A knowledge of 

the variation of the shear strength parameters with shear displacement is of great 

importance because sliding instability is a dynamic process. The static limiting 
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equilibrium method wherein the shear strength is compared with the shear stress 

is not sufficient to determine the stability condition of the sliding motion along a 

sliding plane. 

A better method than the mere static approach is needed for predicting the 

response of geological structures to sliding due to external factors such as rainfall, 

earthquakes and blasting which sometimes cause disturbances of seemingly stable 

structures. High intensity earthquakes may cause rock to slide, but the sliding may 

stop as soon as the tremor vanishes (Glass, 1985). The key parameters controlling 

the cessation of the motion are the asperities. The limit equilibrium method can 

lead one to conclude that high frequency seismic waves will increase the probability 

of sliding failure. This is inaccurate based on field observations. 

Further reasons for undertaking this study spring from public safety and 

economic necessities which require an improvement of the methods of prediction of 

the stability of natural or man-made geological structures which are prone to sliding. 

In the process of rehabilitation of man-made structures such as dam foundations for 

example, a concensus does not exist even among the field practitioners regarding 

the effectiveness of the use of the limit equilibrium method over the shear friction 

method (Corns et al 1988 a, p. 485). The lack of concensus results from the fact 

that the importance of the asperities on the shear resistance is still only marginally 

known. The shear friction method describes the sliding factor of safety as the ratio of 

the total available sliding resistance to the sum of forces tending to produce sliding. 

Further understanding of the influence of asperities on the sliding motion may also 

help gain good insight into posttensioned anchor design used in dam rehabilitation 

(Corns, 1988 b, p. 595) (dilation concept used to evaluate the shear resistance along 

the concrete-rock interface). 

In addition, the problem of stability of the translational motion must be 
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formulated in such a way as to facilitate the use of computer models and computer 

graphics in order to increase the understanding of the conditions leading to the 

deterioration of the stability of the sliding motion. For example, a change in mo

mentum caused by rupture of asperities and its effect on the overall stability can 

be analyzed using computer models. 

1.4 Influence of Asperities on the Shear Strength 

According to Lazan (1968, p. 23), interface roughness plays an important 

role in the damping of the sliding motion, particularly when the deformation along 

the discontinuity is elastic. Lazan states that the roughness of the discontinuity 

influences the translation in two ways: it allows motion normal to the interface 

( dilatancy) and relative motion of the two superimposed surfaces along the plane 

of the interface i.e., true shear effects. These two types of motion and particularly 

the latter have great potential for the dissipation of energy and therefore influence 

the shear strength of the discontinuity. 

The importance of the interface asperities on the translational motion can 

also be illustrated by considering the frictional force recorded during direct shear 

testing. The frictional force recorded during the direct shear test is a composite 

force. This composite force includes: 1) the forces which result from normal con

striction along the horizontal junctions; 2) the forces which induce deformation 

of the interlocked asperities; 3) the forces resulting from dilatancy during sliding 

motion. 

These force components are influenced by both the geometrical conditions 

and the mechanical behavior of the surface asperities. The geometrical condition 

includes the orientation of the asperities as well as their shapes. The mechanical 

behavior entails their deformability. The impact of asperities on the shear strength 
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of discontinuities depends to a significant extent on their deformational character. 

Heretofore, this facet of the behavior of the asperities has received only marginal 

attention. A more thorough knowledge of the deformability of the asperities will 

enable a more adequate assessment of the shear strength of discontinuities. This in 

tum will allow improve the forecasting of the stability of rock masses and permit 

one to implement adequate schemes for their stabilization. 

1.5 Scope of the Study 

The objective of this study is to investigate the influence of discontinuity 

roughness on frictional resistance along the interface. The variation of the frictional 

resistance with normal load and shear displacement is analyzed in conjunction with 

the deformational behavior of the asperities. The study is divided into three parts: 

1) laboratory direct shear tests on joints. The laboratory model consists 

of a single discontinuity plane along which relative motion is induced by a direct 

shear testing apparatus. According to Hoek and Bray (1981, p. 83), for a single 

discontinuity plane, direct shear test data from the field or the laboratory may be 

sufficient to forecast the shear strength of a potential failure surface. This simple 

model (shearing along a single discontinuity plane) permits good control of the 

relative motion of two superimposed blocks during shearing and allows repetition of 

the motion along a predetermined path. It also provides the consistency in collecting 

constitutive parameters needed to analyze the influence of the interface geometry. 

The dilatancy, the shearing mechanism, the spatial variability of the discontinuity, 

the variation of the true area of contact and the variation of the frictional force with 

the normal load and the shear displacement are investigated. 

2) A characterization of the joint interface geometry: This includes a statis

tical methodology for describing discontinuity surfaces. The methodology is applied 
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to illustrate asperity changes that take place during shear testing. The analytical 

methods used are the variogram function and the gamma density distribution. The 

variation of the magnitude of the sill in the case of the variogram function and the 

shape parameter and the scale factor in the case of the gamma distribution are an

alyzed for various surface configurations. The mean value of the reduction in height 

of the asperities is used to determine the surface compliance of the joint interface. 

The directional behavior of the distribution of the asperities and its variation after 

successive shearings are discussed. The directional behavior of the joint interface is 

determined by using the magnitude of the sill value in the cases where a distinct 

correlation length exists. Where no distinct correlation length exists, the maximum 

value of the experim~ntal variogram or the slope of the initial linear portion of 

the variogram is used, because the size of the sample tested is finite. The surface 

compliance of the discontinuity interface is computed by using the results of the 

variogram function. A hypothesis is then proposed which relates the rate of sur

face deformation to the mechanical behavior of the joint interface. This hypothesis 

serves as the basis for analyzing various types of surfaces. 

3) A stability analysis of the sliding motion: The behavioral characteris

tics of the shear load/shear displacement curves (strain softening, modified strain 

softening, strain hardening, sliding and slipping) are modelled using elementary 

mechanical elements. For each shear test, the equation of motion is determined. 

The corresponding phase portrait is obtained using a computer program described 

in Appendix A. Subsequently, the stability condition of the sliding motion is dis

cussed. 
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CHAPTER TWO 

LABORATORY STUDY OF SHEAR BEHAVIOR OF ROCK JOINTS 

2.1 Introduction 

The primary purpose of a conventional direct shear test is to detennine the 

shear strength of a rock or soil along a pre-existing or induced discontinuity plane. 

The test consists of sliding two blocks along their interface. A constant nonnalload 

is applied to confine them. As a minimum, the shear load required to maintain 

the relative motion between the two blocks is recorded. The rock or soil sample 

is tested under at least four different nonnalloads, in order to obtain the change 

in the frictional force with nonnalload. A direct shear test may also be used to 

study dilatancy, defonnability of the asperities and the interface compliance. 

A triaxial test may be conducted for the same purpose. However, in the 

direct shear test the discontinuity can be subjected to an extended shear displace

ment which may facilitate the attainment of the residual shear strength (Goodman 

1980, p. 155). With the triaxial test it is difficult to monitor the dilatancy resulting 

from sliding and to have easy access to the interface for surface mapping. 

The shear strength parameters (i.e., the cohesion and the coefficient of 

friction) are derived through statistical regression analysis on the direct shear test 

data. The nonnal stress and the shear stress are the independent and the de

pendent variables respectively. Assuming a linear relationship between the two 

variables, the shear strength is defined once the cohesion and the angle of friction 
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are detennined. The cohesion corresponds to the intercept with the vertical axis 

and the coefficient of friction to the slope of the regression curve. In accordance 

with the objective of the investigation, the peak or the residual shear load along the 

shear load/shear displacement curves may be used to detennine the shear strength 

of the discontinuity. 

The conventional analysis commonly used to derive the shear strength pa

rameters (linear or non-linear models) is simplistic and has inherent limitations 

when the variability of the shear load during shearing is considered: 1) the shear 

strength parameters are determined at a constant shear displacement. 2) the statis

tical methodology (linear or non-linear regression) is insufficient to describe impor

tant infonnation regarding the rate of increase and decrease of the shear load with 

the nonnal load. The peak and residual strength alone do not take into account 

the dynamic nature of the process whereby the steady state motion is reached. 

A critical parameter which influences the shear force required during sliding 

is the surface roughness. Due to the character of the distribution of the asperities 

over the joint surface and due to their continuing physical alteration with increasing 

nonnal load and progressive shearing, a single peak or residual shear load value 

will evidently not account for the complex influence of the asperities. 

The objective of the laboratory direct shear tests reported on here is to 

investigate the influence of roughness on the shear behavior of rock joints. The 

study also focuses on the physical alteration of the interface following shearing 

and on the mechanical implications of such changes. Some important physical and 

mechanical characteristics associated with the state of the asperities will be inves

tigated, as will the dynamic processes describing the motion. These fundamental 

determinants affect the frictional resistance along the surface discontinuity. The 

characteristics and processes investigated include: the height distribution of the as-
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perities, the contact mode, the true area of contact and its variation, the shearing 

mechanism, and the variation of the frictional forces with normal load and with 

shear displacement. These focal points of this laboratory study are important for 

the following reasons: 

1) The shearing mechanism: the frictional force recorded during the direct 

shear test, as analyzed by Suh and Sin (1981), is a composite of the forces resulting 

from deformation of the interlocked asperities, constriction along the junction of 

the two superimposed surfaces and plowing by the wear particles. The frictional 

resistance curve differs depending upon which frictional component dominates. 

This is particularly true on the macroscopic level. A thorough understanding of 

the physical interactions which take place between two opposite asperities at any 

given shear displacement will elucidate the factors contributing to the damping of 

the sliding motion. These physical interactions include the contact mode between 

the asperities and the dilatancy occurring during the motion of the joints. The 

contact mode and dilatancy directly influence the configuration of the sheared 

zone and, in particular, the mechanism by which the deformation occurs. 

2) The spatial variability of the height distribution of the asperities: Ac

cording to Whitehouse and Archard (1970), surface contact often involves a large 

proportion of asperities contact where the deformation is entirely elastic. Under 

these conditions, the sliding motion and shear strength resistance will be greatly 

influenced by the asperities. Because contacts occur at localized zones all along the 

discontinuity surfaces, the spatial variability of the height distribution of the as

perities plays a dominant role in determining the spatial density of the true area of 

contact. Consequently, the distribution of surface asperities can significantly alter 

the character of the motion during shearing. If the asperities along two discontinu

ities subjected to shearing are perfectly plastic, the total area of contact and the 
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contact pressure is independent of the surface roughness (Whitehouse and Archard, 

1969). The study of the spatial variability of the height distribution of the asperi

ties would then be unnecessary. A detailed analysis of the influence of the height 

distribution and variation of the asperities on the strength of the discontinuity is 

conducted in chapter three. 

3) variation of the true area of contact: an investigation of the conditions 

of the sliding surface in both the pre and post-shearing stages is useful in order to 

reconstruct the physical processes which led to the observed surface damage. The 

reconstruction will yield insight into the components of the resultant frictional force 

and the variation of the local states of stress during shearing. According to Teufel 

and Logan (1978), the temperature, local state of stress, seismic energy released 

and gouge generation along the discontinuity plane are all area-dependent. Since it 

is impossible to access the entire interface of a rock joint in the field, a connection 

should be made between the state of the area of contact and the variation of 

the frictional resistance observed. A laboratory analysis may help to identify this 

connection because the physical condition of the d.iscontinuity can be inspected 

before and after testing. According to Ruina (1983), the state of the surface in 

contact represents a fundamental determinant which influences the shear strength 

and frictional stress as the shear displacement increases. The true area of contact 

provides information about local states of stress at the junctions of the asperities. 

The reduction in the rate of growth of the contact area with increasing normal load 

indicates that the steady state is being approached. When the limit is reached, the 

load is supported elastically (Lisowski and Stolarski, 1981). 

4) The variation of the frictional force with the normal load and the shear 

displacement: shear load curves obtained from a rough hard joint at increasing 

normal loads generally present distinct characteristics. For a rough joint at low 
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nonnalloads, the curve displays a strain softening behavior. As the nonnalload 

increases, there is a transition stage (modified strain softening behavior) and at 

the limit the strain hardening behavior may develop (Farmer, 1983, p. 160). Hard

ening and softening behavior are not preponderant when the test is conducted 

at a sequentially decreasing nonnalload (Roko et al., 1986) or from direct shear 

tests conducted on very smooth surfaces. The variation of the frictional force with 

shear displacement reflects the dynamic nature of the interface deformation pro

cess which occurs during the relative displacement of the blocks. Consideration 

of the entire shear load/shear displacement curves coupled with a visual inspec

tion of the sample surface are critical to understand in detail how the steady state 

is achieved. The underlying physical and mechanical phenomena contributing to 

the shear load/shear displacement variation can then be analyzed. During this 

motion, the asperities may fail due to brittle fracturing or due to crushing. The 

brittle fracture, also called "plucking", is caused by tensile failure at the base of 

asperities. It is accompanied by a sudden release of elastic energy and is very 

often characterized by an increase in momentum of the sliding mass which may 

contribute to the instability of the mechanical system. Localized contact crushing 

which is more prevalent at high normal load is characterized by gradual fracturing 

(multiple splitting) of the asperities and is not followed by a sudden drop of the 

shear load. 

In addition to those four focal points, this study includes: 1) an analysis of 

the variation of the sheared zones which are used to detennine the area of contact 

and 2) a description of a series of models to illustrate the physical processes leading 

to the observed surface deformation. To determine the impact of the surface asper

ities on the frictional resistance, two series of tests are conducted on each sample: 

an increasing and decreasing nonnal load series. The results obtained are used to 
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formulate analytical solutions which are essential to a thorough understanding of 

the stability of the sliding motion. 

2.2 Laboratory Shear Test Apparatus and Procedures 

2.2.1 Shear Test Apparatus 

The following comprise the apparatus used: 

1) A metallic mold to cast the rock sample into a sanded cement. 

2) A Wykeham Farrance WF-2550 shear machine. A schematic arrange

ment of the machine is shown in Figure 2.1. It incorporates the following major 

components: 

a) A horizontal loading system to provide a constant rate of displacement 

(dx/dt). The horizontal load is applied through a mechanical gearing system. The 

speed can be varied by interchanging gears. The system can move the lower half 

of the sample in either a forward or a reverse direction depending on the position 

of the master gear. 

b) A vertical loading system to provide the normal stress (un). This unit 

establishes and maintains static pressure in the line to the loading yoke. 

c) Instrumentation to measure the normal load Pn , the shear load P8 and 

the vertical displacement of the upper sample during the test. With the sample 

in place and the horizontal loading system applying a force to the bottom half of 

the shear box, shear force is transmitted through the sample to the top half of 

the shear box. Horizontal tension bars are attached to the top half of the box. 

The tension in the bars equals the shearing force between the two half blocks. A 

proving ring measures the shear load. 

The vertical and horizontal displacement gages monitor the movement of 

the sample during the test. From the horizontal displacement gage, the movement 
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of the top half relative to the bottom half of the sample is measured. The vertical 

load controller, a pressure gage installed in line, measures the static pressure to the 

loading yoke. 

2.2.2 Experimental Procedures 

2.2.2.a General Procedures for Collection of Direct Shear Test Samples 

The samples used for this experiment were collected using the following 

general field procedure (Miller 1982, p. 35). 1) Each block was oriented before 

removing it from the outcrop. A typical orientation method consists of measuring 

and recording the strike and dip of one or more exposed faces of the block. 2) The 

block was securely wrapped or taped during shipment to assure minimal movement 

along the fracture. It is imperative to minimize disturbances during either the 

extraction of the sample from the outcrop or during packaging or shipping. The 

first step in the procedure was not essential in these experiments, not intended for 

immediate design applications. 

2.2.2.b Description of the Morphology of the Discontinuity Surfaces 

Shear tests were conducted on four rock samples: quartz porphyry (11.50 x 

21.0 cm2), dolerite (11.0 X 21.0 cm2 ) rhyolite (11.50 x 15.50 crn2), and dacite 

(14.0 x 10.0 cm2 ). These samples present distinct surface characteristics. 

The surface discontinuity of the samples was defined according to the ISRM 

classification (Brown, 1978, p. 26). The quartz-porphyry has an undulating smooth 

surface with asperities of short wavelengths (about 1.27 cm). The dolerite sample 

can be defined as rough and undulating. This sample presents two distinct char

acteristics: 1) a large-scale undulation perpendicular to the direction of shearing 

with approximately a 3.81 cm wavelength and a 0.64 cm amplitude and 2) a small 
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random roughness which is produced by the ophitic texture of the rock. The rhy

olite sample has smooth undulating asperities that appear r&lldomly distributed 

over the surface. The dacite can be categorized as a planar rough surface but with 

a finer microstructure than that of dolerite. No sign of alteration due to weathering 

has been observed on any of the discontinuity surfaces. 

2.2.2.c Sample Preparation 

Each sample had an irregular shape and was separated along a fracture. 

Each sample needed to be trimmed. Since there was no fault gouge along the joint 

for the samples tested, they were trimmed with little concern for water flowing over 

the discontinuity surface. The most important precaution taken was to separate 

the top and bottom halves before cutting in order to inhibit the effects of vibration 

on the joint surfaces. 

The samples were then cast in a sanded cement. First the bottom sample 

was cast in a mold. The interior surfaces of the mold were coated with oil. A 

four centimeters clearance around the discontinuity was provided to minimize the 

cement cast from being in contact during shearing. The four centimeters clearance 

along the discontinuity was maintained by filling the gap with dried sand after 

casting of the lower block with the upper block properly aligned on the lower 

block. The joint was kept horizontal during casting with a spirit level. The spirit 

level allowed control of the surface flatness in three directions (45 0 apart). This 

procedure is useful in the sense that normalization of the measured amplitude is 

no longer necessary. The precedure also allows the implementation of the mean 

difference because the trend is removed. A vertical rod was cast on each corner to 

provide alignment for the top and the bottom samples before shearing. The rods 

were constantly rotated during casting in order to slightly increase the diameter 
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of their holes. They were removed at the end of the casting. The upper part of 

the cast was carefully flattened and maintained horizontal in order to allow proper 

alignment of the vertical load. 

Reinforcement of the cast with wiremesh is extremely desirable in order to 

minimize fracturing and subsequent displacement. In addition, the sample should 

be properly centered during casting. Stiff material should be placed beneath the 

lower block during casting to prevent any settlement. After curing for one day 

inside the mold, the top and bottom cast are separated and exposed to free air 

for further curing. Unless immediate testing is required, it is desirable to keep the 

sample separated to prevent surface disturbances. 

The geometry of the cast needs to be as precise as possible so that it fits 

accurately in the frame of the sample carrier. The minimum clearance between the 

frame and the cast is purposely designed to prevent rotation of the upper block 

during shearing. Rotation may be caused either by a loose block inside the frame 

or by a lack of adequate clearance. In the latter case, the block may be carried by 

the frame when tilting does occur. Failure to consider this point not only affects 

the accuracy of the dilatancy measurement but alters the essence of the test. It 

is important to use a large sample (at least 150 cm2 ) or to limit the total shear 

displacement to a minimum in order to minimize tilting of the upper block. 

The tests were conducted on dry and wet surfaces at a constant strain rate 

of 0.12 cm/min with a maximum shear displacement of 5.50 cm. The normal loads 

were applied sequentially up to the chosen maximum. They were then sequentially 

decreased to magnitudes identical to those used during the increased loading phase. 

The same normal load was used to compare the change in shear strength produced 

by successive shearings and to evaluate the response of the joints to shearing. 

For each normal load, the sample was sheared in one direction. After each 
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shearing, the sample was carefully returned to its initial position for successive 

shearings at higher normal loads. The primary reason for the repositioning of the 

sample is to study the influence of multiple shearings on the same surfaces. Using 

this procedure, an evaluation can be made of the influence of successive shearings 

on the shear strength and on the qualitative behavior of the same joint surface. 

The resetting was the most delicate phase of the laboratory experiment 

because no shearing of the samples could be allowed during this operation. By 

matching at least three precast holes in the mold during the resetting, the po

tential for surface damage during sample readjustment can be averted and the 

resetting can be completed rapidly. According to Brown (19'18), readjustment of 

the sample may sometimes cause surface disturbance. His alternative i.e., the use 

of different samples to prevent surface disturbances, cannot guarantee that surface 

geometry and mineralogy are identical for a series of tests. By repositioning the 

effect of heterogeneity in the mineralogy and of differences in the geometry of the 

discontinuity surfaces on the shear strength can be averted. 

The sheared areas were mapped after each shearing cycle. It was quite 

simple throughout these experiments to delineate the sheared zones. They stand 

in distinct contrast to the remaining surface which did not undergo permanent 

deformation. To ascertain whether the proper sheared zones have been mapped, the 

top and bottom maps are superimposed and then placed over the equivalent length 

displaced during the shear test. For perfect mapping, there should be a consistent 

coupling of the top and bottom sheared zones. H during displacement a mapped 

sheared zone on any of the surfaces does not have an equivalent on the opposite 

surface, the implication is that the region was affected by an independent event 

and does not represent a sheared zone. Throughout this checking procedure, one 

should identify separately those areas which are sheared due to improper handling 
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of the samples. 

The resulting maps are used to determine the area of contact corresponding 

to any given shear displacement. Mapping the sheared zones after each shearing 

during the increasing normal load phase is essential because the sheared zone con

figuration differs significantly from one shearing cycle to the next. In the decreasing 

normal load series, the sheared areas were mapped only once (after the last cycle) 

because in no case did the contact area change noticeably. This has been confirmed 

by the experimental results. A constant shear area for a given normal load can 

therefore be used to determine the normal and shear stresses. 

To find the area of contact corresponding to a given shear displacement, 

the two shear maps (top and bottom) are superimposed. It is assumed that no 

contact exists along areas that remain elastic. It can then be postulated that 

the intersection of the sheared areas for a given shear displacement represents 

the true area of contact (plastic area of contact). It was mapped and measured 

using a planimeter. For mapping purposes, the top sample was carefully removed 

from the box. The bottom sample was left in place and mapped inside the shear 

box. The transparent mapping sheet was kept stationary during the contouring 

to preserve the integrity of the surface. To accurately map the true contact area, 

it is essential to have at least three corresponding reference points on the top and 

bottom samples. The shearing direction should also be determined and indicated 

on the contour paper. 

2.3 Discussion and Analysis of the Shear Test Results 

The following discussion focuses on the analyses of the volumetric change, 

the sheared zones and the the area of contact, the shearing mechanism, the char

acteristics of the frictional resistance and its variation, the coefficient of friction, 
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and the variation of the velocity of the shear box with normal load and shear dis

placement. The role played by the asperities on each of the aIorementioned points 

is highlighted. 

2.3.1 Analysis of the Volwnetric Change 

The volwnetric change which occured during the relative motion was mea

sured by using a dial gage. A single gage was installed at the top center of the 

shear box to record any vertical displacement of the upper block during shearing. 

A positive volumetric change is called dilatancy. It indicates an increase in the 

separation of the two superimposed blocks;---When the volumetric change is nega

tive, it is termed contractancy. It indicates a decrease in the aperture between the 

two superimposed blocks. The volumetric change during shearing was monitored 

for each sample, under four different normal loads. 

The variation of the vertical displacement of the upper block with shear dis

placement at various normal loads is depicted in Figures 2.2,2.3,2.4 and 2.5. Each 

figure shows two sets of graphs, corresponding to the volumetric change obtained 

during the increasing and during the decreasing normal load cycles respectively. 

Figure 2.2.a represents the results obtained for the quartz porphyry sam

ple during the increasing normal load test series. Each curve indicates an initial 

increase in dilatancy with shear displacement until a peak is reached. There is a 

reduction in dilatancy thereaIter as the relative motion proceeds. The dilatancy 

decreases with increasing normal load. Figure 2.2. b describes the results obtained 

during the decreasing normal load test. During the decreasing normal load series, 

the dilatancy is virtually independent of the normal load. The marginal difference 

between curves 6 and 7 may be associated with the effect of wear caused by shearing 

along the two dry surfaces. The same trend observed during the increasing 
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b) Decreasing normal load series. Mildly dilatant behavior 
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Figure 2.3 Volumetric change during shearing of the dolerite sample. 
a) Increasing normal load series. Highly dilatant behavior 
b) Decreasing normal load series. Mildly dilatant behavior 
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normal load is apparent during the decreasing normal load i.e. initial increase in 

dilatancy followed by a decrease. A comparaison between Figures 2.2.a and 2.2.b 

indicates that the behavior is highly dilatant during increasing normal load series 

but only mildly dilatant during the decreasing normal load series. The volumetric 

change observed with the dolerite (Figure 2.3) is similar to that of the quartz 

porphyry (Figure 2.2). 

Figure 2.4 depicts a partly dilatant and partly contractant volumetric 

change recorded with the rhyolite sample. In Figure 2.4.a, the deformation is 

highly dilatant at the lowest normal load (4270 N). After 4.1 cm shear displace

ment, the volume increase reaches its peak and then declines as the relative motion 

continues. Curves 2, 3 and 4 show a behavior which is partly dilatant and partly 

contractant. Contrary to the results obtained on curve 1, the overall volumetric 

change is not strictly dilatant. The shear displacement at which the'peak dilatancy 

occurs decreases as the normal load increases. After dilatancy reached its peak the 

aperture closure continued until the behavior became truly contractant. There is 

less continuity in the volumetric change with the rhyolite sample than with the 

quartz porphyry and the dolerite. Figure 2.4 shows that the volumetric change 

is independent of the normal load at high loads. Such variation of the vertical 

displacement with shear displacement at different normal loads seems to suggest 

that sheared particles may also influence the volumetric change. As the roughness 

decreases due to repetitive shearing, the shear displacement at which contractancy 

begins decreases. The cause of the vertical displacement drop at about 0.51 cm 

shear displacement has not been positively identified. The vertical drop was ac

companied by a noise which seems to indicate a readjustment of the sample or 

fracturing of an asperity. 
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Figure 2.5 shows the volumetric change obtained with the dacite sample. 

Figure 2.5.a (curve 1) shows a strictly dilatant volumetric change. When the volu

metric change is dilatant, curves 1, 2 and 3 show that the peak volumetric increase 

occurs around 0.96 cm shear displacement. Curves 2 and 3 show that as the nor

mal load is increased, a transitional shear displacement is reached at which the 

volumetric change reverses its trend from dilatant to contractant. The transitional 

shear displacement decreases as the normal load increases. During the decreasing 

normal load series (Figure 2.5.b) the volumetric change is strictly contractant. 

The influence of roughness on the volumetric change can be analyzed by 

comparing the results obtained with various samples. A comparison between the 

quartz porphyry and the dacite sample show that the volumetric change in the 

case of the dacite sample is relatively small compared to the quartz porphyry. This 

observation confirms the importance of the initial geometry of the discontinuities. 

The discontinuity of the quartz porphyry is relatively rough while that of the 

dacite is smooth. The low dilatancy observed in curve 5 (Figure 2.2.b) compared 

to curve 1 (Figure 2.2.a) indicates a smoothing effect which has taken place after 

successive shearing. The two results are similar in the sense that the volumetric 

change observed during the relative motion with the quartz porphyry and dacite 

is governed by the roughness of the discontinuity. 

The change from dilatant to contract ant behavior in the case of the rhyo

lite occurred after a longer shear displacement than with the dacite. Even though 

more tests are needed to ascertain the underlying differences, the low roughness of 

the dacite coupled with the interface strength may be the influencing factors. It 

may therefore be concluded that the volumetric change observed during the relative 

motion is governed by the roughness of the discontinuity. The maximum dilatancy 

and the maximum shear displacement at which the peak volumetric change oc-
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curs are determined by the spatial distribution of the asperities and the interface 

stiffness. 

Considering the volumetric change recorded with the dacite sample it is 

reasonable to infer that a relatively stiff smooth surface will display only marginal 

volumetric change. The contractancy may result due to wear (fretting caused by 

dry friction) and/or due to the increase of the normal and shear stresses along 

the discontinuity. A stiff rough surface will display a dilatant behavior even at a 

relatively high normal load (dolerite and quartz porphyry). With an increase in 

normal and shear stresses, a transition from dilatant to contract ant behavior can 

be observed. The variation of the volumetric change during the decreasing loading 

reflects the influence of the interface rock particles (Figures 2.2.b, 2.4.b and 2.5.b). 

These figures show that the volumetric change is independent of the normal load. 

In order to use the results of the volumetric change in the shear strength 

calculation the dilatancy angle is often used. The simplest expression describing 

the dilatancy angle i (Goodman and Dubois, 1972) at any normal pressure is given 

by: 

where 

, = the effective dilatancy angle at a normal stress 0'. 

v = the rate of change in dilatancy( slope of the dilatancy angle) 

8v = the change in vertical displacement 

8u = the change in horizontal displacement 

(2.1) 

Figures 2.6 through 2.8 depict the variation of the dilatancy angle with 

the normal stress for the quartz porphyry, rhyolite and dacite samples respectively. 

Each figure comprises four curves corresponding to the dilatancy angle versus 
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normal stress obtained at different shear displacements. Similar to the volumetric 

change results indicated in Figures 2.2 through 2.5, all the curves show a reduction 

of the dilatancy angle with increasing normal stresses. 

Figure 2.6 shows the variation of the dilatancy angle with normal stress for 

the quartz porphyry sample. The variation is obtained at 1.27,2.79,3.81 and 4.32 

cm shear displacement. There is no transitional stress UT at which the dilatancy 

becomes negative. This confirms that the result of the volumetric change is strictly 

dilatant. 

Figure 2.7 shows the variation for the rhyolite sample. The curves are ob

tained at 1.27, 3.30, 4.32 and 4.83 cm shear displacement. The volumetric change 

remains dilatant up to 3.30 cm shear displacement. The transitional stress at 

which the dilatancy becomes negative is about 2000 kPa after 4.32 shear displace

ment. The larger the shear displacement, the higher the potential of reaching the 

transitional stress at low normal stress. 

Figure 2.8 shows the variation of the dilatancy angle with normal stress 

for the dacite sample. The variation is measured at 1.27, 2.79, 3.81 and 4.32 cm 

shear displacement. Compared to the case of the rhyolite sample, the transitional 

stress is reached at a lower shear displacement (1.27 cm). The transitional stress 

is about 1800 kPa. 

The results of the variation of the dilatancy angle with normal stress indi

cate that the attainment of the transitional stress depends on the roughness of the 

interface. The smoother the interface the lower the shear displacement required to 

reach the transitional stress. If the surface deforms rapidly the transitional stress 

may also be reached after a small shear displacement. 

Ladanyi and Archambault (1969) introduced another expression describing 
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the dilatancy angle: 

• _ (. _. ) [( U m - u) 1 k2 + . 
Z - Zo Zm Zm 

U m 
with U < O'm (2.2) 

where 

Zo = the dilatancy angle at U = 0 

Zm = the maximum absolute value of the contractancy angle 

0' = the normal stress 

U m = the stress at which im is constant as u increases 

k2 = a constant ~ 4 

When no contractancy occurs the dilatancy reduces to: 

•• 0' [ 1 
k2 

Z = to 1 - O'T with 0' < O'T (2.3) 

where 

O'T = normal pressure required to prevent dilatancy 

This assumes that 0' m = O'T i.e, the normal stress required to prevent contractancy 

(im = constant = 0) is equal to the normal stress to prevent dilatancy. 

The volumetric change can also be associated with the interface stiffness as pro-

posed by Goodman and Dubois (1972) where the dilatancy angle i is given as: 

. 2 . ( -knlJ ) 
Z = arcsm k

n 
_ klJ 

where 

k n = the normal stiffness 

klJ = the shear stiffness 

knlJ = the coupled normal and shear stiffnesses 

Z = the dilatancy angle 

(2.4) 



57 

One of the major consequences of the volumetric increase during shearing 

is that discrete contact zones are created along the interface during shearing. The 

location of the contact regions changes with shear displacement. The condition 

for contact between the two superimposed surfaces is as follows: Consider two 

rough surfaces in contact. Assume that the mean planes of the top and bottom 

samples are parallel to each other. Contact will occur between the two opposing 

asperities if the sum of the vertical distance taken from two parallel imaginary 

lines A - A' and B - B' to the discontinuity surface equals the total distance 

between the two imaginary lines (Brown and Scholz, 1985). Figure 2.9 shows the 

condition for the existence of contact zones for two rough surfaces. The distance 

between the two imaginary lines is .6 = d1 + d2 + o. The value of 0 will vary if 

dilation or contractancy takes place. For a given shear displacement and at any 

selected location on the shear surface, contact will exist if .6 at that point is equal 

to d1 + d2 • The condition for contact will be used in chapter five to demonstrate 

the calculation of the physical area of contact as shearing progresses. A graphical 

display of the discrete contact zones can also be reproduced. 

2.3.2 Analysis of the Sheared Zones 

The surfaces of the tested joints reveal a series of irregular asperities of 

seemingly random height and depth. The potential for these asperities to interlock 

depends on their orientation and on the magnitude of the normal load. The initial 

condition in the laboratory of two superimposed surfaces is considered as an almost 

perfect coupling or mated condition. When motion is induced, the two initially 

mated surfaces become unrelated (Gerrard, 1985) i.e., no correspondance exists 

between any two opposing points. Contact occurs at discontinuous regions along 

the interface where crushing or plastic deformation may take place. Since the 



-------------------------- -- A' 

B -- -- -------------------------- -·B' 

A- ----- ------ ------- ---------------- ---- A' 

B - -- - - - - - - - B' 

Figure 2.9 Two superimposed rough surfaces indicating condition 
for the exitence of contact zones. 
A - A' and B - B' are the upper and the lower 
imaginary lines. They are parallel. Contact exists 
at a point if and only if A = dt + d2 i.e. 6 = 0 
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frictional resistance develops only at the contact regions, the characteristics of 

the remnant sheared zones form a good starting point for the analysis of the de

formation of the asperities. Subsequent discussion focuses on the analysis of the 

characteristics of the remnant sheared zones as the normal load is increased. 

The sheared zones are those sectors that underwent permanent deforma

tion during shearing. They can also be defined as the union of the permanently 

deformed junctions between two superimposed surfaces. Figures 2.10 through 2.13 

depict the sheared zones. Each figure shows graphs describing the sheared zones 

for the top and bottom surfaces respectively. Each graph is composed of a series of 

closed curves that encompass one another. The four sheared zones on each graph 

result from shearing at four sequential normal loads imposed in order of increasing 

magnitude. The outer curves represent the boundaries for the maximum normal 

load. The inner curves correspond to the sheared zones at lower normal loads. If 

the number of encompassed curves is less than 3, the implication is that plastic 

contact did not occur at the lowest normal loads. Similarly, if only one curve is 

encompassed, contact did not occur at the two lowest normal loads. Some enclave 

zones remain untouched during the shearing. They correspond to a local deep 

depression and are indicated by the letter V (valley). Figures 2.10 through 2.13 

clearly indicate expansion of the sheared areas and generation of new ones when 

the normal load is increased. This helps create more extensive sheared areas until 

the complete apparent area is encompassed. The rate of expansion of the sheared 

zones as the normal load increases is not constant (Table 2.1). 

The configurations of the sheared zones on the top and bottom samples 

are dissimilar. Table 2.1 gives the size of the sheared zones for the top and the 

bottom samples at four different normal loads. This result confirms the discussion 

presented by Jaeger and Cook (1979, p. 56). The difference in the size of the 



Top Bottom 

Figure 2.10 Contours of the permanently damaged sheared zones of 
the dacite sample at four normal loads during the 
increasing load cycle. 
The sheared zones at high normal loads encompass 
those observed at a lower normal load. 
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Bottom 

Figure 2.11 Contours of the permanently damaged sheared zones of 
the rhyolite sample at four normal loads during the 
increasing load cycle. 
The sheared zones at high normal loads encompass 
those observed at a lower normal load. 
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Bottom 

Figure 2.12 Contours of the permanently damaged sheared zones of 
the dolerite sample at four normal loads during the 
increasing load cycle. 
The sheared zones at high normal loads encompass 
those observed at a lower normal load. 
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Bottom 
Top 

Figure 2.13 Contours of the permanently damaged sheared zones of the 
quartz porphyry sample at four normal loads during the 
increasing load cycle. 
The sheared zones at high normal loads encompass those 
observed at a lower normal load. V: valley 
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Table 2.1 Variation of the sheared zones with normal force 

4270 N 

1.702 

2.201 

0.401 

5050 N 

3.717 

13478 N 22464 N 

Quartz Porphyry 
9.897 36.031 

Dolerite 
9.721 

Rhyolite 
2.214 

9000 N 

Dacite 
19.813 

26.014 

7.234 

18000 N 

32.102 

31449 N 

54.914 

28.212 

11.314 

26950 N 

40.314 
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sheared zone of the top and the bottom sample is attributed primarily to the 

height distribution of the asperities and to their spatial distribution. The lack 

of homogeneity in hardness due to the spatial variation in mineralogy may also 

contribute to the variation. This statement needs however to be substantiated 

with detailed analysis. The configurations of the sheared zones of the four samples 

are different. The characteristics of the observed sheared zones suggest that the 

distribution of the asperities, the interface strength and the dilatancy determine 

the magnitude of the sheared zones. 

The limi t of expansion of the sheared zone corresponds to the apparent 

area of contact of the superimposed surfaces. This study shows however that the 

total surface does not need to be totally smooth before contractancy occurs. This 

is the case with the dacite and the rhyolite samples. This may be explained in part 

by the local state of stress which is not constant throughout shearing. 

The implication of the sheared zone analysis in this study is to enable 

the determination of the plastic area of contact at any given shear displacement. 

Other potential areas of application are worthwhile mentioning. The modification 

of the shear failure surface can provide insight into potential gouging between 

discontinuity surfaces, dilatancy, normal stiffness and the transmission of normal 

stress (Esaki et aI, 1985, p. 105). 

2.3.3 Area of Contact and its Variation During Sliding Motion 

Two types of contact modes likely to occur during shearing are plastic 

and/or elastic contact between two opposing asperities. Th~ regions characterized 

by elastic contact are not physically altered during shearing and are therefore not 

identifiable through mere visual inspection. The regions of plastic contact undergo 

permanent deformation. They are identifiable because they stand in sharp contrast 
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to the rest of the surface. The nature of the contact (interlocking, contact at the 

tip) and the mechanical interaction at the contact region determine the friction 

force acting during translation. 

No method exists which allows one to determine the preCIse external 

boundaries of the elastically deformed zones. A thermo dye such as the one used 

by Teufel and Logan (1978) can be helpful in delineating the approximate regions 

of elastic contact. The accuracy of the map depends on how thoroughly the ther

mal expansion property of the dye is understood. Another approach, suggested in 

chapter five, gives an approximate way of determining the elastic-plastic contact 

zones from topographical data of the characterized surface. This result, combined 

with the plastic regions maps, provides a complete picture of the elastic-plastic re

gions map of a given surface for a given normal load. The accuracy of this method 

increases if the mesh of the grid is well refined particularly when the interface is 

rough. In the determination of the interface shear strength, the area of plastic 

contact is used. It is assumed that the fraction of the normal load borne by the 

elastic contact zone is insignificant compared to that borne by the areas undergoing 

permanent deformation. 

Prior to further discussions on the area of contact, four terms will be 

defined which will recur frequently: 

1) The physical area of contact: the contact areas that undergo either 

elastic or elastic-plastic contact. This zone is sometimes termed the contour area 

(Teufel and Logan, 1978). 

2) The area of plastic (area visibly deformed or true area of contact) de

formation contact: the sum of all the sectors where plastic deformation occurs at 

the contacts between the upper and lower blocks for a given shear displacement. 

It is the area that undergoes permanent deformation. Its extent depends on the 
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strength and geometry of the asperities, the normal and shear loads and the degree 

of dilatancy. 

3) The apparent area of contact: the intersection plane of two superim

posed surfaces. It consists of both the area of physical contact and the surrounding 

regions where it looks superficially as if contact has been made. Its configuration 

depends only on the original shape of both surfaces and on their position relative to 

each other. This area is independent of the normal load and depends only on shear 

displacement. The region within the apparent area of contact where no contact 

takes place may be far larger than the physical or real area of contact. This is 

particularly true for a rough surface under a low normal load. The regions where 

no contact exists have no bearing upon the ongoing interaction between the joint 

surfaces (frictional resistance). 

4) The area ratio: the ratio of the area of plastic contact (or of the physical 

area of contact) to the apparent area of contact. It can also be expressed as the 

percentage of the apparent area actually in contact. 

The mapping of the contact areas was carried out according to the pro

cedures described in section 2.2.2.c. The contact area is mapped at increments 

of 0.51 cm shear displacement. Table 2.2 shows the relative, true and apparent 

contact areas for the quartz porphyry and dolerite samples and Table 2.3 for the 

rhyolite and dacite samples. The trend of variation of the true area of contact is 

similar for all four samples as the normal load increases. As the shear displacement 

is initiated, the contact area drops very sharply and then increases until a peak is 

reached. The shear displacement at which the peak is reached at different normal 

load is different even for the same sample. As the normal load increases for a given 

shear displacement, the true area of contact also increases. The difference between 

the true and apparent areas of contact at a 31450 N normal load is still significant. 



SHEAR 
DISPL. 
(cm) 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.32 
4.83 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.32 
4.83 

Table 2.2 Measured contact area as a function 
of shear displacement and normal force 

(a) quartz porphyry (b) dolerite 
Aa: Apparent contact arei;t 

MEASURED CONTACT AREA (cm-sq) 

4270 N 13478 N 22464 N 31449 N 

1.161 9.097 34.968 53.871 
2.097 13.510 44.922 74.968 
3.981 15.710 46.593 75.871 
4.923 15.290 43.039 72.064 
3.877 13.297 36.961 62.581 
2.723 10.994 32.568 54.258 
1.445 6.968 26.677 42.626 
1.535 6.581 21.516 38.613 
1.032 4.710 18.419 35.064 
0.413 3.097 17.935 29.516 

2.194 8.968 24.323 24.839 
3.355 11.935 28.387 33.484 
4.645 14.323 30.968 37.355 
6.065 15.000 31.258 35.290 
7.290 15.871 28.645 32.903 
6.839 14.839 23.548 30.387 
7.032 14.000 23.290 26.806 
6.839 12.645 20.387 24.129 
6.129 11.355 17.613 21.935 
5.290 9.290 16.323 19.097 
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Aa 

235.29 
244.52 
233.87 
230.90 
224.45 
218.32 
204.06 
198.13 
192.64 
186.13 

179.68 
176.58 
168.39 
164.90 
158.90 
154.06 
146.64 
139.48 
134.71 
127.10 



SHEAR 
DIS PL. 
(cm) 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.32 
4.83 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.06 

Table 2.3 Measured contact area as a function 
of shear displacement and normal force 

( a) rhyoli te (b) dacite 
Aa = Apparent contact area 

MEASURED CONTACT AREA (cm-sq) 

4270 N 13478 N 22464 N 31449 N 

0.200 1.935 6.677 10.323 
0.003 3.410 10.000 12.710 
1.120 5.290 12.226 13.871 
2.0G5 5.839 12.419 14.355 
2.0G5 4.323 12.290 14.613 
1.871 3.200 11.419 13.645 
1.613 4.200 11.419 12.839 
1.120 4.806 11.258 12.226 
0.G77 4.600 10.097 11.710 
0.G-15 3.035 7.935 9.968 

5050 N 9000 N 18000 N 26950 N 

3.410 10.007 31.645 39.548 
6.120 33.548 35.871 48.129 
7.1G1 25.355 34.903 44.193 
7.484 22.839 32.387 41.548 
6.0GS 19.871 28.387 34.968 
5.032 18.064 24.516 30.710 
3.548 14.710 19.161 23.290 
2.22G 11.645 15.742 16.419 
1.355 9.161 9.484 14.516 
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Aa 

127.94 
123.74 
117.68 
112.19 
105.10 
101.87 
97.23 
91.48 
86.32 
81.35 

129.87 
125.61 
119.35 
114.90 
110.26 
102.77 
99.23 
93.10 
90.90 
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Since the areas of the discontinuities between samples are different, a com

parative study required that the areas be normalized. Tables 2.4 and 2.5 list the 

normalized values of the true areas of contact given in Tables 2.2 and 2.3. The 

area ratios indicate that the contact regions are small after even very little shear 

displacement. The normalized contact regions increase with shear displacement 

up to a maximum and then decrease. The maximum area of contact is reached 

predominantly between 1.27 to 2.30 cm shear displacement. A comparison of the 

ratio of the true area of contact to the apparent area of contact between the sam

ples for any given normal load and shear displacement shows a clear difference. 

The difference is attributed to the initial surface roughness and to the deformation 

characteristics (stiffness) of the asperities. The percentage of the true area of con

tact in this experiment varies from 0.2 to 40%. Teufel and Logan (1978) measured 

a normalized contact area range of 1 to 16% using a thermodye on a sample of 

granite. 

Figures 2.14 through 2.17 show the variation of the area ratio with normal 

load. Each figure shows the area ratio at four different shear displacements. The 

horizontal line on each graph corresponds to the limit where complete contact 

exists between the top and the bottom samples i.e., where the true area of contact 

is equal to the apparent area of contact. It is evident that the percentage of actual 

area of contact is significantly less than the apparent area. The curves obtained at 

different shear displacements have similar trends. The variation of the area ratio 

is not proportional to the normal load. Fuller (1956, p. 323) measured a linear 

relationship between these two variables. This difference is probably attributable 

to the fact that Fuller tested a metal and finished surfaces. 

The true area of contact is composed of multiple discrete areas as shown 

in Figures 2.18 through 2.25. Each figure shows the true and apparent areas of 



SHEAR 
DISPL. 
(cm) 

0.25 
0.76 
1.27 
1.78 
2.29 
2.70 
3.30 
3.81 
4.32 
4.83 

0.25 
0.76 
1.27 
1.78 
2.20 
2.79 
3.30 
3.81 
4.32 
4.83 

Table 2.4 Ratio of the measured contact area to the apparent 
area as a function of shear displacement and normal force 

(a) quartz porphyry (b) dolerite 

4270 N 13478 N 22464 N 31449 N 

0.0040 0.0387 0.1486 0.2290 
0.0086 0.0552 0.1837 0.3066 
0.0170 0.0672 0.1992 0.3244 
0.0213 0.0662 0.1864 0.3121 
0.0173 0.0594 0.1650 0.2794 
0.0125 0.0504 0.1492 0.2485 
0.0071 0.0341 0.1307 0.2089 
0.0078 0.0332 0.1086 0.1949 
0.0054 0.0244 0.0956 0.1820 
0.0022 0.0166 0.0964 0.1586 

0.0122 0.0499 0.1354 0.1382 
0.0100 0.0676 0.1608 0.1896 
0.0276 0.0851 0.1839 0.2218 
0.03G8 0.0910 0.1896 0.2140 
0.0450 0.0999 0.1803 0.2071 
0.0,144 0.0063 0.1528 0.1828 
0.0480 0.0055 0.1588 0.1828 
0.0400 0.0907 0.1462 0.1730 
0.0455 0.0843 0.1307 0.1628 
0.0416 0.0731 0.1284 0.1503 
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SHEAR 
DISPL. 
(cm) 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.32 
4.83 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 
3.30 
3.81 
4.07 

Table 2.5 natio of the measured contact area to the apparent 
area as a function of shear displacement and normal force 

(a) rhyolite (b) dacite 

4270 N 13478 N 22464 N 31449 N 

0.0023 0.0151 0.0522 0.0807 
0.0073 0.0276 0.0808 0.0821 
0.009G 0.0450 0.1039 0.1179 
0.0184 0.0520 0.1107 0.1279 
0.0196 0.0411 0.1169 0.1390 
0.0184 0.0323 0.1121 0.1339 
0.01G6 0.0441 0.1175 0.1321 
0.0123 0.0525 0.1231 0.1336 
0.0078 0.0534 0.1170 0.1357 
0.0079 0.0484 0.0975 0.1225 

5050 N 9000 N 18000 N 26950 N 

0.02G3 0.1470 0.2437 0.3045 
0.0488 0.2671 0.2856 0.3332 
0.0600 0.2124 0.2924 0.3703 
0.OG51 0.1988 0.2819 0.3616 
0.OG32 0.1802 0.2575 0.3171 
0.0477 0.1758 0.2385 0.2988 
0.0358 0.1482 0.1931 0.2347 
0.0239 0.1251 0.1691 0.1764 
0.0149 0.1008 0.1043 0.1597 
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Figure 2.14 Percentage of contact area at four shear displacements 
for the quartz porphyry sample. 
a) 0.3 em, b) 1.8 em, c) 3.8 em and d) 4.9 em shear 
displacement 
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Figure 2.15 Percentage of contact area at four shear displacements 
for the dolerite sample. 
a) 0.3 em, b) 1.8 em, c) 3.8 em and d) 4.9 em 
shear displacement 
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Figure 2.16 Percentage of contact area at four shear displacements 
for the rhyolite sample. 
a) 0.3 em, b) 1.8 em, c) 3.8 em and d) 4.9 em 
shear displacement 
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Figure 2.17 Percentage of contact area at four shear displacements 
for the dacite sample. 
a) 0.3 em, b) 1.8 cm, c) 3.8 em and d) 4.1 em 
shear displacement 
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Figure 2.18 Area of contact at four shear displacements and at a 
normal load of 4270 Newton for the quartz porphyry 
sample. 
a) 0.26 cm, b) 1.8 cm, c) 3.8 cm and d) 4.9 cm shear 
displacement 

77 



78 

Figure 2.18 (continued) 



Apparent Area of Contact 
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// 
.: 
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Area of PI~tic Contact 

Figure 2.19 Area of contact at four shear displacements and at a 
normal load of 22460 Newton for the quartz porphyry 
sample. 
a) 0.26 em, b) 1.8 em, c) 3.8 em and d) 4.9 em shear 
displacement 
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Figure 2.19 (continued) 



a) Apparent Area of Contact 

{ b) 

I 
Area of Plast.ic Contact 

c) 
d) 

Figure 2.20 Area of contact at four shear displacements and at a 
normal load of 4270 Newton for the dolerite sample. 
a) 0.26 cm, b) 1.8 cm, c) 3.8 cm and d) 4.9 cm shear 
displacement 
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a) 
Apparent Area of Contact 

f 
b) 

Area of Plastic Contact 

d) 

Figure 2.21 Area of contact at four shear displacements and at a 
normal load of 13480 Newton for the dolerite sample. 
a) 0.26 em, b) 1.8 cm, c) 3.8 em and d) 4.9 em shear 
displacement 
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a) 
Apparent Area of Contact 

b) 

• 
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c) Area of Plastic Contact 

d) 

Figure 2.22 Area of contact at two shear displacements and at a 
normal load of 4270 Newton for the rhyolite sample. 
a) 0.26 em, b) 1.8 em, c) 3.8 em and d) 4.9 em shear 
displacement 
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Figure 2.23 Area of contact at two shear displacements and at a 
normal load of 22460 Newton for the rhyolite sample. 
a) 0.26 em, b) 1.8 em, c) 3.8 em and d) 4.9 em shear 
displacement 

84 



8.) 
Apparent Area of Contact b) 

Area of Plastic Contact 

c) d) 

Figure 2.24 Area of contact at three shear displacements and at a 
normal load of 5050 Newton for the dacite sample. 
a) 0.8 cm, b) 1.3 cm, c) 2.3 em and d) 4.1 em shear 
displacement 
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Figure 2.25 

d) 

Area of contact at three shear displacements and at a 
normal load of 26950 Newton for the dacite sample. 
a) 0.8 em, b) 1.3 em, c) 2.3 em and d) 4.1 em shear 
displacement 
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contact. These contact areas were determined at 0.76, 2.3 and 4.1 cm shear dis

placement for the rhyolite, dacite, dolerite and quartz porphyry samples. Particu

larly at low normal loads, the true area of contact constitutes only a small fraction 

of the apparent area of contact. 

The variation of the true area of contact with the normal load follows 

the same trend as the sheared zones discussed in section 2.3.1. The contact zones 

increase as the normal load increases. If the deformation of the asperities continues 

with increasing normal load, the true area of contact may reach a limit equal to 

the apparent area of contact. 

The variation in the configurations of the contact zones as well as their 

locations are controlled by the distribution (height, shape and location) of the 

surface asperities. During shearing, the relative position of the asperities changes. 

The contact regions described so far are observed in the horizontal contact plane. 

During shearing, another contact region, which will be examined in more detail 

in section 2.3.5, occurs along the sides of the asperities. Its magnitude cannot 

be determined because the shearing process obliterates all the pertinent indices. 

Along the horizontal contact plane, rubbing and deformation of micro-asperities 

take place. 

The locations and shape of the contact zones change with shear displace

ment. Junctions between the two surfaces are created and destroyed with shear 

displacement. Frictional bonds are created (interlocking) and broken repeatedly 

during sliding. The contact area is thus of primary importance in the frictional 

analysis, because, as will be discussed later, the friction force is related to the 

amount of material that is in contact. As the contact area increases, so must the 

shear force needed to maintain the tangential motion. 
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2.3.4 Analysis of the Shearing Mechanism During the Direct Shear Test 

Even though a great deal of work has been done on frictional sliding in 

the field of tribology, the study of the mechanism of the frictional sliding of rocks 

deserves further consideration. The primary reason for suggesting further investi

gation springs from the fundamental physical, mechanical and mineralogical dif

ferences between rocks and the metals most often studied in tribology. Rock dis

continuity surfaces are more heterogeneous than metals. While micro-asperities 

dominate in the finished surfaces with which tribology deals, in rock mechanics, 

macro and micro-asperities are both a major concern. The asperities of the rock 

interface deform in a brittle or plastic (crushing) manner. Those of metals are 

ductile. The scale of surface discontinuities encountered in rock mechanics ranges 

from centimeters (laboratory sample) to kilometers (faults). The scale effect is of 

primary importance in establishing the correlation between the results yielded by 

the laboratory sample and the large scale field size sample. 

The force required to deform the asperities contributes to the frictional 

resistance. The loading condition of the asperities in contact will influence the 

deformation of the joint. 

The shearing mechanism is first examined by investigating the variation 

of the loading condition· of the kinematically constrained surface asperities. The 

effects of various loading conditions on the sliding behavior are presented, as well as 

the macro and micro-structural deformation mechanisms. An identification of the 

deformation mechanism of asperities during sliding motion of a rock joint can help 

in interpreting the observed mechanical responses and therefore in developing an 

accurate quantitative theory of ~ither the shear strength or the frictional variation 

with shear displacement. 
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2.3.4.a Contact Modes and Existence of Contact 

The contact mode and the deformation of the asperities during shearing 

are analyzed using simplified models. The models are designed to illustrate the 

importance of the loading condition (interlocking or contact across the asperities) 

on the shearing mechanism. Two types of contact may occur during shearing, 

depending on the degree of dilatancy and the magnitude of the normal load: contact 

at the tips of the asperities and contact along the sides of the asperities. Figure 

2.26 depicts two contact conditions. These two contact modes produce different 

outcomes as far as the dissipation of energy is concerned. 

Figure 2.26.a illustrates the situation where the applied normal load acts 

through the tips of the asperities. When contact occurs on the side of the asperities, 

a compressive force acts at the point of contact and a tangential force in the plane of 

motion. The normal and shear loads induce deformation of the asperities through 

indentation or crushing. The tangential force is conducive to wear of the contact 

zone through rubbing if the asperities are similar in strength or through plowing 

when a significant difference in strength exists between the two asperities in contact. 

The latter contact mode predominates when the contact surface is either relatively 

smooth or rough but subjected to a very low compressive load, with full dilatancy 

occurmg. 

When the normal load is high enough to inhibit dilatancy or to allow 

only partial dilatancy, the shear load exerts a horizontal tangential force which 

is distributed on the sides of the two asperities in contact, as indicated in Figure 

2.26.b. For this interlocking condition horizontal motion is possible only if the 

asperities in contact are sheared off. 
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Figure 2.26 Two characteristic contact modes of surface asperities 
during shearing. 
a) Contact at the tips of the asperities. A compressive 
force acts at the point of contact. This loading 
condition corresponds to that of full dilatancy during 
sliding (low normal load case). 
b) Contact along the sides of the asperities. A lateral 
compressive force acts on the sides of the asperities and 
the normal load restrains the dilatancy (high normal load). 
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2.3.4.b Mechanism of Asperities Deformation During Shearing 

Two types of motion occur along the discontinuity surfaces (Lazan, 1969, 

p. 23): a separation of mating surfaces (motion normal to the interface) and inter

face shear effects (relative motion of mating surfaces in the plane of the interface 

where crushing and plastic deformation occurs). Those two types of motions de

pend largely on the applied normal load, the stiffness of the joint wall and the 

potential for dilatancy. Simplified models (Figure 2.27) are first given in this sec

tion to describe the shearing mechanism in a form of two-dimensional models. A 

complete physical interaction occuring during shearing will be introduced gradually 

in the course of this investigation. The true mechanism shows far more complexity 

than these two-dimensional models. It should be understood that the shearing 

mechanism is a three dimensional problem. This simplified approach is first taken 

in order to facilitate the understanding of this complex process. 

Figure 2.27 shows the state of deformation of the asperities at a low normal 

load. The behavior at a low normal load is characterized by significant dilatancy 

and limited damage at the contact zone. The following describes the sequence of 

the shearing mechanism. Figure 2.27.a depicts two initially mated discontinuities 

subjected to an external normal (N) and shear (S) load. At low normal load, as the 

shearing takes place (Figure 2.27.b), the contact area decreases due to dilatancy. 

Lateral contact occurs along the asperities with the steepest slope angle in the 

direction of motion. Continuous increase in dilatancy leads to the reduction of 

the interlocked zone, which makes brittle fracture possible (Figure 2.27.c). Tensile 

fracturing at the small interlocked junction and the slip which ensues causes a 

sudden drop of the shear load. A new interlocking zone develops on the left hand 

side asperities followed by the shear load build-up. It is evident that interlocking 

is controlled by the steepest angled asperities (Figure 2.27.d). Dilatancy 



a) 

b) 

Figure 2.27 Simplified two-dimensional models describing the deformation 
of asperities during shearing: state of deformation of the 
asperities at a low normal load (significant dilatancy and 
limited damage at the contact zone) 
a) A block separated by a discontinuity 
b) motion controlled by the asperity having the steepest 
slope angle in the direction of motion 
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Figure 2.27 (continued) 
c) reduction of the interlocked zone which makes brittle 
fracture possible 
d) shearing at the apex of one asperity and motion 
controlled by other asperities 
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continues and eventually tensile fracturing will result on the new interlocked as

perities. The succession of tensile fracturing, slip and load build-up leads to the 

fluctuation of the shear load/shear displacement curve. This process is character

ized as strain softening. 

With a moderate increase in normal load, there is a corresponding build

up of the shear load in order to maintain the constant motion. Under this loading 

condition, sliding with elastic contact takes place during the initial stage of the 

motion as in the previous case. Partial dilatancy occurs and some of the asperities 

fracture, mainly around the tips (Figure 2.28.a). The motion takes place along the 

path that offers least resistance. The least resistance path is the direction across the 

tip of the asperities by opposition to the overriding of the asperities which occur in 

the preceding case. Depending on the shape and strength of the asperities, the shear 

force may induce crushing or tensile fracturing. Compared to the previous case 

where there was a lower normal load for a given shear displacement, the dilatancy 

is reduced. Consequently shearing tends to occur closer and closer to the bases of 

the asperities. This leads to the creation of larger surface areas (Figure2.28.b). 

When the applied normal load is sufficiently high (Figure 2.29), the dila

tancy becomes marginal. The shear load required to induce and maintain the mo

tion increases. With the asperities kinematically constrained, under a high shear 

load, crushing ensues (Figure 2.29.a). As the crushing occurs, two loading condi

tions evolve: 1) a normal force acts on the newly generated plateau where rubbing 

now takes place and 2) the shear force continues to act on the intact portion of the 

asperities as indicated by Figure 2.29.b. With the asperities still subjected to the 

lateral force, crushing may continue or tensile fractures may result. The normal 

load strengthens the adhesive or constrictive forces which result from interatomic 

interactions between the two surfaces in contact. The lateral force induces 
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a) 

b) 

Figure 2.28 Simplified two-dimensional models describing the deformation 
of asperities during shearing: state of deformation of the 
asperities at a moderate normal load (moderate dilatancy and 
expansion of the damaged zones 



a) 

b) 

Figure 2.29 Simplified two-dimensional models describing the deformation 
of asperities during shearing: state of deformation of the 
asperities at a high normal load (marginal dilatancy and 
further expansion of damaged zones 
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crushing and tensile fracturing of the asperities. The textures of the rock particles 

which remain on the sheared surface strongly suggest that the deformations occur 

through crushing rather than through plastic deformation. As in the preceding 

case, the path of the moving block is along the direction of least resistance i.e., 

through the asperities. With the asperities kinematically constrained, under high 

normal and shear load, adhesive force may develop along the horizontal contact 

plane depending on the characteristics of the interface contact. This condition can 

be conducive to strain strain hardening. 

2.3.5 Analysis of the Frictional Resistance During Sliding Motion 

2.3.5.a Remarks on Friction 

Although friction is not considered a fundamental force such as gravity and 

magnetism, it nevertheless plays an important part in relative tangential motion. 

Friction opposes the tangential motion of two bodies; it depends on the position x 

and on the velocity x of the mass and has a sign opposite to that of the velocity. 

The causes of sliding friction will be examined as well as the interaction of asperities 

coming in contact during joint motion. In addition to the qualitative description 

of the frictional force, an approximate quantitative law obeyed by dry friction will 

be discussed. 

Several theories are commonly used to explain the genesis of friction: the 

adhesion, the asperity deformation and the plowing by wear particles theories. 

Most popular is the adhesion theory, which is widely accepted in the field of tribol

ogy. The essence of this theory, as stated by Suh and Sin (1981), is that opposing 

interface asperities come into contact and form welded junctions which must be 

sheared to maintain the motion. This theory implies that the frictional force de

pends on the true area of contact, which is a function of the normal and tangential 
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loads. Solid friction theory, discussed by Buckley (1978), shows that the mechani

cal properties of interface materials influence the frictional behavior during sliding 

to a greater extent than the mutual solubility of the contacting materials character

izing the adhesion theory. This theory includes plowing and interface deformation. 

Change in potential energy theory developed by Shaw and Macks (1949, p. 457) 

shows that the friction can increase due to the dilatancy occuring as the asperi

ties slide over each other. The asperities therefore, playa significant role in the 

frictional behavior. 

2.3.5. b. Friction: Measurement and Characteristics 

Assume a mass m free to move on a rigid block as indicated by Figure 2.30.a 

(Byerlee, 1978). A tangential force is applied to the mass by slowly stretching the 

spring at a constant velocity v. The frictional force corresponds to the minimum 

shear load required to initiate and maintain sliding. Figure 2.30.b shows the force 

in the spring and the corresponding displacement of point M. 

This curve is most typical of the case where the rock joint is cemented 

i.e. a tensile force has to be applied to the two halves of the specimen to separate 

them. The shear behavior of this type of joint is characterized by a distinct peak 

shear strength and a residual shear strength. Similar behavior can be obtained 

with unwelded discontinuities if the major surface asperities are tightly interlocked 

during the early stages of motion of the joint. Thereafter, only minor interlocked 

asperities are encountered. This classical textbook case, with a distinct peak and 

residual, is rarely observed. 

The shear load-shear deformation curve indicated in Figure 2.30. b can be 

subdivided into three regions: 
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Figure 2.30 Frictional force during sliding 
a) Schematic diagram of a typical friction experiment 
b) Schematic diagram of the frictional force as a 
function of shear displacement. (After Byerlee, 1978). 
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• the linear deformation region shows a rapid linear increase in friction 

force, up to point C. The slope of the elastic region is the unit shear stiffness (lc6 ) 

(Goodman 1976). It is sensitive to the testing technique and apparatus. According 

to Barton (1972), it also displays a strong scale effect. 

• the yield zone, from C to D, where the peak shear load is sometimes 

reached. The non-linearity indicates that either there is relative displacement be

tween the mass and the rigid block or that the mass and/or the interface of the 

rigid block is deforming non-elastically. The maximum force is reached at point D 

where the mass slips forward. The force in the spring drops to point E or along the 

dotted line path. In the former case, the force will increase again until another sud

den slippage takes place, this time at point F. This sliding behavior is considered 

unstable. 

• the post-peak region, from F to G, generally displays plastic behavior 

and is called the residual zone. The shear load remains constant as the shear 

displacement increases. 

2.3.5.c Frictional Behavior of Rock Joint During Shearing 

This analysis of the frictional behavior of rock joints focuses on the in

fluence of the surface roughness. Several other parameters influence the frictional 

characteristics of rock joints, such as the thermal characteristics, which may lead 

to welding, or plowing by sheared particles or by intact asperities. To illustrate the 

influence of the surface asperities, the results of two series of tests are compared. 

Each test series is conducted on the same sample, but the surface conditions differ 

due to the preceding shearing. The variation of the surface configuration is known 

so that its influence on the frictional behavior can be established. The test series 

consists of an increasing and a decreasing nonnalload test series. A qualitative de-
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scription of the nonnal load is emphasized because any quantitative consideration 

would require a thorough examination of the strength of the joint wall which is 

beyond the scope of this study. Designations such as low, medium or high applied 

to the normal loads may encompass different ranges of magnitude depending on 

the strength of the joint wall. The aim is to evaluate the frictional behavior as the 

nonnal load increases and decreases. Four normal loads are used to illustrate the 

shearing mechanism models discussed in section 2.3.3. Four different samples are 

tested. They each have specific morphologies which may shed light on the influence 

of the surface roughness on the sliding motion . 

• Low N onnal Load: Strain Softening 

Strain softening implies unstable behavior of the stress and strain curve 

(Desai and Christian, 1977, p. 105). Strain softening in direct shear testing is 

represented by a drop of the shear load with shear displacement or a fluctuation of 

the shear load with shear displacement but with an overall decrease in trend. 

Consider the shear load/shear displacement curve obtained at a 13480 N 

nonnal load (curve a) on the dolerite sample (Figure 2.32) during the increasing 

nonnal load series. The curve reveals considerable fluctuation of the shear load 

with shear displacement, particularly during the early stages of the motion. The 

sharp drop of the shear load between 1.02 and 1.52 cm shear displacement typifies 

a brittle fracture which is prevelant at low nonnalload. The magnitude of the load 

drop indicates that a major asperity has been sheared off. This type of failure is 

facilitated by the loading condition of the asperities. A low nonnalload allows a 

large volume increase to take place. A continuous increase in dilatancy causes the 

shear force to be concentrated around the tip of some asperities. A gradual shear 

load builds-up due to the interlocking. When the shear load becomes sufficient to 
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Figure 2.31 Shear load versus shear displacement curves for the dolerite 
sample. 
a) increasing normal load series 
b) decreasing normal load series 
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overcome the resistance of the interlocked asperities, a tensile fracture occurs. Suc

cessive brittle fractures occur as the dilatancy increases in the course of shearing. 

Shearing at the tips of the asperities is often accompanied by a minor shear load 

drop. Following a fracture at the tip, there is often a load build-up. This recurrent 

process (load drop and load build-up) typifies strain softening behavior (Farmer, 

1983, p. 160). After a 3.05 cm shear displacement, the shear load becomes some

what constant. The residual has been reached. The load build-up following each 

fracture is due to the overriding and minor interlocking of the asperities which exist 

along the path of the contact zones. 

Figure 2.33.a (curve 2) shows a strain softening behavior similar to the 

one described for the dolerite sample. Apart from the microvariations, there is 

a major drop in the shear load around 1.52 cm shear displacement typifying a 

brittle fracture. The softening behavior depends on three parameters: the nonnal 

load, the interlocking characteristics of the asperities and the interface roughness. 

To prove that the overriding alone cannot explain a strain softening behavior, 

consider Figure 2.33.a (curve 1). The curve shows very little softening behavior 

while subsequent curves (2, 3 and 4) obtained at higher nonnalloads display much 

more pronounced softening. An overriding of the asperities is indicated by the 

volumetric change (Figure 2.4.a curve 1). 

After a 31450 N nonnalload was imposed on the dolerite sample and the 

joint was sheared, a low normal load of 4270 N was reimposed. The result is shown 

in Figure 2.32 curve a'. The peak and residual shear loads are identical and remain 

constant throughout the shear displacement. A new surface was generated after a 

31450 N nonnalload was imposed. This new surface is characterized by plateaus 

which result from shearing near the bases of the asperities. The importance of this 

new surface is that the dilatancy is minimal because the asperities which might 
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Figure 2.32 Shear load versus shear displacement curves for the rhyolite 
sample. 
a) increasing nonnal load series 
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have interfered with the motion have been sheared off. 

A comparison of Figures 2.32.a' and 2.32.b' with Figure 2.34 and Figures 

2.32.b and 2.33.b reveals some similarities. In the case of the dacite (curves ob

tained during the increasing and decreasing nonnal load series) the curves show 

practically no difference between the peak and residual shear loads. The planar 

textural morphology of the joint surface of the dacite contributes to this sliding 

behavior. In the cases ofthe rhyolite, dolerite and quartz porphyry, the new surface 

structure i.e., the induced plateaus along which shearing takes place, contributes to 

the similarity of the shear load variation with the dacite. This result indicates that 

the strain softening behavior is primarily governed by the surface roughness. There 

is no indication of a sudden brittle fracture when the surface is planar and the resid

ual is attained after a small shear displacement. In addition, the microvariation of 

the shear load becomes less pronounced. 

Figure 2.31.a depicts a shear load surge after a long apparent residual was 

recorded. Such a surge, presumably caused by the renewed interlocking of two 

asperities, is of significant practical importance because an unstable motion may 

suddenly become stable due to the effect of interlocking. This behavior underlines 

the complexity of the sliding motion along a rough surface. 

In summary, shearing at a low normal load with rough joint surfaces, shows 

that the moving block overrides the major asperities of the opposite joint. Brittle 

fractures may occur along the tips of the asperities if they interlock while the 

shear load increases. The dominant characteristics of the curve resulting from two 

rough surfaces loaded with low normal loads are the fluctuation of the shear load 

associated with high dilation and brittle fracturing at the tips of the asperities. 
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• Intennediate Nonnal Load: Modified Strain Softening Behavior 

Modified strain softening is characterized by unstable behavior with mod

erate variations in the shear load as shearing progresses. In this case, the peak may 

not be distinct from the residual. 

Figure 2.32 curve b does not show any major drop of the shear load with 

shear displacement. Around 1.0 cm shear displacement, there is some hardene

ing behavior which takes place. The overall behavior may be characterized as a 

modified strain softening behavior. Figure 2.33.a curve 3 also describes a modified 

strain softening behavior. 

The behavior of the rhyolite (Figure 2.33.a curve 3) and the dolerite (Figure 

2.32 curve b) is caused by the interlocking of asperities away from their tips during 

shearing. With the interlocking point so far removed from the tips of the asperities, 

a tensile fracture becomes difficult to achieve. Instead, crushing or plastic defor

mation takes place and there is no sudden release of elastic energy. This suggests 

that as the normal load increases, the strain softening behavior is progressively 

modified. The behavior now borders on strain hardening. The transition from 

strain softening to a modified strain softening is quite apparent with the dolerite 

and rhyolite samples (Figures 2.33.a curve 3 and Figure 2.32 curve b) respectively. 

During the decreasing nonnal load series, the shear load curves representing the 

quartz porphyry, dolerite and rhyolite show the same behavior i.e., modified strain 

softening. In Figure 2.34, there is no pronounced display of strain softening for any 

applied normal load. This result can be attributed to the planar configuration of 

the dacite sample . 

• High N onnal Load: Strain Hardening 

In the case of strain hardening, the shear strength of the joint becomes 
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greater as shear deformation increases. The work hardening (Desai and Siriwar

dane, 1984, p. 228) corresponds to an incremental set of stresses caused by an 

external agency. For all such added stresses the discontinuity will remain in stable 

equilibrium. 

The conditions which lead to strain hardening during shearing may be ex

plained as follows. The joint surface is rough. Shearing of the asperities occurs 

across their bases. A significant amount of energy is needed to generate new sur

faces. Crushing of the asperities may occur during their deformations. Suh and 

Sin (1981) have indicated that in such condition, some strong sheared off parti

cles can penetrat.e into both surfaces and therefore increase the sliding resistance 

with or without plowing. The penetration is due to the shape and hardness of the 

particles. This mechanism does not exist at the onset of sliding but develops once 

crushing has taken place. The joint surface is practically smooth. Some strong 

sheared-off particles or strong intact asperities plow through the less resistant ar

eas owing partly to frictional effect and partly to their shape, which makes rolling 

impossible. The frictional force can also increase due to the adhesion of two nearly 

flat superimposed surfaces. Such adhesion is expected to increase where rubbing 

contact exists along the freshly formed surfaces. The nature of adhesion is expected 

to depend on the mineralogy of the surface. 

Two kinds of load-deformation curves were observed when a high normal 

load was imposed: either the shear load remained constant after the yield had 

taken place (dacite) or it displayed a strong increase as the shear displacement 

increased (dolerite). The former can be considered as modified strain softening. It 

indicates that adhesion and/or plowing, which may induce hardening, are absent. 

The particles remaining on the surface of the sample after shearing are clay like. 

This excludes the possibility for any penetration. The residue acts as a solid 
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lubricant. Such characteristics also seem to avert the possibility for adhesion of 

the two surfaces. 

Figure 2.32 curves d, c, and c' clearly indicate typical strain hardening. 

Large, hard crystals on the surface of the joint after shearing result from crushing 

of the asperities. They may be responsible for the hardening behavior. The shiny 

silky spots remaining at the sheared zones of the dolerite sample also suggest that 

adhesion has taken place during the translation. During the decreasing nonnal 

load series, any strain hardening is likely to be caused by plowing. This is because 

the base of the asperities where interlocking can occur has already been destroyed 

either through shearing or by wear. This hypothesis seems to best explain the 

occurrence of strain hardening after repetitive shearing and where only marginal 

dilatancy is observed. 

2.3.6 Analysis of the Variation of the Coefficient of Friction 

The variation of the coefficient of friction with normal load and shear dis

placement during loading and unloading is discussed in this section. In addition, 

the decay of the coefficient of friction with increases in shear displacement is inves

tigated. The coefficient of friction is detennined on the basis of Amontons' law. It 

is expressed as: 

where 

F=p.N 

F = the shear force 

p. = the coefficient of friction 

N = the nonnal force 

(2.5) 
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It was stated above that the friction force is a composite. When asperities 

persist during shearing, their presence influences the change in potential energy 

because they dictate the path taken during motion. To illustrate the contribution 

of the asperities to the coefficient of friction, consider Figure 2.35, an enlarged 

section through two rough contacting surfaces. Two asperities make contact along 

the plane A' at an angle (8) with the mean plane of discontinuity. A normal load N 

and the shear force F are applied to the blocks. To initiate a relative slip through 

the application of the tangential force F, the shear stress acting on A' should equal 

the shear strength S of that area. The relation indicating the condition for the 

initiation of motion is expressed as: 

where 

5 = the shear strength 

F' 
-=5 
A' 

F' = the component along A' 

A' = the contact area 

It can also be written from Figure 2.35 that: 

F = tan(8 + i) 
N 

By definition the coefficient of friction is expressed by (2.4) 

Therefore 
. [tan(8)+tan(i)] 

J.l = tan(8 + z) = [1- tan(8)tan(i)] 

From Figure 2.35 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

On the basis of the condition underlying contact between solid surfaces, when 

contact is established with some given load, the normal load can be approximated 



Figure 2.35 Force relationship at a point of actual contact between 
two interlocking rough surfaces. 
(After Ernst and Merchant, 1940). 
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as: 

N=AH (2.10) 

where 

N = the normal load on the plane of the apparent contact region of the 

surfaces 

A = the projection of the area of true contact on the plane of the ap-

parent contact region 

H = the mean pressure surface hardness value for the softer of the two 

solids 

Similarly, for the inclined plane of the asperities the normal load can be expressed 

as: 

N' = A'H (2.11) 

It follows that 
F' A'S S 

tan(8) = N' = A'H = H (2.12) 

The coefficient of friction can therefore be written as: 

[i + tan(i)] 
J.L= 

[1 - ~ tan( i)] 
(2.13) 

The numerator of the expression depends on the surface characteristics. The dila

tancy angle contributes to the increase in the coefficient of friction. The denomi

nator is not significantly different from unity. Therefore the coefficient of friction 

can be expressed as: 

J.L = §... + tan( i) 
H 

(2.14) 
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2.3.6.a Coefficient of Friction as a Function of Normal Load 

The variation of the coefficient of friction with normal load for the quartz 

porphyry, dolerite, rhyolite and dacite is given in Figures 2.36, 2.37, 2.38 and 

2.39 respectively. The coefficient of friction decreases somewhat as the normal load 

increases. This result confirms findings of Byerlee (1968), Goodman (1976), Barton 

(1973) and Roberds and Einstein (1968). Because of the decrease of the coefficient 

of friction with normal load, and since the shear load increases, it can be concluded 

on the basis of Amontons' equation that the shear load increases at a slower rate 

relative to the normal load. Such a decrease of the coefficient of friction with 

normal load depends on the deformation of asperities, as will be explained later. 

These experiments seem to suggest, however, that this correlation may only hold 

for a rough surface subjected to an increasing normal load or a planar morphology 

where the deformation is non-elastic. 

Figures 2.36, 2.37,2.38 and 2.39 show that the decrease of the coefficient of 

friction with increase in normal load differs from one sample to the other. For the 

dacite sample (Figure 2.36.a), the coefficient of friction remains an almost constant 

0.5 as the normal load increases. Consequently, a linear relationship exists between 

the shear stress and the applied normal stress. When the dacite was tested during 

the decreasing normal load series, there was hardly any variation of the coefficient 

of friction. This relationship between the shear load and the normal load for the 

dacite sample can be attributed to the initial planar morphology of the interface 

and a total absence of large crystals which may induce plowing. This implies that 

the asperities have been destroyed or were not there to begin with and the normal 

load is supported elastically. When the sample was unloaded, there was hardly 

any rebound of the coefficient of friction. This result indicates that the basic or 

residual coefficient of friction has already been achieved. 
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Figure 2.36 Variation of the coefficient of friction with shear 
displacement for the quartz porphyry sample at various 
normal loads. 
a) Increasing normal load: test series 1 
b) Decreasing normal load: test series 2 
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Figure 2.37 Variation of the .::oeffident of friction with shear 
displacement for the ,dolerite sample at various normal loads. 
a) Increasing normal load: test series 1 
b) Decreasing normal load: test series 2 
Rebound of the coefficient of friction during the 
unloading test series. 
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Figure 2.38 Variation of the coefficient of friction with shear 
displacement for the rhyolite sample at various normal loads. 
a) Increasing normal load: test series 1 
b) Decreasing normal load: test series 2 
On Figure a, the coefficient of friction decreased to a low 
value of 0.4; a reduction of the normal load to 4270 N on 
Figure b indicates a rebound of the coefficient of friction 
to 0.8. 
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The behavior of the coefficient of friction for the quartz porphyry, dolerite 

and rhyolite samples shows considerable variation with nonnalload. The initial 

configuration of these samples can be considered as rough. The shear load is in

fluenced by the dilatancy, the shearing resistance through the asperities and the 

residual strength of the interface. The latter is supposed to be constant. Some 

indications suggest that this may not always be true, particularly when plowing by 

wear particles occur. Once the normal load increases, the degree of influence of the 

first two mechanisms changes. Experimental results do not indicate any consistent 

decrease with normal load. The deformation of the asperities with normal load 

occurs through two distinct modes (elastic or ductile) depending on the loading 

magnitude (Byerlee, 1968). It is not quite evident how the deformation of the 

asperities can lower the rate of increase of the shear load. 1£ such a relationship 

exists, it might then be possible to speculate that the defonnational characteris

tics of the asperities varies with nonnal load (brittle at a very low normal load 

and gradually decreasing in intensity with increasing load until a ductile behavior 

through crushing occurs). It is only when all the asperities are completly sheared 

off that a constant coefficient of friction can be obtained (assuming no plowing). 

The behavior of the quartz porphyry, dolerite and rhyolite samples differs 

from that of the dacite during the decreasing nonnalload series. During the de

creasing nonnal load series, the coefficient of friction for a given normal load is 

lower than during the increasing load series. This reduction is an indication that 

the frictional force is a composite. After a larger nonnalload was applied during 

the increasing nonnalload series, by reducing thereafter the normal load, one com

ponent will be missing. The missing component results from the shearing through 

the asperities. 
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The rebound of the coefficient of friction during the decreasing loading 

series is observed with the quartz porphyry, dolerite and rhyolite samples. The 

rebound is quite pronounced when the normal load is significantly reduced (Figures 

2.36, 2.37 and 2.38). This observed behavior may be explained using the concept 

of solid contact. According to Ernst and Merchant (1940), the assumption that 

an area of contact formed by plastic deformation should not decrease when the 

applied load is decreased is, in general incorrect. The reduction in contact area 

occurs through elastic recovery. This recovery tends to occur on an area of contact 

which has been created through plastic deformation when the load is decreased. 

According to Ernst and Merchant, if this is not the case there would be a violation 

of Hertz's equations. Elastic recovery furnishes the clue to partly explain the 

behavior of the contact area when load is decreased. If elastic recovery takes place, 

it is therefore possible to increase the roughness as the load is decreased. An 

increase in roughness can lead to a higher coefficient of friction. In the case of the 

dacite sample, the original surface is considered planar. The contact area is close 

to 40% of the apparent area of contact. It is possible that the elastic recovery is 

insufficient to produce any plastic reduction of the deformed area. In this situation, 

the contact area may be independent of the reduction of normal load. Analysis of 

the volumetric change after the load is decreased does not indicate any physical 

recovery as far as the roughness is concerned. Therefore further consideration 

should be given to the variation of the ratio SI H given in equation 2.14. 

2.3.6. b Coefficient of Friction as a Function of Shear Displacement 

The coefficient of friction versus shear displacement curve can be divided 

into two parts. The pre-yield portion shows a rapid linear increase at a low shear 

displacement. The post-yield portion, which fluctuates with shear displacement 
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until a steady state condition is reached, is influenced by the normal load and by 

the roughness of the surface. Figures 2.36, through 2.39 show the coefficient of 

friction with shear displacement. The analysis of the pre-yield portion is discussed 

in chapter four (section 4.4). Any subsequent analysis focuses only on the post-yield 

behavior which represents the variation of the dynamic coefficient of friction. 

The behavior of the discontinuity depends on the history of the interface in 

contact i.e., the progressive change of the physical and mechanical characteristics 

of the surfaces which occur as shearing progresses. 

Figures 2.36.a, 2.37.a, 2.38.a and 2.39.a represent the coefficient of friction 

with shear displacement during the increasing normal load series. Figures 2.36.b, 

2.37.b, 2.38.b and 2.39.b are obtained during the decreasing normal load series. 

Each curve corresponds to the profile obtained at a given normal load. The typical 

variation of the coefficient of friction as the shear displacement increases is not 

harmonic as indicated by Roberds and Einstein (1968) but rather random while the 

global trend of the coefficient of friction shows a decrease. As shear displacement 

Increases, the coefficient of friction tends to decrease, until the steady state is 

reached. 

During the increasing normal load series, particularly at a low normal load, 

there is a pronounced fluctuation of the coefficient of friction. There is no specific 

starting point for a decrease in the coefficient of friction. For the dacite sample, a 

decrease of the coefficient of friction starts after 0.51 cm shear displacement and a 

steady state is reached after 2.03 cm shear displacement. The difference between 

the peak value (rp) and the residual value (rr) is about 0.3. For the rhyolite 

sample (Figure 2.38), the difference between the peak and the residual is almost 

0.7 over the same shear displacement as in the case of the dacite. The fluctuation 

of the coefficient of friction with shear displacement decreases as the normal load 
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Increases. This behavior seems to persist although to a lesser extent, when the 

sample is tested during a decreasing normal load series. A surge of the coefficient 

of friction can occur even after a large shear displacement, as indicated by the 

results obtained with the quartz porphyry sample (Figure 2.36.b). 

2.3.7 Variation of the Instantaneous Velocity with Shear Displacement 

The motion of the shear box is activaied by a d-c motor. Before shearing, 

the box is set at a constant speed of 0.12 cm/min. A check of the velocity of the 

empty shear box confirmed a constant speed throughout the shear displacement. 

With the sample in place, the velocity is monitored by timed readings at every 

0.25 cm shear displacement. An attempt is made to delineate the conditions which 

foster steady state motion by considering the fluctuation of the displacement rate. 

Analysis of the variation in velocity is conducted with respect to the con

stant velocity of the shear box without rock sample. If a constant velocity equal 

to the driving speed is obtained with a sample in place, the implication is that 

the presence of the sample does not hinder the motion of the shear box. If the 

instantaneous velocity exceeds the average driving velocity (reference line), there 

is acceleration of the shear box which is due to slipping caused by brittle fractur

ing. The reverse situation wherein the velocity is below the reference line depicts 

greater frictional resistance acting along the joint interface. 

Figure 2.40 shows the velocity for three series of tests on the quartz por

phyry sample. The instantaneous velocity of the shear box is variable when the 

sample is in place. This is particularly true during the increasing normal load 

senes. 

The horizontal dotted line in Figure 2.40.a represents the velocity of the 

empty unloaded shear box. The other curves were obtained during the shearing 
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of the quartz porphyry. The curve obtained with a. 4270 N normal load reveals 

considerable variation in the instantaneous velocity as the shear displacement in

creases. Some mild slippage occurs. This is exemplified by an increase in velocity 

beyond the transitional value of 0.12 cm/nUn. At a 13480 N normal load, the am

plitude and frequency of the slippage increase significantly. A gradual reduction in 

the amplitude and frequency of the slippage occurs as the normal load is increased 

further. 

Figure 2.40. b showa the velocity during the first decreasing normal load 

test series for the quartz porphyry sample. There is no slippage during shearing 

because the shear load curve remains below the reference line. The curves display 

fluctuation at the 4270 and 13480 N normal loads which implies an increase and 

a decrease in the friction resistance. The variation is less pronounced than in the 

tests described above. When the test is repeated (Figure 2.40.c), the velocity tends 

to become constant for all the normal loads. 

The slippage that occurred during the increasing normal load test series 

is probably caused by brittle fractures of the asperities. The limited slippage at 

4270 N, may be due in part to the interlocking at the tip of the asperities. With this 

condition, brittle fractures result after a small increase in shear resistance. In this 

instance, only a minimal amount of energy is required to induce tensile fracturing. 

The decrease in velocity of the shear box is due to the combined effects of 

Coulomb damping and solid damping. A damping corresponds to the dissipation 

of energy of a system in motion and the consequent reduction or decay of the 

motion (Lapedes, 1978). Solid damping results exclusively from the interlocking 

of the asperities. After interlocking, the motion of the block can occur only if the 

strength of the asperities is overcome. A fluctuating state of motion ensues until 

the steady state condition is reached. The friction then starts to fall steadily to 
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a constant value. A similar observation was made by Ruina (1983) who indicated 

that if the velocity is maintained constant, then the shear force will evolve towards 

a steady state value. When all the asperities are sheared off, the decrease in velocity 

is caused by Coulomb damping. 

A comparison of the variability of the velocity and the coefficient of friction 

indicates that in both instances the fluctuation depends on the state of the surface. 

During the increasing load series with rough joint surfaces, velocity stabilization is 

not often achieved at a low normal load. This unstable behavior is quite evident for 

all samples (Figures 2.40, through 2.43). Despite the velocity fluctuation during 

the increasing normal load series, there is a progressive reduction of the coefficient 

of friction as the shear displacement increases. The decrease of the coefficient of 

friction is not steady. 

When the test series is repeated, the variation in velocity decreases for all 

loading phases. The equilibrium stage of the velocity is obtained after a short shear 

displacement and the magnitude of the coefficient of friction drops. The reduction 

in the coefficient of friction is variable once steady state motion is achieved. The 

reduction can be substantial, as in the cases of the quartz porphyry and the dolerite. 

The dacite sample exhibits less random behavior, and its frictional strength 

decreases rapidly to a near constant value. During the decreasing loading phase, 

there is hardly any variation in the coefficient of friction and the velocity moves 

rapidly to a steady state. 

2.4 Summary and Conclusions 

This laboratory investigation focuses on the influence of the asperities on 

the frictional shear resistance and on the deformation of rock discontinuities. The 

progressive physical changes of the interface due to shearing are described as well 
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as the mechanical implications of such changes. In order to show the importance 

of the asperities, two series of tests are conducted on each sample: an increasing 

and a decreasing normal load series. 

The major points investigated during the laboratory direct shear test are: 

the volumetric chan~e (dilatancy and contractancy), the sheared zone (intensity 

of alteration of the interface during shearing), the area of plastic contact and its 

variation, the shearing mechanism observed in the two dimensional domain, the 

variation of the frictional forces and the coefficient of friction with normal load and 

with shear displacement during an increasing and a decreasing normal load series, 

and the variation of the instantaneous velocity with shear displacement. 

Four samples with distinct surface characteristics have been tested (do

lerite, rhyolite, dacite and quartz porphyry). The dolerite can be defined as rough 

and undulating, the rhyolite as smooth undulating, the dacite as a planar rough 

and the quartz porphyry as undulating smooth surfaces. 

Three modes of volumetric changes are observed during the tangential 

motion: a dilatant-contractant behavior (quartz porphyry and dolerite) with the 

overall volumetric change being strictly dilatant, a dilatant-contractant behavior 

with the overall volumetric change changing from dilatant to contractant (rhyolite 

and dacite) and the strictly contract ant behavior (dacite). 

During sliding, shearing of asperities occurs at discontinuous regions along 

the interface. The sheared zones along the discontinuity surface correspond to the 

union of the permanently deformed sectors of the two superimposed surfaces. The 

sheared zone configurations for the top and the bottom samples are not identical. 

Their rate of expansion is not proportional to the normal load. 

Contact occurs between two opposing asperities if the sum of the vertical 

distance taken from two imaginary lines parallel to the mean plane of the discon-
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tinuity to the interface equals the total distance between the two imaginary lines. 

This assumes that the mean discontinuity planes of the top and bottom samples are 

parallel to each other and that there is no rotation during the tangential motion. 

The true area of contact changes with both the shear displacement and 

the normal load. Tr~e contact areas are formed and destroyed continuously during 

shear displacement. The true area of contact, even in the case of a planar surface 

texture (dacite) is only a small fraction of the apparent area of contact. 

For a given shear displacement, the sheared areas increase as the normal 

load increases. They occur at localized zones and then tend to grow and merge as 

the normal load increases. 

For a rough joint, dilatancy is substantial when the normal load is rela

tively low. At a high normal load, dilatancy is minimal and the deformation is 

ductile. Dilatancy and shearing through the asperities occur concurrently during 

the tangential motion. 

The behavior of the shear load with shear displacement depends on the 

normal load and the roughness characteristics. The shear load/shear displacement 

curve of a rough surface at a relatively low normal load is strain softening. The 

softening is due to brittle fractures which seemingly occur around the tip of the 

asperities. As the normal load increases a modified strain softening or, in some 

cases, a strain hardening may develop. Softening and hardening terminologies 

are used by analogy to the deformation of intact rock. Softening in the case of 

tangential motion represents shear load decrease. 

When two surface discontinuities are kinematically constrained either of 

two possible contact modes may occur during shearing: the asperities may be in 

contact at their tips with a vertical compressive force acting at their junctions; or 

they may be interlocked i.e., contact between two asperities occurs along their sides, 
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and motion is possible only if the asperities are destroyed. The force required to 

deform the asperities contributes to the frictional force. Consequently, the loading 

condition of the asperities influences the deformation of the joint and the magnitude 

of the contact area. 

The motion .of the rough joint is erratic particularly at a low normal load. 

With the application of a high normal load, the motion becomes steady (dolerite, 

rhyolite and quartz porphyry). A steady motion is observed with a smooth surface 

even when subjected to a low normal load (dacite). 

The volumetric change during tangential motion is governed by the rough

ness of the interface and the stiffness of the joint wall. The location of the contact 

areas as well as the sheared zones is determined by the spatial distribution of the 

asperities. The size of the sheared zones and the area of contact is a function of 

the distribution of the asperities and of the interface strength. 



CHAPTER THREE 

ANALYSIS OF GEOMETRY AND DEFORMATION OF ROCK 

JOINT ASPERITIES 

3.1 Introduction 
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It is evident from the results of past investigations on the behavior of rock 

joints that the roughness of the interfaces in contact has a significant influence 

on the shear strength of the rock mass (Byerlee (1967, 1968), Fecker and Rengers 

(1971), Barton (1976) and Bandis et al. (1981)). While this fact is widely accepted 

(Thomas 1982), some uncertainty remains as to which textural features play critical 

roles and to what extent they are relevant. 

Two rocks (salt and quartz for example) with identical initial roughness 

characteristics will not present the same shear resistance under identical testing 

conditions. The influence of the asperities seems to decrease as the strength of the 

asperities decreases. Whitehouse and Archard (1970) point out that if the interface 

behaves plastically, the geometry of the asperities will have either no impact or only 

a marginal impact on the shear strength of the discontinuity. Therefore, the initial 

configuration of the interface alone is not sufficient to explain the impact of the 

roughness on the shear strength of a rock joint. Knowledge of the deformational 

character of the joint interface with normal and shear loads is essential in order to 

improve our understanding of the shear resistance of rock discontinuities. 

The results of the volumetric change discussed in section 2.3.1 show the 

importance of the deformation of the asperities on the transition between dilatancy 
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and contractancy. For a given shear displacement, the greater the deformation 

of the asperities, the lower the dilatancy. The results also reveal that when the 

deformation increases rapidly with the normal load, the shear displacement at 

which the contractancy begins decreases (Figures 2.5.a, 2.4.a). This observation is 

of significant practical importance in ground stabilization. 

During sliding motion, in a case of a confined block, any dilatancy will 

initiate an increase in normal stress. The normal stress will rise as long as the 

asperities deformation is small and the dilatancy increases. An interface having 

<Pb = <Pr + i where <Pr = 20° and i = 5° will provide greater stability in this context 

than an interface having <Pr = 25° and i = 0°. When deformation of the asperities 

accompanies the shear displacement, there is a reduction in normal stress and a 

decrease of <Pb toward <Pr. The reduction of the normal stress will create a drop in 

the frictional force which may cause instability. 

In the case of an unconfined block, the importance of asperities deformation 

will be explained through the change in potential energy. Because friction is a non

conservative force, the work done is not independent of the path taken. Dilatancy 

increases the length of the path, while an increase in asperities deformation will 

reduce it. 

The deformation of the asperities also has relevance in problems involving 

fluid flow. The flow regime is known to be influenced by roughness and particularly 

by the degree of aperture closure (Thomas, 1982 and Ryan, 1988). When two 

rough surfaces are superimposed and deformation of asperities occurs when they 

are subjected to increase in normal loading, aperture closure results. Aperture 

closure is due to the reduction.in height of the asperities in contact and to the 

expansion of the contact area. A reduction in aperture will necessarily cause a 

decrease in flow path. On the basis of the mode of expansion of the contact areas 
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discussed in section 2.3.3, the tortuosity changes and consequently the flow regime 

may change. 

This study develops statistical and geostatistical methodologies "for describ

ing discontinuity surfaces. The methodologies are applied to illustrate roughness 

changes that take place during direct shear testing and the physical interactions 

which occur between opposing asperities which led to the observed deformation. 

The results of this analysis are then used to develop a procedure for the determi

nation of the surface compliance when the discontinuity is subjected to normal and 

shear loads. 

The distribution of the asperities is first assumed to be random. Therefore, 

the probability density distribution is used to analyze the height distribution. The 

experimental probability density distribution is used to describe the distribution 

of the asperities and the deformation process. The probability density distribution 

parameters (i.e., skewness and kurtosis), which are not without their limitations, 

are used to describe the roughness. The limitations referred to deal with the 

fact that it is not evident in the course of practical application that kurtosis and 

skewness represent any real properties of the surface profile or whether they are 

the simple products of sampling process. The skewness and kurtosis do not give 

much indication of how the asperities are distributed in the plane of the surface. 

The advantage of using these two parameters, however, is that they are useful in 

describing the change of the interface roughness following a shearing. 

The variation of the skewness and kurtosis is used to explain the deformation 

behavior of the interface. Since the roughness may be altered after each shearing, 

it is preferable to use a theoretical distribution which offers great flexibility in 

describing the various shapes and scales of the probability density distribution. The 

gamma density distribution is selected to characterize the surface. The observed 
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distributions of the heights of the asperities are not always Gaussian, contrary to 

the assumption made by Whitehouse and Archard (1970). While the assumption 

is attractive for its simplicity, it does not seem adequate for an analysis of the 

deformation of the asperities where the roughness characteristics change after each 

shearing. The parameters derived from the theoretical distribution, which are 

used to describe the distribution of the asperities, are the shape parameter a and 

the scale factor {3. The shape parameter and the scale factor are analyzed for 

various surface configurations. The trend of variation of the coefficients a and 

{3 in the gamma distribution after successive shearings provides good insight into 

the variation of the probability distribution toward a limiting distribution. Hence, 

good insight into the deformational characteristics of the surface with normal and 

shear loads is also provided. 

In many practical problems such as fluid flow or discontinuity shear strength 

determination, the anisotropy of the interface can playa major role. When the 

spatial profile data are treated as if they result from a linear profile or as if they are 

randomly selected, it is possible to obtain two surfaces with the same roughness pa

rameters but with very different spatial arrangement. The spatial arrangement of 

the two superimposed surfaces dictates the contact zones during the translational 

motion and consequently the frictional resistance. In order to take the spatial vari

ability into account, the variogram function is used. It allows a determination of the 

continuity of the height distribution i.e., the correlation between two observations 

taken at two distinct points. It also allows a three-dimensional representation of 

the surface profile, and, reveals the anisotropy of the surface structure (directional 

variability of the height distribution of the asperities). The parameters considered 

for the characterization of the discontinuity and for the analysis of the deformation 

of the rock joint asperities in the case of the variogram are the sill, the range and 
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the slope of the initial portion of the variogram. The magnitudes of the sill or 

the slope for a given discontinuity surface taken along different azimuths are plot

ted using polar coordinates. Sequential variability of the sill and the slope after 

each shearing is used to evaluate the rate of collapse i.e., the degree of permanent 

deformation of the interface. 

3.2 Background on Surface Roughness 

A rough surface corresponds to a plane consisting of randomly or regularly 

distributed peaks and valleys of various sizes and shapes. The roughness char

acteristics should reflect the spatial distribution of the asperities as well as their 

amplitude and shape. 

3.2.1 Nomenclature for the Description of Rough Surfaces 

Various ways exist of characterizing roughness in rock mechanics. They are 

mostly qualitative. According to the ISRM classification (Brown, 1978), joint wall 

roughness may be subdivided into two types: a waviness representing large scale 

undulation and an unevenness or small scale roughness. The former is characterized 

by a large base and, therefore, when interlocking occurs during shearing, dilation 

results because the base is too large to be sheared off. The small scale undulations 

are easily damaged when interlocked. 

Rengers (1970) categorizes the surface irregularities into three orders of 

roughness: the third order of roughness corresponds to the waviness, the second 

order of roughness to the small scale unevenness and the first order is caused by 

the material grain. The later has very little influence when filling exists at the 

interface. 

Figure 3.1 (Brown, 1978, p. 27) shows nomenclature describing the rough

ness profile. Roughness profiles are divided into three categories: stepped, undu-
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Figure 3.1 Typical roughness profile: ISRM suggested nomenclature. 
(From Brown, 1978, p. 27) 
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lating and planar. Each category is subdivided into three parts: rough, smooth 

and slickensided. A rough surface describes a very irregular profile. A slickensided 

profile suggests some evidence of past shear displacement along the discontinuity. 

The cutoff point between rough and smooth is very subjective and may vary 

from one field of en~neering to the other. A surface roughness may be described 

as a composite between a large scale waviness and the small scale unevenness. For 

example a surface can be described as smooth undulating or rough planar. 

Barton and Choubey (1977) proposed a set of curves which are used to 

quantify the roughness characteristics. Figure 3.2 depicts the standard curves 

which can be used as a basis for determining the joint roughness characteristic 

(JRC). The value of the JRC ranges from 0 to 20 depending on the degree of 

roughness. 

3.2.2 Surface Roughness Measurement Techniques 

3.2.2.a Standard Methods in Rock Mechanics 

1) The linear profiling method is designed to measure roughness in the field 

(large scale roughness measurement). A straight edge is placed along the plane of 

the discontinuity parallel to the mean direction of potential sliding in contact with 

the highest points of the discontinuity (Figure 3.3). The perpendicular distances 

(y) from the straight edge to the surface of the discontinuity for given tangential 

distances (x) are determined together with the azimuth and dip of the measuring 

direction. The waviness angle (i) is recorded using the straight edge and clinometer 

if the profile is short so that the waviness is not automatically sampled during 

profiling as indicated in Figure 3.4. 

2) Small scale field measurement is possible through the use of a geologic 

compass and disc-clinometer (Brown, 1978, p. 25). It consists of using selected 
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Figure 3.4 Different scales of discontinuity roughness. 
(From Brown, 1978, p. 22) 

141 



142 

base plate diameters to record dip direction and dip for each position along a 

selected surface. Several positions are selected for the measurement and the proce

dure is repeated in turn for the remaining base plate diameters. Dip direction and 

dip recorded at each location for a given base plate diameter are plotted as poles 

on an equal area net. Figure 3.5 shows a typical plot describing the discontinuity 

roughness in three dimensions. 

3) Terrestrial photogrammetry (Goodman, 1976, p. 112) is particularly use

ful in measuring inaccessible and large scale surface outcrops. It is possible to 

construct topographic maps from photos of the large scale surface. 

3.2.2.b Other Methods 

The optical probe method of recording surface roughness uses a light beam as 

a non-contacting stylus for profile measurement. Figure 3.6 describes the schematic 

arrangement of the Dupuy optical probe (Thomas, 1982, p. 46). By using a half

silvered mirror the image of the spot can be imaged itself to the knife-edge. A field 

lens is placed here to image the objective lens on to a screen. If the conjugates of 

the lens, 0, are at the knife-edge and surface respectively, a unifonn disc appears 

on the screen. If the surface is moved away the knife-edge intercepts the rays of 

light in a different way resulting in a non-uniformity of light on the screen. The 

non-uniformity is a measure of the distance moved by the surface. 

A profilometer which is used in tribology is gaining wide acceptance in 

rock mechanics. The nature of the profilometer has evolved since Weissbach's 

device. Weissbach (1978) refined the profilograph and produced the profilometer. 

Weissbach's device is mechanically operated. The data were recorded using an X-Y 

recorder or by digitizing with a data logger on punched tape. Borg (1981) developed 

an improved version mostly due to the automatic data acquisition system. The 
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Figure 3.6 Schematic of modern stylus instrument. 
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profilometer is an electromechanical device which consists of a lightly loaded stylus 

which moves across the surface and follows its contour to trace the irregularities. 

The signals obtained from the profilometer are amplified and then sent to the 

device which records the amplitude of the surface irregularities. The profile of the 

topography of the solid surface can then be traced. In the process of amplification 

and display, the vertical and horizontal scales. can be magnified according to the 

experimenter's desires. One drawback with the use of the mechanical stylus is its 

radius. In the case of a very sharp surface, it is difficult to follow the true surface 

profile. Figure 3.7 shows the schematic (Thomas, 1982, p. 15) of a modern stylus 

instrument. It consists of a pickup driven by a gear box which moves the stylus 

over the surface at a regular speed. An electronic amplifier is designed to boost the 

signal from the stylus transducer to a level which is then recorded. A laser beam 

device recently introduced overcomes the limitations inherent in the mechanical 

stylus. 

3.2.3 Review of Quantitative Roughness Parameters 

Roughness parameters are described using four different methods: averag

ing methods (center line average (CLA) and root-mean-square (RMS)), statistical 

methods and random process methods. A wide array of parameters measure some 

roughness characteristics. 

A one-dimensional profile is depicted in Figure 3.8. This profile is of a chord 

length 1 with the deepest point of the valleys tangent to the horizontal axis OX. 

AB is parallel to OX and tangent to the highest peak of the asperities. Let (h) be 

the elevation above OX of the profile curve at any point X. The roughness of the 

profile may be expressed either in terms of the magnitude of the peak asperities or 

in terms of the form of the irregularities. The following review gives a background 
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on some of the parameters which have proved potent in the development of theories 

of surface roughness characteristics. 

3.2.3.a Maximum Elevation and Average Depth 

The maximum elevation hma:t: is the vertical distance between the lowest 

and the highest points along the surface. The maximum elevation provides the 

maximum possible aperture which can exist during sliding assuming that the two 

superimposed surfaces are considered. 

The average height of the profile which can be used to obtain the mean 

plane is expressed as: 

1 f' 
hI = 7 10 h(x)dx (3.1) 

The average depth of the valleys (h2 ), which can be used to study physical 

phenomena involving gradual wear or flattening of irregularities, is given as: 

1 r' -
h2 = 7 10 (hmax - h)dx (3.2) 

where 

h = the mean elevation 

I = the length of the profile 

hmax = the maximum height of asperities 

The average absolute deviation from the mean surface is given as: 

1 f' 
Ihl ave = 7 10 Ih - h1 1dx (3.3) 

3.2.3.b Moments of the Height Distribution 

The general equation for the moment of the height distribution (Agterberg, 

1074, p. 164) is expressed as: 

N 1"" -k ILk = - L...J(h i - h) 
N. 

1=1 

(3.4) 
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where 

k = the degree of the moment 

hi = the elevation at a given point along the profile 

h = the theoretical mean of the height of the asperities 

N = the nu~ber of discrete measurement of the amplitude hi 

The first moment J1. is equal to zero and the second moment q2 is the variance . 

• variance 

The variance represents the mean squared deviation about the mean. It is 

a measure of data dispersion about the mean. For discrete data, the variance is 

expressed as : 
N 

q2 = ..!.. L (hi - h)2 

N i=1 

(3.5) 

For a continuous distribution it can be expressed as: 

(3.6) 

where p(h) is the amplitude probability density function 

• Standard Deviation 

The standard deviation is the square root of the variance. It measures the 

intensity of fluctuation or the degree to which actual values of h may deviate from 

the mean. It is expressed as: 

q= 

N 
1 ~ - 2 

- L-(hi - h) 
N i=1 

(3.7) 

The standard deviation and the variance both indicate the amount of variation 

present in a set of data and both depend on the scale of measurement. They 

represent a tool for ascertaining the intensity of roughness of a given surface and 

also can serve as the basis for comparing the roughness of two distinct rocks. 
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• Kurtosis 

Kurtosis corresponds to the ratio of the fourth moment of the distribution 

to the square of the second moment. It represents the degree of peakedness (sharp

ness or flatness) of a distribution and describes the extent to which a frequency 

distribution is concentrated about the mean. It is is expressed as: 

(3.8) 

it can also be expressed as: 

1 1+00 

v = 4' (h - "hlp(h)dh 
(j -00 

(3.9) 

It can be used as an index of the variation of the roughness after successive shear-

111gS • 

• Skewness 

The skewness indicates the asymmetry about its mean. It is expressed as: 

1 1+00 

K, = 3" (h - "hlp(h)dh 
(j -00 

(3.10) 

or for discrete data as: 
N 

1 1 ~ - 3 
K, = N 3" ~(hi - h) 

(j . 
1=1 

(3.11) 

When K, > 0 the distribution is skewed to the right. When K, < 0 the distribution 

skews to the left. For perfect symmetry K, = O. The converse is not necessarily 

true. 

3.2.3.c Center Line Average (CLA) 

This form of normalization of surface roughness analyses facilitates a COffi-

parison of various profiles by bringing the measured profiles to the same line of 
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reference. This procedure defines the roughness profile in such a way that the 

mean value of the amplitude of variation is equal to zero. 

1 {' 

It is expressed as: 

where 

CLA = I 10 Ihldx 

h = the amplitude of the roughness about a mean of zero 

I = the total distance over which the profile is measured 

dx = the interval between successive readings of the amplitude 

(3.12) 

Another parameter often used is the root-mean-square (RMS) which is equivalent 

to the center line average. It is defined as: 

RMS= 11' - h2dx 
I 0 

(3.13) 

where 

I = the total distance over which the profile is measured 

h = the elevation of the asperities 

The root mean square (Thomas, 1982, p. 94) acts as the link between the statistical 

approach where it is equivalent to the standard deviation of the height distibution, 

and the random process techniques. 

3.2.3.d Autocorrelation Function (ACF) 

The autocorrelation function is the normalized form of the autocovariance 

function. It describes the interdependence of data obtained at two different points. 

The autocorrelation function can be used to detect deterministic data which may be 

masked in a random process. When random data is obtained, the autocorrelation 

function will decrease to zero as the time lag increases. Consider the profile shown 

in Figure 3.9. The autocorrelation function is expressed as: 

1 
peT) = 2E{h(x)h(x + T)} 

(J' 
(3.14) 
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Figure 3.9 Linear profile used to describe the autocorrelation function. 
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3.2.3.e Cross-covariance Function (CCF) 

The cross-covariance is performed between two independent profiles (Fig

ure 3.10) and is used to estimate the dependence of measured values at two sepa

rated distances. It is expressed as: 

1 N 
CCF(T) = N 2: h(Xi)9(Xi + T) 

i=O 

(3.15) 

The cross-covariance function is used to devise a roughness matrix which is used 

to assess roughness states before and after shearing. 

3.2.3.£ Power Spectral Density Function (PSDF) 

Figure 3.11 describes a one-dimensional profile and its corresponding power 

spectra. The power spectrum is a form of spatial representation which is specially 

useful when the objective is to detect any harmonic oscillation of the asperities 

distribution. This function yields information similar to the autocorrelation func-

tion but in the frequency domain as opposed to the time domain. The time and 

distance along the profile can be interchanged when using these parameters to an

alyze roughness profiles. The spectral density function is the fourier transform. 

When the power spectrum is defined in terms of the autocovariance function, it is 

expressed as: 

2100 

G(w) = - R(T)cos(wT)dT 
7r 0 

(3.16) 

where W is a radial frequency 27r / A with A being the wavelength. The PSDF can 

also be obtained directly from the surface profile data through the equation: 

11+00 

• G(w) = - h(x)e-'WXdx 
7r -00 

(3.17) 

R(T) = 100 

G(w)cos(wT)dw (3.18) 
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Figure 3.10 Linear profiles used to describe the cross-covariance function. 
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Figure 3.11 Roughness profile and corresponding power spectrum. 
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This shows the deviation from the mean as a function of frequency. Any periodic 

fluctuations would be reflected by the spectral density function. 

3.2.4 Practical Considerations in the Selection of Roughness Parameters 

Many rouglmess parameters have been discussed above. Each parameter has 

limitations and none~ can by itself, provide a complete description of the discontinu

ity rouglmess. Practical considerations or a desire to gain a deeper understanding 

should dictate the selection of roughness parameters. In many cases, a combination 

of two or more parameters will be required to derive an accurate representation of 

the roughness characteristic of the interface of the discontinuity and to gain un

derstanding of the nature of the mechanical behavior during shearing. Such is the 

case in this study. A statistical as well as geostatistical approach will be used to 

characterize the surface and subsequently to analyze the deformational behavior of 

the asperities. 

The autocorrelation function (ACF) will not yield accurate results with 

a non-stationary mean, which is a common feature of engineering surfaces. In 

addition, many engineering surfaces are anisotropic. The autocovariance function, 

which should have a variance at the origin common to all profiles, can only be 

obtained if all profiles are measured from the same mean plane. If they are not, 

singularities are created at the origin of the function. 

One of the major problems associated with surface characterization is the 

effect of graphical filtering, also known as sampling length (Thomas, 1982, p. 77). 

Due to the discretization process, some of the characteristics of the original pro

file may be filtered out. In some instances, the discrete surface may bear no re

semblance to the original surface profile. When this is the case, the statistical 

parameters do not represent the surface under consideration. 



157 

3.3 Topographical Measurement of Surface Roughness 

The topographical assessment of the surface discontinuity starts with mea

suring the elevations of the asperities at discrete points. 

3.3.1 Description of the Apparatus 

The apparatus consists of a mobile table which can slide in two perpendicular 

directions and a dial gage which is fixed above the mobile table. Attached to the 

gage is a cursor which can only move vertically. A transducer with a flat edge is 

attached to the dial gage. 

3.3.2 Topographical Measurement Procedures 

A surface grid is drawn on the sample. The distance between two adjacent 

points is 0.32 cm. This lag is also known as the sampling or spacing length. A 

systematic means of locating the nodes of the grid is devised in order to acceler

ate the mapping procedure. A hard piastic plate is used which contains markers 

at 0.32 cm spacings. The plate is positioned horizontally over the discontinuity 

surface and then lowered so that the grid points are marked over the discontinuity 

surface. This procedure accelerate the grid drawing and allows easy location of the 

coordinates of the sheared zones after successive shearings. 

During the initial mapping of the surface topography, sufficient reference 

points are marked on the cast and table to insure easy and consistent repetition 

of the measurements. Before the amplitude measurement begins, the lowest and 

highest points of the surface are determined by scanning over it. This is important 

in order to adjust the cursor and to properly set the vertical location of the dial 

gage. If this had not been done, it is conceivable that the excursion limit of the 

transducer would be reached. 
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The measurement of the surface amplitude is the most time consuming phase 

if one has to do it manually. In order to insure accuracy, it is preferable to repeat 

the measurements three times because it is very difficult to relocate the edge of 

the transducer precisely at the initial point. The average value at each point is 

computed and used ~or the roughness analysis. 

Sliding the edge of the transducer on the surface of the rough joint may not 

be easy. One runs the risk of bending the transducer. In order to minimize this 

problem, the outside edge of the transducer is rounded so that it slides easily over 

sharp angled asperities. This facilitates the motion of the transducer but does not 

eliminate the problem entirely. The transducer must be readjusted frequently. The 

bottom edge of the transducer is flattened in order to reduce problems of relocation. 

Two perpendicular pointers mounted on the transducer increase the accuracy of 

the measurements because they allow an accurate relocation of the edge of the 

transducer. 

The shearing is conducted sequentially at increasing and decreasing nonnal 

loads. After each shearing at increasing normal loads, the surface topography is 

measured. Since the sheared zones are localized, it is not necessary to repeat the 

measurements over the entire sample. This approach is valid only if defonnation 

is restricted to the surface asperities. Plastic deformation of the cast might create 

differential settlement of the sample. To prevent this, very stiff materials should 

be placed underneath the sample during casting. 

3.4 Graphical Representation and Analysis of the Surface Profile 

In order to facilitate interpretat,ion of the variation of the surface profile, 

graphic displays of the recorded data are prepared. Three modes of representation 

are adopted: a two-dimensional block diagram using the graphic program Surface II 
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(Sampson, 1984), cross-sectional displays and topographical contour maps. Cross

sections are taken at selected orientations to illustrate the sheared zones and the 

profile configuration brought about as a result of' successive shearings. Figures 

3.12, 3.13 and 3.14 show the initial surface of the top quartz porphyry, diorite 

and pebble breccia s,amples. Each sample is marked with arrays of dots placed at 

equal intervals. The dots are the points where the amplitudes of the surface are 

measured. 

3.4.1 Block Diagrams and Contou)" Plots 

Figure 3.15.a, b and c represents the digitized surface configuration depicted 

in Figures 3.12, 3.13 and 3.14 respectively. The amplitude is magnified by a factor 

of 15. The amplitude magnification allows a more precise assessment of the surface 

variation after successive shearings. Relevant sectors of the surface can be identified 

and studied in detail. 

Figures 3.16.a-3.19.a show the block diagram representations of the discon

tinuity surface of the quartz porphyry sample after shearing at 4270, 13478, 22464 

and 31449 N normal force respectively. The dashed circles in these figures encom

pass some of the sectors which have undergone permanent deformation. 

Figures 3.16.b-3.19.b show the contours of equal amplitude. The selection 

of the contour interval is based on the change in amplitude after each shearing 

in order to project the sectors of small variation. The contours clearly depict the 

localized regions where some flattening is taking place during the shearing. 

3.4.2 Cross-Sectional Analysis 

To understand the deformational behavior of the surface asperities and the 

physical mechanism responsible for this behavior, cross-sections have been made at 

various locations. The cross-sections A-A, B-B and C-C identified in Figures 3.16.a 



Figure 3.12 Surface of the top quartz porphyry sample. 
The dots indicate the locations at which the elevations 
of the asperities have been measured 
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Figure 3.13 Surface of the top diorite sample. 
The dots indicate the locations at which the elevations 
of the asperities have been measured 
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Figure 3.14 Surface of the top pebble breccia sample. 
The dots indicate the locations at which the elevations 
of the asperities have been measured 
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b) 

Figure 3.15 Block diagrams describing the surface roughness. 
a) quartz porphyry 
b) diorite 



Figure 3.16 Graphical representation of the surface profile using 
topographic data obtained from the top surface of the 
quartz porphyry sample after shearing (N = 4270 Newton). 
a) block diagram 
b) contour plot 
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Figure 3.17 Graphical representation of the surface profile using 
topographic data obtained from the top surface of the 
quartz porphyry sample after shearing (N = 13478 Newton). 
a) block diagram 
b) contour plot 



A 

B 

c 

b) 
A 

B 

C 

Figure 3.18 Graphical representation of the surface profile using 
topographic data obtained from the top surface of the 
quartz porphyry sample after shearing (N = 22464 Newton). 
a) block diagram 
b) contour plot 
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Figure 3.19 Graphical representation of the surface profile using 
topographic data obtained from the top surface of the 
quartz porphyry sample after shearing (N = 31449 Newton). 
a) block diagram 
b) contour plot 
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through 3.19.a are taken along the direction of shearing. Figures 3.20 through 3.22 

depict the lines of intersection of the surfaces of the quartz porphyry with a vertical 

plane. 

The solid upper curve in each figure corresponds to the initial profile (pre

shearing). The lower curves represent the new configurations after shearing. Sev

eral sectors are identified along the profile: sector I where no permanent defor

mation occurs, sector II where deformation occurred after a high normal load was 

imposed and sector III where deformation took place after each shearing. 

Figure 3.20 represents the profile of the cross-section C-C. With the appli

cation of 4270 N normal force, the only permanent deformation in the region Xl 

(sector I) along the profile C-C is a. simple indentation. With an increase of the 

normal force, the volume of material removed increases, with an expansion of the 

sheared zone and an increase of the depth of the damaged zone. With the impo

sition of 22464 N, additional sectors are observed to undergo plastic deformation 

(sector II regions X 2 and X3)' Thereafter the variation observed for sector II is 

similar to that for sector I. Sector III remains unchanged after successive shearings. 

Although the asperities in region X 4 are higher than the ones in region 

X 3 , region X 4 remained undisturbed after the imposition of successive normal 

loads. This underscores the conditions necessary for contact to occur between two 

superimposed rough surfaces during shear motion and where dilatancy is allowed as 

indicated in section (2.3.3). This points up the fact that the representation of the 

surface profile by a line profile is an oversimplification which does not take all the 

physical interactions into account. Contact and sheared zones during translation 

are controlled by the spatial distribution of the asperities. 

The newly generated profile is stepwise. This configuration signifies that 

dilatancy and shearing have occurred concurrently during the motion. In the 



X2 
..... ------.. .. --

... • 

Figure 3.20 Linear profile along cross-section B-B 
(Figures 3.15.a-3.19.a) of the top quartz porphyry sample. 
This profile indicates some deformed (X}, X 2 and X 3 ) 

and some non-deformed (X4 ) sectors. 
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N = 13480 Newton 

y~ 
N = 22460 Newton 

Y1 66--------________ ~~ 4~------~~ 

N = 31450 Newton 

Figure 3.21 Linear profile along cross-section A-A 
(Figures 3.15.a-3.19.a) of the top quartz porphyry sample. 
This profile indicates some deformed (Yi, Y2 and Y3) 
and some non-deformed sectors 
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N = 4240 Newton 

N = 13480 Newton 

Z3 N = 22460 Newton 
~ 

Z2 Z3 N = 31450 Newton 

+-----~------~. ~ ..--. 

Figure 3.22 Linear profile along cross-section B-B 
(Figures 3.15.a-3.19.a) of the top quartz porphyry sample. 
This profile indicates some deformed (Zl and Z2) and some 
non-deformed (Z3) sectors 
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absence of dilatancy, the sheared zones would have approached a continuous 

plateau. The persistence of the asperities is due in part to their large base, which 

cannot be sheared off, and to their high stiffness. 

Figures 3.21 and 3.22 show the profiles along A-A and B-B. The change in 

the profiles is analogous to that of cross-section C-C described above. Even though 

shearing predominantly affects the peak asperities, Figure 3.20 (region X 4 and X 3 ) 

and Figures 3.21 (region 1'2 and Y3) show that shearing does not occur in order of 

decreasing magnitude of the asperities. The spatial distribution of the asperities 

on the top and bottom samples in the direction of motion determine the contact 

zones. 

3.5 Analytical Surface Characterization 

Two analytical methods are used to characterize the discontinuity roughness: 

the probability density distribution and the variogram function. The two analytical 

methods are complementary in describing the distribution of the asperities and the 

deformation characteristics of the interface. 

3.5.1 Probability Density Distribution 

The probability distribution analysis is subdivided into two parts: the ex

perimental distribution and the theoretical distribution. 

3.5.1.a Experimental Distribution: Histogram 

The experimental distribution is presented in the form of a histogram. The 

distribution is obtained by using discrete observational data (height of the asper

ities) and by selecting a small class interval which will help identify the deforma

tional behavior of the interface. This simple statistical approach is particularly 

useful in this study because the class interval can be easily changed to illustrate 
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the deformation process. Moreover, it illustrates the conclitions underlying the ex

istence of asperity contact and the shearing mechanism discussed in section 2.3.5. 

3.5.1.b Theoretical Distribution 

In order to determine the probability distribution to be used, some physi

cal aspects of the interface behavior were considered. The variation of the surface 

configuration after each shearing presents a major constraint which must be consid-

ered when selecting the probability density distribution. It is desirable, to utilize a 

probability density function which takes variation in the height distribution of the 

asperities into account in order to facilitate the comparative study. The gamma 

distribution is particularly useful in this regard because it can model the roughness 

changes induced by the shearing. The shape parameter Q' and the scale factor f3 

are then determined. The variation of these parameters with the normal stress 

can be used to analyze the mechanical behavior of the interface, in particular, the 

interface compliance. 

3.5.1.c Gamma Distribution 

The probability density function which describes the gamma distribution is 

defined as (Rohatgi, 1984, p. 408): 

for x >0 Q' > 0 and f3 > 0 

elsewhere 

where 

x = a continuous random variable such that x > 0 

Q' = p,2 /(72 scale factor 

f3 = (72/ P, shape factor 

r(Q') = fooo xOt-1e-Zdx = gamma function with argument Q' 

(3.19) 



p. = expected mean of the surface amplitude for a given normal load 

q2 = variance of expected surface amplitude for a given normal load 
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The gamma density function can assume is. wide variety of shapes. The 

following are special cases of the gamma density function. 

1) If 0' = 1 and (3 > 0, the exponential density is generated. 

{ 

*e-:rlp x >0 (3 > 0 
f(x,(3) = . 

o elsewhere 
(3.20) 

2) when 0' is large, the gamma density distibution approaches that of a 

normal asymptotically. If in the gamma density function 0' = v /2 and (3 = 2, the 

density function is given as: 

x >0 v > 0 integer 
(3.21) 

elsewhere 

3) When 0' = k + 1 and k is an integer, the gamma density can be written 

as: 
1 

f(x, k, (3) = k'(3k+1 k -:rIP . x e 
x~O (3.22) 

This form is referred to as an Erlang-k distribution. 

4) The continuous random variable x has a Weibull distribution, with pa

rameters 0' and (3, if its density function is given by: 

{ 

0'(3xP-1e-a:rp x > 0 0' > 0 (3 > 0 
f(x, 0', (3) = 

o elsewhere 
(3.23) 

5) The gamma distribution can also take the form of lognormal distribution 

where it is expressed as: 

1 -[- 1015(.,)-,,12 

f() -1 2 x, p., q = JO::.X e 2a 

qv 27r 
00 > p. > -00 q > 0 x > 0 (3.24) 
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3.5.1.d Kolmogorov-Smimov Test 

A goodness-of-fit test is performed in order to validate the selected distri

bution. The Kolmogorov-Smimov test statistic is selected for such a validation 

test. It consists of comparing the sample cumulative distribution function with 

the theoretical cumulative distribution function at each sample observation. The 

underlying assumption is that the population mean and variance are known and 

that the probability distribution being analyzed is continuous. 

In order to explain the underlying theory, consider a sample distribution 

function Fn(x) with -00 < x < +00. From the law of large numbers (DeGroot, 

1975, p. 464), it follows that as n ~ 00 at each point x, the sample distribution 

function Fn(x) converges to an actual distribution function from which the sample 

is taken. This can be written as: 

P (lim Fn(x) = F(x») = 1 
x-oo 

-oo<x<oo (3.25) 

Fn(x) will converge to F(x) uniformly over all values of x according to the Glivenko

Cantelli lemma. Figure 3.23 shows the graphic procedure to determine D n , the 

maximum vertical deviation measured directly from the graph between two sample

cumulative frequency distributions. Let 

Dn = Sup IFn(x) - F(x)1 (3.26) 
-oo<x<oo 

where Dn is a random variable 

According to the Glivenko-Cantelli lemma 

p( lim Dn = 0) = 1 
n-oo 

(3.27) 

This relationship indicates that if the sample size n is large, the sample distribution 

function Fn (x) is very likely to be close to the distribution function F( x) over the 
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n=8 - a) -.. 

Yl 0 Y3 Ys x 

--------------------.~.==== 

x 

Figure 3.23 Graphical procedure to determine Dn 
Fn(x) is a sample distribution function 
Dn is the maximum vertical deviation 

b) 
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entire real line. This implies that when the distribution function F( x) is unknown, 

the sample distribution function Fn(x) can represent an estimator of F(x). To 

illustrate the point, suppose that we need to test the null hypothesis that 

{ 

Ho : F(x) = F·(x) for 

HI : Hypothesis H 0 is not true 

-oo<x<oo 
(3.28) 

It follows that the maximum difference between the sample distribution function 

Fn(x) and the hypothesized distribution function F·(x) is D~. 

D~ = Sup IFn(x) - F·(x)1 (3.29) 
-oo<x<oo 

D~ will tend to be small if the null hypothesis Ho is true, and to be larger 

if the actual distribution function F(x) is different from F·(x). The hypothesis Ho 

will be rejected if n 1
/

2 D~ > c (c = constant). A test procedure which rejects Ho 

when n 1/ 2 D~ > c is called a Kolmogorov-Smirnov test. It is derived primarily from 

its ability to obtain the test statistic by individually examining each observed data 

point in the sample. It has been shown to be most discriminating with respect 

to its ability to reject an incorrect hypothesis concerning the distribution of the 

sample data. 

3.5.2 Variogram Function 

In classical statistics, it is often assumed that samples taken from an un

known population are random and independent of each other; i.e., one sample does 

not provide any information about the next sample. This assumption implies that 

the position from which the sample is taken is irrelevant. Although this assump

tion may be valid in some circumstances, it is far from being universal. In general 

adjoining samples may reflect some degree of continuity i.e., the existence of some 
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correlation. When continuity in samples is apparent, variance may be used to an

alyze its spatial dispersion. The variogram function describes the extent of the 

correlation. 

The simplest model of the variogram can be determined from a one

dimensional linear profile as follows. In Figure 3.24 the parameters Z(Xi) and 

Z(Xi + h) taken along the profile represent the height recorded at two points Xi 

and Xi + h. The variogram function "(h) is defined as the average of the sum of 

the squares of the delayed amplitude differences. It assumes zero mean. 

where 

Z(Xi) = the height of the asperity at location Xi 

Z(Xi + h) = the height of the asperity at location Xi + h 

h = the lag between two adjacent points 

In the discrete form the variogram is expressed as: 

1 N 
"(h) = 2N L[Z(Xi) - Z(Xi + h)]2 

i=l 

where 

N = the number of observations 

(3.30) 

(3.31) 

For a surface profile, the roughness characterization should be obtained using a 

two-dimensional variogram. In two dimensions the variogram is given as: 

,,(r,O) = E{[Z(x, y) - Z {(x, y) + r(0)}]2} (3.32) 

where 

Z ( X, y) = the height of the asperity at location (x, y) 

Z {( X, y) + r( O)} = the height of the asperity at a radial distance r in a direction 0 

(also called azimuth) from (x, y) 
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x 
D 

/ 

Figure 3.24 Single linear profile of a rough surface 
D: distance between the profile and the datum 
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3.5.2.a Properties of the Variogram 

The variogram function depends only on the vector h (modulus and direc

tion) and not on the location x. This is the intrinsic hypothesis which corresponds 

to the second order stationarity of the difference [Z(x) - Z(x + h)]. In physical 

terms, it indicates tJ.1at the structure of variability between Z(x) and Z(x + h) is 

constant and thus independent of x. 

In the variogram shown in Figure 3.25 h r~presents a vector with modulus 

Ihl taken along the direction 8. With the lag equal to zero, 'Y(h) = 0, the variogram 

increases with the modulus Ihl until the sill is reached. If this portion of the curve 

characterizes the distribution of the surface asperities, it will simply indicate that 

the difference in magnitude of the two height of the asperities taken at two different 

points increases as the distance Ihl between the two points increases. The way in 

which the variogram increases for small values of Ihl characterizes the degree of 

spatial continuity of the asperities height distribution. 

For a given direction 8, as the magnitude of the lag h becomes too large, the 

correlation between the variables Z(x) and Z(x + h) disappears. The variogram 

then tends asymptotically toward a constant value. This limiting distance is called 

the range. It represents the area of influence beyond which sample pairs become 

independent and no longer correlate with one another (Journel and Huijbregts, 

1978, p. 37 ). 

The sill shown in Figure 3.25 when it exists represents the transitional limit 

beyond which the variogram stabilizes. The difference between this value and the 

value of the variogram at distance (h) corresponds to the level of certainty which 

exists when a height is extrapolated. As the range is approached, the estimation 

variance increases to the maximum level of this sill. Variograms which are charac-



C(O) 

')'( 00) = C(O) 

C(oo) = 0 
a 

Figure 3.25 Typical variogram and covariogram 
')'( h) is the variogram function 
C(h) is the covariogram function 
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terized by a sill value and a range are called transition models. They correspond to 

a random function which is not only intrinsic but is also second-order stationarity. 

In a transition phenomenon, any data value Z(x) will be correlated with any other 

value falling within a radius (a) of x. This correlation and hence the influence 

of one value on the. other will decrease as the distance between the two points 

Increases. 

The variogram value ')'(h) at h = 0 is defined as the nugget. The nugget 

expresses the local homogeneity of the structure. A high nugget value relative to the 

sill can indicate a high degree of surface heterogeneity i.e., the height distribution 

of the asperities is very irregular. 

The variogram also has the following property (Journel and Huijbregts, 

1978, p. 37): 

')'(h) = ')'( -h) ;:::: 0 (3.33) 

The mean quadratic deviation Z(x) and Z(x + h) increases as h increases. In an 

infini te domain, the variogram function becomes 

')'(00) = Var{Z(x)} = C(O) (3.34) 

3.5.2.b Other Properties of the Variogram Function 

The variogram is independent of the mean plane. This property stands in 

contrast to that of the autocorrelation function. This represents one important 

advantage of the variogram function over the autocorrelation function for surface 

characterization. 
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3.5.2.c Anisotropy Characteristics 

When a surface is anisotropic, certain orientations will provide greater vari

ation than others. Anisotropy analysis pennits an assessment of the directional 

behavior of the heights of the asperities for a given discontinuity surface. In the 

case of the variogr~ function, when the function "Y(lhl, a, 9) depends only on the 

modulus Ihl of the vector h, the phenomenon is said to be isotropic. This concept 

can be expressed as follows: 

"Y(lhl,a,9) = "Y(h) v a and 9 

where 

a and 9 are the direction parameters 

Ihl is the modulus of the vector h 

and 

where 

in spherical coordina.tes 

in rectangular coordinates 

hu, hv, hw are the three dimensional space coordinates of h 

(3.35) 

(3.36) 

To quantitatively identify the anisotropic behavior, the maximum value of 

the variogram function is determined at different orientations. If the graph can be 

approximated by a circle of radius "Y( h )ma:r:, i.e, "Y( h )CIIi = "Y( h )ma:r: for all directions 

ai, the phenomenon is said to be isotropic (Figure 3.26.a). If the graph can be 

approximated by an ellipse, the phenomenon is considered a geometric anisotropy 

(Figure 3.26.b). When the graph does not conform to either of the two preceding 

forms, it is considered to display zonal anisotropy as shown in Figure 3.26.c. Further 

details can be found in Journel and Huijbregts (1978, p. 175). 
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a) 

b) 

c) 

Figure 3.26 Directional behavior of the variogram function 
a) isotropy 
b) geometric anisotropy 
c) zonal anisotropy 
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3.5.2.d Example of Computations of the Variogram 

The discontinuity surface is partitioned into regular grids with adjacent 

nodes (N-S and E-W) 0.32 cm apart. To illustrate the computational approach 

of the experimental variogram, consider the grid given in Figure 3.27. The ex

perimental variograrp. is determined for distances which are multiples of 0.32 cm. 

Consider the computation of the variogram along the azimuth 0°. At a lag 0, 

"Y(h) = "Y(O) = O. With h = 0.32 cm, we determine all pairs of samples located 0.32 

cm apart in the direction of azimuth 0°. Figure 3.27.a identifies all pairs at 0.32 cm 

apart along the azimuth 0°. The computational approach consists of taking each 

pair and calculating the difference in height between the two samples, and then 

computing the square of this difference. Figure 3.27.b identifies all the pairs at 2h 

distance apart along the azimuth 0°. The mean of the square difference represents 

the variogram. 

The computation and plot of "Y( h, 8) were obtained with the computer pro

gram (GAMM) developed by Knudsen and Kim (1978). GAMM is designed to 

calculate the variograms in any given direction within a plane using the data ob

tained from asperity height measurements at the coordinates (x, y) over the surface. 

GAMM can be used to calculate up to eight directional variograms per run. 

During the direct shear test, the motion takes place in a constant direction 

and therefore there was no interference between two adjacent points located at 

an angle 8 from the direction of sliding. Because of this physical constraint, a 

two degree window was selected. A zero degree window would cause a singularity 

problem. 



yl 
Z(x,y) = Elevation of the Asperities 
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Figure 3.27 Schematic computation of a variogram using pairs of 
samples a given distance apart 
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3.5.2.e Theoretical Variograms Models 

The most common theoretical models used to describe variograms can be 

divided into models without a sill and models with a sill (also called transition 

models). The models without a sill include the models in h(} and the logarithmic 

model. The transition models comprise the spherical, exponential and Gaussian 

models. The following quantitatively describe each of these models. 

• models in h(} 

with (J € (0, 2) (3.37) 

The limits 0 and 2 are precluded. The models show various behaviors as (J varies 

from 0 to 2. A special case of this model is the linear model where ,(h) = ah and 

with (a) being the slope at the origin. Figure 3.28 shows the various forms of the 

vanogram. 

• logarithmic model 

,(h) = log(h) with ,(0) = 0 (3.38) 

When the preceding two models show the nugget effect, the linear model is given 

as ,( h) = ah + b. The logarithmic model, also called De Wijsian model, is given as 

,( h) = a In( h) + b. The coefficient a is called the coefficient of intrinsic dispersion. 

• spherical model 

{ 

3 h 1 h3 

"Y(h) = :;; - 2"4' 
h € [0, a] 

(3.39) 
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Figure 3.28 Theoretical variogram models 
a) model in hO 
b) models with a sill 
(After Journel and Huijbregts, 1978, p. 164 and 166) 



• exponential model 

-y(h) = 1 - e-h / a 

The spherical model reaches its sill faster than the exponential model. 

• Gaussian model 

• hole-effect models 

-y(h) = 1- sin(h)/h 

189 

(3.40) 

(3.41) 

(3.42) 

where h is expressed in radians. The variogram is said to display a hole effect when 

its growth is not monotonic. 

3.6 Analysis of the Characterized Surfaces 

3.6.1 Probability Density Distribution 

3.6.1.a Experimental Distribution: Histogram 

Figure 3.29 shows the histograms which represent the initial distribution of 

the asperities i.e., prior to the shearing of the quartz porphyry, diorite and pebble 

breccia top samples. Forty class intervals were selected to construct each histogram. 

This number of class intervals was dictated by the relatively small deformation of 

the asperities which took place during shearing. The small class interval permits 

detection of relatively slight deformations and of the order of their occurrence on 

the top and bottom samples. 

Figure 3.29.a shows the frequency distribution of the height of the asperities 

for the quartz porphyry top sample. The distribution shows a tailing to the right 

which is indicated by the positive sign of the skewness coefficient. The maximum 
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Figure 3.29 Frequency histograms of the height of the asperities for 
the top sample of a) quartz porphyry, b) diorite and 
c) pebble breccia prior to shearing 
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amplitude (hmaz ) of the asperities is 0.53 em, the minimum 0 cm and the class 

interval is 0.0013 cm. The skewness indicates that the extent of the tailing is rela

tively small (0.45). The magnitude 3.10 of the kurtosis shows that the distribution 

is not truly normal. A nonnal distribution requires that the kurtosis be equal to 

3.0. 

Figure 3.29.b shows the frequency distribution for the diorite sample. The 

skewness and the kurtosis are a and (3 respectively. The histogram shows a distri

bution which tails to the right with a marginal tailing to the left. This distribution 

can be represented by a lognormal distribution. The maximum amplitude of the 

asperities (hmaz ) is 1.53 cm, the minimum 0 cm and the class interval is 0.038 cm. 

Figure 3.30 shows the frequency distribution for the bottom sample. Con

trary to the distribution for the top sample, the frequency distribution is skewed 

to the left as indicated by the negative sign of the skewness parameter. The ini

tial magnitude of the skewness parameter is identical to that obtained for the top 

sample. This is due to the fact that the height distribution of the bottom sample 

is taken as the inverse of the top due to the initial complete coupling of the joint 

observed prior to shearing. The maximum frequency in this instance is located 

within the cells of 0.34 and 0.35 cm. 

The probability density distributions of the three surfaces are not identical: 

that of the quartz porphyry is skewed, that of the diorite is lognonnal and that 

of the pebble breccia is almost nonnal. Question may be raised as to what extent 

the sampling data characterize the discontinuity surface. Filtering accompanying 

the surface discretization suggests that the experimental parameters (kurtosis and 

skewness) describe the sampling data but not the original surface particularly for 

a rough surface. 



Skewness: -0.45 
Kurtosis: 9.10 
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Figure 3.30 Frequency histogram of the height of the asperities for 
the initial surface of the bottom sample of the quartz 
porphyry 
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While it may be inappropriate to characterize the surface using the skewness and 

the kurtosis, it can be said a priori that their differential after each shearing is 

marginally affected depending on the sampling length. The variation of the skew

ness and the kurtosis can therefore be used to analyze the deformation behavior of 

the interface. 

3.6.1.b Theoretical Distribution: Ganuna Distribution 

A theoretical distribution which characterizes each experimental distribu

tion is determined by using the gamma distribution. The parameters G and f3 

which define the gamma distribution are obtained from the experimental data us

ing the program GOF (Phillips, 1972). Figure 3.31 shows the gamma distribution 

of the initial surface configuration (top and bottom) for the quartz porphyry and 

diorite respectively. 

3.6.1.c Goodness-of-fit Test 

A validation of the assumed gamma distribution is conducted usmg 

Kolmogorov-Smirnov test. In the case of the quartz porphyry sample the maximum 

difference between the two cumulative distributions for N=O Newton is 0.03252. 

Since this is less than 0.190 (the critical value ofD for n=30 and G = 0.2) it follows 

that the null hypothesis is accepted. Similar results are obtained after shearing of 

the sample. There is, however, an increase in the critical value. In the case of the 

diorite and pebble breccia, the null hypothesis is also accepted. 

3.6.2 Physical Implications of Variograms 

To illustrate the physical implications of the variograms, some basic hypo

thetical profiles are considered. Five surface profiles are generated using sine wave 

equations. The parametric equation is expressed as : Z = a sin(wx) where a is the 
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Figure 3.31 Gamma density distribution characterizing the height 
distribution of the initial surface configuration 
for a) quartz porphyry, b) diorite 
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amplitude of oscillation and w the wavelength. By combining the amplitude and 

the wavelength, five surface profiles are generated and shown in Figure 3.32. Each 

of the figures describes an undulated smooth surface but with diverse wavelength 

and amplitude. 

Figures 3.32.~, b and c possess the same amplitude but with different wave

lengths (0.1, 0.25 and 0.57 cm respectively). Because the frequency of oscillation 

increases, one obtains an increasing number of peaks. In Figures 3.32.d and e, the 

amplitude of oscillation is 0.01 and with two different wavelength (0.1 and 0.57). 

The objective of the variogram analysis here is to establish the corralation between 

the physical characteristics of the surface profile and the variogram parameters 

such as the slope of the initial portion of the variogram and the sill. 

To identify the anisotropy characteristics of the surface, the variogram is 

computed along five directions (0°, 30°, 45°, 60° and 90°). The anisotropy is 

confined to the quadrant I because in the case of this specific profile there are two 

axes of symmetry. 

Along the azimuth 0° there is no variation of the surface profile. The vari

ogram shows that "y( h) = O. This implies that a zero variability between any two 

adjacent point along the surface profile will result in a variogram having the sill 

and the slope equal to zero. Along the remaining four azimuths (Figure 3.33 trough 

3.35), in the initial portion of the variogram, "y( h) increases as h increases. Depend

ing on the direction of the azimuth, different physical characteristics are captured. 

As the frequency increases, the slope for the initial part increases accordingly. The 

higher the frequency, the greater the slope angle for a given direction. For two dif

ferent surfaces, the higher "y( h) for a given lag, the rougher the surface. For a given 

lag, "y( h) increases as the direction of the azimuth increases which is compatible 

with the physical behavior of the surface profile. The variogram can also be 
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c) 

Figure 3.32 Sinusoidal surfaces 
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Figure 3.32 (continued) 
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used to represent the peaks of the surface variation. The results of the variograms 

clearly identify the periodicity displayed by the surface profile. 

When the amplitude of the oscillation is decreased (Figures 3.36 and 3.37), 

the slope of the initial portion decreases accordingly. Therefore the smoothing of 

the surface following shearing can be analyzed through the use of the variogram. 

3.6.3 Variogram FUnction 

The variogram analysis of the spatial distribution of the asperities is con

ducted on three samples: the quartz porphyry, diorite and pebble breccia respec

tively. The analysis focuses on the experimental and the theoretical variograms. 

Three main parameters used to describe the interface roughness are: the sill, the 

slope and the range of the variogram. It will be assumed that the sampling length 

is small enough so that it represents the surface topography. The relationship be

tween the roughness and the three variables is demonstrated. The experimental 

variograms are indicated by the crossed lines and the theoretical variograms by the 

solid lines. 

3.6.3.a Experimental Variograms 

The experimental variograms shown in Figure 3.38 describe the initial in

terface roughness of the quartz porphyry. The variograms are computed along 

four azimuths (00
, 450

, -450
, and 900

). All four variograms show zero nugget, 

indicating that there is no sudden change in the roughness of the discontinuity. 

This observation was predictable since the sampling was done at regular and small 

intervals. The rate of increase of 'Y( h) for small values of h suggests a high con

tinuity of the interface structure. The experimental variograms also present some 

differences. 
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Around the origin (Figure 3.38.a) for a small variation of h, the variogram 

shows parabolic behavior. This non-linearity represents local drift but the overall 

structure is stationary. This hehavior may be explained by a lack of homogeneity 

in roughness as the lag increases around the origin. By taking the slope along the 

parabolic curve, it appears that the roughness increases with the lag up to a 1.78 

cm lag. On a larger scale, this behavior may produce a scale effect as described 

by Bandis et al. (1981). The correlation length or range is 3.83 cm. Beyond the 

range, the behavior of the experimental variogram is very homogeneous. The range 

in this instance may be used as the cutoff length to determine the optimum sample 

size to be used in the direct shear test. This assumes that there is no size effect 

as indicated above. A "Y( h) constant beyond the range indicates that for a value 

of lag greater than 7.11 cm, there is homogenei ty in roughness. After a lag of 

7.11 cm, local drift occurs which is identifiable on the block diagram and on the 

contour plot. The physical structure which represents this local drift on the sample 

corresponds to the waviness identifiable on the contour plot. 

The variogram shown in Figure 3.38. b is similar near the origin to the be

havior described above. The overall variogram shows a pseudo-periodicity. This 

behavior may also be identified on the contour plot (Figure 3.16.b). This variogram 

describes the so-called hole effect. The physical attribute of this hole effect is that 

there exists a succession of small scale horse and grabben along the direction of the 

azimuth as depicted in Figure 3.15.b. The overall behavior is periodic. 

The variogram in Figure 3.38.c prior to the sill is analogous to the variogram 

obtained along the azimuths 0° and 45°. Beyond the sill, Figure 3.38.c shows a 

pronounced drift where "Y(h) decreases with a large amplitude and then increases 

very rapidly after a 7.11 cm lag. This behavior describes a pronounced waviness 

along the 90° direction. The block diagram in Figure 3.15.a clearly illustrates the 
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physical basis. Figure 3.38.d is somewhat similar to Figure 3.38.c with the 

exception that there is no increase of "y( h) as the lag increases. As the lag increases, 

there is progressively less and less of a difference in the height of the asperities. 

Figure 3.39 shows the variograms which describe the initial roughness of 

the top diorite sample. The experimental variogram in Figure 3.39.a is stepwise 

parabolic with no distinct correlation length i.e., "Y( h) increases as the lag increases. 

This trend is observed despite the fact that sufficient precautions were taken to 

properly level the discontinuity surface prior to any topographical measurement. 

The roughnes of the surface is characterized by a strong waviness along the azimuth 

0° (see Figure 3.l5.b). The same trend can be observed in Figures 3.39.c and d. 

Figure 3.39.b, however, presents a completely different configuration. The behavior 

is quasi-linear around the origin and the range is wide. There is a distinct sill and 

the variation of "Y( h) with increasing lag is minimal. 

Figure 3.40 shows the experimental variograms which depict the initial 

roughness of the pebble breccia sample. In Figure 3.40.a, it appears as if two 

distinct modes exist. The remaining three curves show some periodicity. 

3.6.3.b Theoretical Variograms 

To facilitate the determination of the variogram parameters, theoretical 

models which best fit the experimental variograms are derived. The theoretical 

models (theoretical variograms) were determined using the VPLOT program. The 

formulation of a perfect theoretical model is extremely difficult and there is no 

systematic means of determining the theoretical equation. Therefore, good judge

ment is needed to recognize a suitable model and then to maintain consistency 

when several surfaces must be compared. 
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The behavior of the experimental variogram for the quartz porphyry is best 

described using a spherical model (Figure 3.38). A spherical variogram describes a 

linear variation between ,( h) and the lag near the origin. It is followed by a yield 

(reduction in the slope of the curve) and then a plateau where the slope is zero. In 

practical terms, the behavior of the spherical model implies that there is a linear 

increase in roughness for a small lag. 

There are some deviations between the experimental and the theoretical var

iograms. The behavior near the origin is not linear for the experimental variogram. 

The behavior beyond the range in Figures 3.38.c and d shows a very large deviation 

between the experimental and theoretical variograms. Beyond the range, '1'( h) is 

not constant for increasing lag. The overall fitting can be said to approximate the 

spatial distribution of the asperities for the quartz porphyry sample. 

Figure 3.39 depicts the theoretical variograms derived from the experimental 

variograms along four azimuths for the diorite sample. Two distinct theoretical 

models are used to fit the experimental variograms: the Gaussian and the spherical 

models. A Gaussian structure is characterized by an increase of the slope of the 

variogram with an increase in lag up to a peak, followed by an asymptotic decay 

to zero. In physical terms, the roughness increases with the lag and stabilizes over 

a long range. When a surface roughness is characterized by a Gaussian structure, 

it will display a size effect over a long range. When a structure is characterized by 

a spherical model where a constant variance occurs beyond the range, there is a 

finite limit at which the sample becomes homogeneous (i.e., there is no influence 

of the size effect). In Figure 3.40, the theoretical variograms which describe the 

experimental data are spherical and Gaussian models. 
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3.6.3.c Directional Behavior of the Variogram Function 

The directional behavior of the interface asperities is analyzed by first con

sidering the overall behavior of the variogram and then by some specific variogram 

parameters such as the sill, the range of the correlated length and the slope near 

the origin. 

Figures 3.3S.a, b, c and d show the directional behavior of the variograms 

which describe the initial configuration of the top sample of the quartz porphyry. 

The behavior displayed before the range is reached is similar in all four directions. 

It is parabolic near the origin. The degree of variation of '")'( h) with h within the 

correlated length is, however, somewhat different. Beyond the range, the behavior 

of the variogram is dissimilar in the four directions. Each variogram describes a 

specific surface structure. Along the azimuth 0°, the structure becomes homoge

neous once the range is exceeded except for the late increase of '")'( h) around the 

7.62 cm lag. Along the 45° azimuth, on the other hand, the surface is characterized 

by continuous periodic behavior with a low amplitude. This behavior characterizes 

regular low amplitude waviness. The amplitude and the period of oscillation of the 

waviness are more pronounced along the 90° azimuth. 

Figures 3.39.a, b, c and d show the variograms which describe the directional 

behavior of the interface roughness of the diorite sample. Along the 0° azimuth 

'")'( h) increases continuously with the lag. There is no distinct 'sill value when the 

experimental variogram is considered. This behavior stands in contrast to the 

behavior along the 90° azimuth where a sill is reached around the 7.62 cm lag. The 

magnitude of '")'( h) along the 45° azimuth compared to that in the remaining three 

directions implies a smooth profile along the 45° azimuth. 

Figures 3.40.a, b, c and d show the directional behavior of the variogram 

which describes the initial configuration of the pebble breccia sample. There is 
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a strong similarity in the roughness structure along all four azimuths (periodic 

behavior). The magnitude of variation of 'Y(h) with h is, however, quite different. 

The variogram parameters, i.e., the sill, the range and the slope, are used to 

describe the directional behavior of the interface roughness. The physical structure 

which corresponds tq each of these parameters is emphasized. When the variogram 

exhibits a transition structure, a finite plateau, the sill, is reached after a finite 

range. The sill value can be used to describe the anisotropic character of the surface. 

It represents the maximum variance in the height of the interface asperities. 

The slope of the initial part of the variogram describes the degree of rough

ness with increasing lag. If the surface is smooth planar, the slope tends toward 

zero since there is no variation in elevation between any two adjacent points taken 

on the surface. When the surface is rough, on the other hand, the slope angle will 

depend on the degree of roughness. The greater the roughness, the steeper the 

slope angle. 

To illustrate the physical attributes of the range, consider two surfaces de

scribed by a spherical model having the same sill but different slopes. The smaller 

the slope is, the larger the range. The range must be analyzed in conjunction with 

the magnitude of the sill. It can be stated, however, that a large range with a low 

sill indicates a smooth planar interface while a large range with a large sill indicates 

a smooth undulating structure. 

Table 3.1 compares the slope angle along four different azimuths as well 

as the sill and the range of the variogram for the quartz porphyry, diorite and 

pebble breccia samples. Figure 3.41 shows the directional variation of the sill for 

the quartz porphyry, diorite and pebble breccia samples. In Figure 3.4l.a along 

the 00 azimuth, the magnitude of the sill is 0.007 cm2 • The magnitude of the sill 

increases as one moves counterclockwise until it reaches 0.009 cm2 along the 900 
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Table 3.1 Variogram parameters obtained from the 
spherical model prior to shearing 

(quartz porphyry top sample) 

Sill range Slope 
(cm2 ) (cm) (degree) 
6.77 4.83 48° 
8.90 5.59. 53° 
9.35 5.08 57° 
7.42 5.59 46° 

Table 3.2 Variogram parameters obtained from the 
spherical model prior to shearing 

(diorite top sample) 

Sill range Slope 
(cm2 ) (cm) (degree) 
11.42 7.62 40° 
02.06 8.13 31 ° 
10.97 6.45 36° 
11.42 7.11 39° 

Table 3.3 Variogram parameters obtained from the 
spherical model prior to shearing 

(Pebble breccia top sample) 

Sill range Slope 
(cm2 ) (cm) (degree) 
19.35 4.06 22° 
10.32 2.79 6° 
18.06 4.06 24° 
25.16 5.59 23° 
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azimuth. It then decreases along 1350 azimuth. This directional variation of the 

sill is termed a geometrical anisotropy. The directional behavior of the diori te and 

the pebble breccia samples (Figure 3.41.b and c) reveal zonal anisotropy. 

Figure 3.42 shows the directional behavior of the discontinuities using the 

slope. When the variogram is characterized by a gaussian structure, the slope is 

not constant. 

Table 3.2 shows the variation of these three parameters along four different 

azimuths and for five different normal loads for the quartz porphyry top sample. 

Along the 00 azimuth, the magnitude of the sill is 0.007 cm2 • The sill increases 

as one moves counterclockwise until it reaches 0.00935 cm2 along 900 azimuth. It 

then decreases to equal 0.007 cm2 along the 1800 azimuth. 

The magnitude of the sill needs to be considered with respect to the grid 

SIze. The variogram is influenced by the grid size because of the filtering effect 

due to the grid spacing. If the roughness parameter is determined at the cutoff 

point (Le., at the optimal grid size), the sill value can then represent the roughness 

characteristic of the surface. 

The slope of the variogram near the origin varies with the azimuth as indi

cated in Table 3.2. The smaller the slope the smoother the surface in that specific 

direction. Along the 1350 azimuth, the roughness is low while it is maximal along 

the 900 azimuth. 

3.6.3.d Deformation Analysis of the Asperities 

Table 3.3 shows the variation of the coefficients G and f3 with the normal load 

for the top and bottom quartz porphyry samples. In the case of the top sample, the 

results indicate that the scale factor G increases and the shape parameter decreases 

as the normal load is increased. When the shape parameter f3 is constant and the 
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Figure 3.42 Directional behavior of the variogram Blope prior to shearing. 
a) quartz porphyry 
b) diorite 
c) pebble breccia 
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Table 3.4 Variogram parameters obtained from the spherical 
model (Quartz Porphyry top sample) 

P = normal force N = Newton 

Sill range Slope Sill range Slope 
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(cm2) (em) (degree) (cm2 ) (em) (degree) 

P=ON P =4270 N 

6.77 4.83 48.0 6.65 5.08 47.0 
8.90 5.59 52.5 8.52 5.33 51.5 
9.35 5.08 55.5 9.10 4.95 55.5 
7.42 5.59 45.5 7.23 5.84 45.0 

P = 13478 N P =22464 N 

6.26 5.33 43.0 6.00 5.84 39.0 
8.26 5.84 48.0 7.87 6.35 44.0 
8.90 5.21 53.0 8.45 5.46 51.0 
6.77 6.35 40.0 6.45 6.35 39.0 

P = 31450 N 

5.81 6.35 35.0 
7.68 6.86 41.0 
8.13 6.10 46.0 
6.26 6.86 35.5 



P (N) 

0 
4270 

13478 
22464 
31449 
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Table 3.5 Population parameters representing the roughness 
characteristics of the quartz porphyry top sample 

P = normal force N = Newton 

Variance Skewness Kurtosis Alpha Beta Ks( cal.) 

0.748 0.45 0.11 7.092 0.0128 0.0325 
0.729 0.39 0.02 7.240 0.0125 0.0374 
0.684 0.30 -0.16 7.595 0.0118 0.0300 
0.652 0.28 -0.15 7.674 0.0115 0.0355 
0.613 0.15 -0.12 7.528 0.0112 0.0354 
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scale factor a increases, there is a reduction in tailing. A decrease in tailing to the 

right which signifies a reduction in the height of the peak asperities is observed in 

this instance since there is a marginal decrease of the shape parameter f3 and a 

rapid increase of the scale factor It. The reduction in tailing to the right is followed 

by an increase in frequencies of the lower asperities. 

The histogram in Figure 3.43 and the gamma distribution in Figure 3.44 

depict the distributions of the height of the asperities for the quartz porphyry 

both prior to and following each shearing sequence. With an increase in normal 

load, there is a reduction in the skewness to the right (i.e., tailing to the right of 

the histogram). In addition, there is a systematic increase in density of the lower 

asperities toward the left. This suggests that some of the major asperities which 

may have been in contact have been sheared off. A variation in density of some 

of the intermediate asperities is also observed. This indicates that the asperities 

were not sheared off in order of decreasing height but rather on the basis of the 

conditions of contact stated in section 2.3.4.a. The trend is toward an accumulation 

to the left i.e., the lowest amplitude region. With a decrease in skewness and an 

increase in asperity density height in the vicinity of the lowest amplitude region, 

there is a subsequent decrease in kurtosis. The reduction in kurtosis indicates an 

increase in peakedness of the probability distribution. This change in height of the 

peak and intermediate asperities exemplifies the contact mode described in section 

2.3.4.a. It also indicates that the major asperities are more prone to destruction 

during shear motion than the minor and the intermediate asperities. 

The variation of the skewness and kurtosis on the bottom sample (Figure 

4.45) follows the same trend as with the top sample. The rate of variation, however, 

between the top and bottom samples differs. It is evident from this histogram that 

the top sample deforms much faster than the bottom sample. The decrease of the 
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distribution of the asperities after shearing under 

219 

normal forces of 4270, 13478, 22464 and 31449 N, respectively 
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of 4270, 13478, 22464 and 31449 N normal forces, respectively 
and curve V represents the initial surface configuration. 
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Figure 3.45 Frequency distribution of the height of the asperities 
for the bottom sample of quartz porphyry. 
a) prior to any shearing 
b), c) after shearing under normal forces of 4270, 13478, 
22464 and 31449 N, respectively. 
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variance or the lessening of the dispersion indicates a gradual smoothing of the 

surface following each shearing. 

To analyze the deformation behavior of the discontinuity following shearing, 

the variation of the slope of the variogram near the origin and the sill are considered. 

Table 3.1 shows the values of the sill and the slope obtained before and after 

shearing for the quartz porphyry sample. Figures 3.46 through 3.49 describe each 

stage of the surface configuration. 

Figure 3.50 shows the variation in the sill and the slope of the variograms 

after successive shearings for the quartz porphyry sample. The curves are obtained 

along four azimuths. With an increasing normal load, the magnitude of the vari

ogram function decreases with a given lag. There is a reduction of the sill and the 

slope. This trend indicates that a smoothing effect was produced by shearing at 

increasing normal loads. Due to the nature of the two superimposed surfaces (no 

alteration, identical material), there was a continuous smoothing. 

The magnitude of the sill can be plotted in polar coordinates to describe the 

anisotropy. Figure 3.51 presents the variation of the 'Y( h )max with direction at three 

different normal loads. The curves were obtained along the 0°, 45°, -45° and 90° 

azimuths. The intermediate lines between the given azimuths were interpolated 

to arrive at the general trend. The outer curve (I) corresponds to the directional 

behavior of the intial surface i.e., prior to any shearing. The inner curves correspond 

to the surface configuration following direct shearing with the imposition of 13478 N 

and 31450 N normal forces respectively. 

The configuration of each of these curves is an ellipse with the major axis 

along the 25° azimuth. The directional behavior of the variogram function is char

acterized by geometric anisotropy. The configuration of the directional anisotropy 

curves is exactly the same at 0 N, 13478 N and 31449 N. Despite the shearing, the 
.,..l 
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Figure 3.46 Experimental and theoretical variograms of the quartz 
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porphyry sample after shearing with the application of 
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Figure 3.50 Variogram showing the variation of the sill and the slope 
after successive shearings for the quartz porphyry sample. 
1) 0 Newton, 2) 13480 Newton, 3) 31450 Newton 
a) 0°, b) 45°, c) 90° and -45° 
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shearing with a 31449 N normal force. The surface appears to 
be anisotropic, and this persists after successive shearings. 
The center of the ellipse corresponds to the point where the 
surface smoothing is total. This point has not been reached. 
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original anisotropy remains. 

The magnitude of the variogram function decreases with the imposition of 

increasing normal loads. The low rate of decrease indicates that the asperities are 

persistent. An asperity is said to be persistent if either the entire asperity or a 

portion of it still exists after shearing. The degree of persistence of the asperities 

after shearing depends on their hardness, shape and the magnitudes of the imposed 

normal and shear loads as well as the loading conditions. 

Permanent deformation of the asperities will occur only if the acting stresses 

exceed their compressive and/or shear strengths. If the shear strength is not ex

ceeded, motion will take place only when dilatancy occurs. When it occurs, some 

asperities persist because they are unaffected by the normal and shear loads since 

contact did not take place at those points. The uneveness of the stress distribution 

along the interface (particularly with a rough and hard surface) may also cause 

areas to come into contact. This is due to the fact that a large percentage of the 

load is carried by some small sectors of the surface. 

3.6.3 Mechanical Implications of the Deformation of the Asperities 

Knowledge of the deformational behavior of the joint wall when subjected 

to shearing and normal loads is of great importance in surface mechanics. The 

importance of the asperities resides in their ability to resist deformation during 

sliding. If their behavior is fully plastic, they may not play a significant role 

in resisting the sliding motion. Since deformation of the interface is, in general, 

elasto-plastic, the persistence displayed by the asperities after successive shearings 

at increasing normal loads is an important determinant of the mechanical behavior 

of the joint interface. 
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The response of the joint surface to the imposed normal and shear loads is 

analyzed in accordance with the following hypothesis: if the behavior of the surface 

is fully plastic, deformation of the asperities will occur upon the imposition of a 

low normal load. Consequently, it is possible to formulate the expression for the 

surface compliance of any given surface. 

To conduct this analysis, two analytical models were used: the probability 

density function (gamma distribution) and the variogram function. Figures 3.52 

and 3.53 show the idealized forms of the variation of the gamma density distri

bution and variogram function respectively. Figure 3.52 presents a hypothetical 

instance where the gamma distribution represents the characteristics of the surface 

roughness. Curve (I) corresponds to the distribution of the heights of the asperities 

of the initial undisturbed surface. As the normal load is increased, curve (II) is 

obtained. This curve represents the new configuration which results from the in

crease in normal load and the shearing of the original surface. It reveals a reduction 

in the height of the major asperities and therefore a gradual decrease toward the 

base of the asperities. Curve (III) represents the final stage where all the asperi

ties have been sheared off to the limit of the deepest valley of the rough surface. 

At this limit, no variation in height exists. Depending on the degree of plasticity 

and the magnitude of the applied normal load, this boundary may be pushed back 

while the configuration of the limiting curve remains unchanged. In this instance, 

the surface will deform uniformly. The rate of variation in the distribution of the 

surface asperities toward the limiting case will be determined by the elasto-plastic 

character of the joint. 

The second hypothesis utilizes the variogram function, comprised of two 

curves, as depicted in Figure 3.53. These two curves correspond to the limiting 

cases: curve (I) represents the variogram of the initial configuration of the surface 
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Figure 3.52 Hypothetical variation of the' gamma density distribution 
characterizing three stages of the roughness profile. 
Curve I corresponds to the initial configuration. 
Curve II corresponds to the intermediate stage with a 
significant reduction in skewness and an increase in 
peakedness. Curve III is the final stage where the surface 
has become perfectly smooth. 
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Figure 3.53 Theoretical variograms representing a rough surface 
(curve I) and a smooth surface (curve II). The maximum 
variance or the "sill" is used to determine the 
convergence rate. 
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roughness and curve (b) represents the variogram of the surface configuration after 

elimination of all variation in the height of the asperities. The rate at which 

this transition from the initial state to the final state is accomplished is critical 

in describing the surface compliance. In this instance, the crucial parameters for 

further evaluation of the joint surface are the sill or the maximum ')'( h) and the 

slope of the initial part of the variogram. The rate at which this transition occurs 

may also be observed through the use of the loop which characterizes the surface 

structure (Figure 3.54). 

3.7 Summary and Conclusions 

The probability density distribution and variogram function are used to 

study the roughness variation of rock interface. These statistical and geostatistical 

methodologies are applied to study the variation of the interface roughness resulting 

from shearing. 

In the case of the probability density distribution, the histogram (exper

imental distribution) and the gamma distribution (theoretical distribution) are 

used. The variation of the skewness and the kurtosis in the case of the experimen

tal distribution and the scale factor and the shape parameter in the theoretical 

distribution are used to describe the interface deformation. 

The variogram analysis is divided into two parts: the experimental vari

ogram and the theoretical variogram. In the case of the experimental variogram, 

the variation of ')'( h) with increasing lags is first used to describe the character of 

the surface roughness. Theoretical curve fitting is then applied for each experimen

tal variogram. The sill and the slope for each theoretical variogram are determined 

and their variation after shearing is analyzed in order to evaluate the interface 

deformation. 
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Figure 3.54 Loop collapse indicating the rate of deformation of the 
asperities. 
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The directional behavior of the distribution of the asperities and its variation 

after successive shearings are discussed. To analyze the directional behavior, the 

sill and the slope are detennined along various azimuths. A loop which describes 

the anisotropy characteristics is drawn in polar coordinates using the sill and the 

slope of the variogram. 

Input data for the analysis is obtained from detailed surface topography 

measurements on three samples (quartz porphyry, diorite and pebble breccia). A 

topographical assessment of the surface is accomplished by measuring the elevations 

of the asperities at discrete points. The grid spacing is 0.32 cm. 

The analysis of several cross-sections after shearing indicated that surface 

defonnation and dilatancy occurred simultaneously during translation. This is 

particularly true where the interface is relatively stiff and a moderate normal load 

is applied. The configuration of the new generated profile is stepwise linear. There 

is no fonnation of a continuous plateau as long as the surface is stiff with a moderate 

applied nonnal load. 

Shearing of the asperities did not occur in order of decreasing height of a 

given surface but rather on the basis of the conditions underlying the existence 

of contact. Major asperities are, however, more prone to destruction during shear 

motion than the minor and intermediate asperities. 

The use of a linear profile to describe roughness and interface interaction 

is an oversimplification which does not take the actual contact into account. Any 

surface characterization should be two dimensional problem. 

The experimental results indicate that the distribution of the asperities is 

not always Gaussian. A judicious selection of the class interval (preferably a small 

increment) allows for accurate observations of the trend of variation in the heights 

of the asperities, even where a slight defonnation follows the shearing. As with 
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the cross-sectional analysis, the variation in the histogram shows that shearing 

of the asperities does not occur in order of decreasing height. In the case of the 

theoretical distribution, the scale factor a increases with the normal load while the 

shape parameter (3 decreases. This variation signifies a reduction in tailing to the 

right i.e., an increase in frequency of the lower asperities. This indicates smoothen 

effect. 

This analysis shows that roughness characteristics can be identified using 

the variogram function. Two parameters are used for the surface characterization: 

the sill and the slope of the initial portion of the variogram. The lower the slope, 

the smoother the surface. For a given slope, the higher the sill value is the larger the 

range and the higher the spatial variability. Near the origin, the variograms of the 

sample tested reveal a stationary Gaussian structure. They also show zero nugget, 

which indicates that there is no sudden change in roughness of the discontinuity. 

The anisotropy analysis of the variogram function showed that the sill and 

the slope vary with direction. This result corroborates Barton's tilt test approach 

for roughness characterization. The pseudo-periodic behavior beyond the range, 

however, raises questions about the size effect. It is evident from this analysis that 

not all discontinuities will show evidence of size effect. Two types of anisotropy 

were observed: the quartz porphyry sample exemplifies geometric anisotropy while 

the diorite and pebble breccia samples depict zonal anisotropy. The marginal rate 

of the loop collapse observed for the quartz porphyry implies that the discontinuity 

interface has a relatively high hardness. 



CHAPTER FOUR 

STABILITY ANALYSIS OF SLIDING MOTION AND IMPLICATIONS 

FOR IN-SITU ROCK MASS BEHAVIOR 

4.1 Introduction 
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To analyze the stability of a rock mass along a single discontinuity plane, it is 

common to assume the limit equilibrium concept. In accordance with this concept, 

the equilibrium is evaluated in terms of the factor of safety. The factor of safety 

is arrived at by comparing the driving force with the resisting force. The factor of 

safety thus represents that factor by which the shear strength parameters may be 

reduced in order to maintain equilibrium along a given slip surface. 

The limiting equilibrium method has three major shortcomings (Glass, 1985) 

which must be taken into account when undertaking a major stability analysis: 

1) failure does not occur instantaneously along a slip plane but rather periodic creep 

is exhibited due to the driving force. 2) the failure mode along the discontinuity 

plane is not revealed by the limiting equilibrium which simply predicts failure or no 

failure. 3) limiting equilibrium leads to imply that the probability of sliding failure 

increases as the frequency of the seismic waves increases. 

The factor of safety as defined implies uniform behavior along the entire slip 

surface. During sliding, rubbing, interlocking, crushing and tensile fracturing can 

take place at discrete points along the interface. The size, location and mode of 

these contacts vary during shear displacement. They are controlled by the shape 

and the distribution of the asperities as well as by the normal and shear loads acting 
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on the discontinuity. The combination of the physical interactions which occur along 

the interface (rubbing and stiction), the variation of the loading conditions at the 

interlocked regions, the fluctuation of the size of the contact areas and the change 

of the physical state of the junctions all suggest non-uniform behavior. (Stiction 

is the frictional force which prevents motion until the driving force exceeds some 

minimum value (Shinners, 1972, p. 179)). Consequently, parameters such as the 

angle of friction and cohesion are not constant during sliding. 

The stability of a rock mass cannot be determined solely on the basis of the 

peak and residual parameters. Stability is also dependent upon the rate of decay of 

the peak parameters. To disregard the decay rate is to rely heavily on engineering 

judgment which often leads to inaccurate stability predictions. The fact that a rock 

mass slides does not imply that the structure is in danger of imminent collapse. 

An earthquake may initiate sliding of a slope which stabilizes after the ces

sation of motion (Glass, 1985). The deterioration of a major interlock can induce 

creeping or sudden rapid motion which is subsequently inhibited due to renewed 

interlocking of the asperities. Sliding motion is a complex dynamic problem. The 

evaluation of overall stability using a dynamic model will yield more accurate results 

than can be obtained with a static model. 

To predict the stability of the sliding motion using dynamical model, the 

stiffness characteristics of the discontinuity and the variation of friction force with 

the shear displacement i.e., the damping character of the rock interface must be 

understood. The friction or damping forces are comprised of two major components: 

solid damping and coulomb damping. In some cases, plowing and dilatancy may 

also play significant roles. 

In the laboratory direct shear test, the shear load acting on the moving block 

varies so as to maintain a constant displacement rate. Consequently, when inter-
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locking dampens the motion, the shear load increases. In an actual field situation, 

the force acting on the rock mass is the force of gravity. Motion occurs not as a 

result of an increase in driving force but rather as a result of the yielding of the 

interlocked asperities which fail to resist motion and surface weakening. Unless the 

orientation of the sliding mass changes, the driving force will remain constant. If 

the driving force is sufficiently high, it will induce a rapid fracture of the asperity. 

On the other hand, if the strength of the asperity is sufficiently high, fracturing will 

occur upon its fatigue or the asperity will creep due to the static loading (driving 

force). In the laboratory, the delay in motion which would have resulted due to the 

presence of a resisting asperity is observed to be marginal because of a systematic 

increase in the shear load. An exception to the field condition is the behavior along 

a major fault such as San Andreas, where the convection force acting on the Pacific 

plate induces the driving force. 

The difference between the loading conditions in the field and in the labo

ratory is attributable to gravity in the field situation and to the external loading 

in the laboratory. The field load is constant while the laboratory driving force is 

variable. The loading rate is known to play an important role in the determination 

of the rock strength in the laboratory (Jaeger and Cook, 1979, p. 144). Although 

the impact of this loading rate is not the immediate subject of our investigation, it 

deserves further study. This study develops procedures which are applicable both in 

the laboratory and in field so that the differences between them can be reconciled. 

The differences stated above for sliding between the laboratory and in the 

field, point up the need for a more comprehensive analytical approach to the study 

of sliding motion. Parameters common to both situations need to be identified in 

order to forecast the stability of a rock mass with greater precision. This approach 

will simplify the task of attempting to identify all the properties of the joint surface, 
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which are numerous and not easy to quantify. 

This study addresses the stability of the sliding motion as a dynamic problem. 

Many of the parameters which influence the stability of the sliding motion vary with 

shear displacement: coefficient of friction, surface morphology and characteristics 

of the contact surfaces. By considering time, displacement, stiffness, damping and 

the mass of the sliding block it is possible to combine the influence of various 

parameters into a few terms. U sing these parameters, the equation governing of 

the motion is determined. A graphical solution to the equation of motion is then 

derived. The stability condition of the sliding motion is determined by analyzing 

the phase diagram. 

The study also includes a description of rheological models which character

ize the direct shear test results, a background on dynamic systems and the phase 

portrait of complex mechanical systems involving dry friction. In order to derive the 

equation of motion, the shear load/shear displacement curves are first discretized. 

Us;ng the Fourier interpolation approach, the governing equation for the forcing 

function is determined. Knowing the interface stiffness, the frictional force and the 

mass, the equation of motion is derived with the Fourier series terms corresponding 

to the forcing function. The damping terms are implicit in the forcing function 

expressed in terms of shear displacement. 

4.2 Characteristics of Translational Motion and Genesis of Friction 

Along the interface, sliding or slipping may occur. Sliding and slipping are 

used interchangeably throughout the literature. In this investigation, however, dis

tinctions will be made between sliding and slipping following Lazan (1968). Sliding 

is that gross and uniform shear motion which occurs on a single interface i.e., a 

homogeneous shear displacement over the entire interface between rigid bodies. 
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Slipping implies the converse, i.e., that inhomogeneous local shear displacement 

occurs. 

During sliding, the interfaces are subjected to two types of relative motions: 

1) motion normal to the interface which results in the separation of mating surfaces 

(dilatant behavior) and 2) tangential motions in the plane of the interface. During 

motion, the destruction of the adhesive bond at the contact zones (horizontal con

tact) and the plucking or crushing of the asperities which interfere with the motion 

(lateral contact) contribute to the dissipation of energy and therefore require an 

increase in frictional energy. 

4.3 Damping Components Influencing Translational Motion 

Mechanical damping during shearing corresponds to the energy dissipation 

at the interface of the discontinuity between the two members in relative motion. 

Damping is caused by a variety of mechanisms including the interlocking of the 

interface asperities in lateral contact, plowing, adhesion and anelasticity in interface 

materials. Dry slip damping (Lazan, 1968, p. 23) is generally subject to serious 

fretting at the interface at the contact regions. This interface deterioration may 

cause the joint to drift from optimal conditions of damping to a residual condition. 

The damping term Ff (the total external excitation force during a direct 

shear test) can be divided into four major components: Coulomb frictional force, 

solid friction (shearing across the asperities), the frictional component due to dila

tancy and plowing. It is expressed as: 

( 4.1) 

where 

Ie = the force needed to overcome the Coulomb friction 



242 

fa = solid damping tenn which is a function of the internal cohesion and the 

internal angle of friction 

fp = the force needed to plow through the sample 

!d = the force needed to dilate the sample 

4.3.1 Coulomb Damping 

Coulomb friction (Jordan and Smith, 1977, p. 20) occurs when the surfaces 

of two solids are in contact and in relative motion. It represents the frictional force 

which resists the relative motion of two solids with flat and dry contact surfaces. 

The Coulomb damping force is proportional to the normal load. It is claimed to be 

independent of the velocity of the sliding block (McLean and Nelson, 1978). The 

contact surface in this case is homogeneous and characterized by microasperities. 

The coefficient of friction is constant and identical to the residual coefficient of 

friction. The Coulomb frictional force fe is expressed as: 

fe = p.N (4.2) 

where 

p. = tan( ¢Jr) is the coefficient of friction which corresponds to the residual value 

and ¢Jr is the residual angle of friction 

Damping can be reduced to zero in the Coulomb slip models by reducing the 

coefficient of friction Jl to zero or by increasing it to infinity. If the dissipative force 

fe is reduced to zero (Jl = 0), the damping (Da = J fede) is also reduced to zero 

even though the shear displacement may be large (de is the shear displacement). 

It corresponds to an idealized case where the interface is frictionless. It cannot 

occur in dry friction. If the friction coefficient becomes very large Jl = 00, the 

damping is reduced to zero because no shear displacement de is possible under 

these circumstances (Lazan, 1968, p. 115). 
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4.3.2 Solid Damping and Plowing 

When lateral contact exists between two surface asperities and motion is 

contingent upon the shearing of these asperities, the friction force which resists the 

relative motion of the two blocks is called solid damping. The solid damping force 

depends only on the coefficient of internal friction of the surface asperities and on 

the internal cohesive strength of the intact material. This frictional force depends 

on the energy required to create the sheared surfaces or to pluck the asperities. 

When contact stress equals the yield stress and the harder material pene

trates the softer one, plowing of the softer material ensues if a shear displacement 

is induced: i.e. material flows around the penetrating asperities of the counter

face take place (Kragelsky et al, 1982, p. 36). Frictional force then arises from the 

plowing action of the asperities. 

4.3.3 Dilatancy 

Friction due to dilatancy consists of the force required to raise the surface 

of pressure by an oblique action. The upper surface rides over a system of inclined 

planes. 

4.4 Rheological Models Describing Translational Motion 

The three basic components which characterize a mechanical translational 

system are mass, stiffness and damping. The mass represents an element having 

inertia, the stiffness the restorative force action and the Coulomb friction is an 

element that absorbs energy. 
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4.4.1 Elemental Rheological Components 

4.4.1.a Coulomb Friction Element 

Consider a block of mass (m) resting on a rough surface as indicated in 

Figure 4.1.a. A horizontal force F is applied to the block. The block will not move 

until the force F becomes large enough to overcome the resistance due to the static 

friction between the block and the surface. Fe is the limiting value of F at the 

moment when motion ensues. The force-displacement curve which characterizes 

this model can be considered rigid, perfectly plastic (Figure 4.l.b). This simple 

mechanical system is also termed the go-no-go or Coulomb friction (Byars and 

Snyder, 1969, p. 65). 

4.4.l.b Spring or Elastic Non-dissipative Element 

Consider a force F acting on an ideal spring (Figure 4.2.a). The input output 

relation (Figure 4.2.b) is expressed as: 

F=k.e 

where 

k = the elastic constant for the spring 

e = the spring deformation 

The response is considered perfectly elastic. 

4.4.2 Mechanical System Describing Sliding Motion 

(4.3) 

Combinations of elemental rheological components may be used to describe 

the mechanical behavior which takes place during sliding. The following models 

describe simple mechanical behavior which occurs during translational motion. 
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Figure 4.1 Coulomb slide model: rigid perfectly plastic 
a) schematic diagram describing a rigid, perfectly 
plastic model 
b) force-displacement curve describing Coulomb 
slide model 
(From Mendelson, 1968, p. 17) 
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Figure 4.2 Non-dissipative element: perfectly elastic model 
a) schematic diagram describing perfectly elastic model 
b) force displacement curve 
(From Mendelson, 1968, p. 17) 
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4.4.2.a Elastic-Perfectly Plastic Model 

Consider a model which consists of a friction element to which a spring 

is attached with both elements placed in series (Figure 4.3.a). As the force F 

is imposed, the response will be linear until the force in the spring reaches the 

limiting value Fc at which time the block begins to slide with no increase in force 

i.e., the system yields at F = Fc. The deformation is elastic-perfectly plastic (elastic 

Coulomb). When the load is removed, the spring will contract but the system will 

not return to its original position (permanent deformation). The corresponding 

load-deformation curve is indicated in Figure 4.3.b. The equations which describe 

the load displacement curve are given as: 

{ 

k.e with F < Fc 
F= 

Fc otherwise 
(5.4) 

This single elasto-slide type deformation is often observed during direct shear tests 

on two smooth surfaces and where stick slip does not occur (Figure 2.26). 

4.4.2.b Rigid-Linear Displacement Hardening Model 

A simple mechanical model representing a rigid-linear strain hardening model 

consists of a spring placed in parallel with the friction element (Figure 4.4.a). As 

the horizontal load is imposed, deformation of the spring will not occur until mo

tion of the mass takes place. As the limiting value Fc is reached, the block starts 

to slide and deformation of the spring ensues. Figure 4.4. b depicts the deformation 

characterizing the model. The post-yield region in Figure 4.4.b depicts an increase 

in shear load with shear displacement. This behavior is termed displacement hard

ening. Most mechanical behaviors observed during direct shear tests do not fit this 

model precisely. Some elastic deformation occurs before the shear displacement. 
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Figure 4.3 Elasto-Coulomb slide model: elastic, perfectly plastic model 
a) schematic diagram of a mechanical system describing 
an elastic, perfectly plastic model 
b) force-displacement curve describing an elastic, 
perfectly plastic behavior 
(From Mendelson, 1968, p. 17) 
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Figure 4.4 Elasto-Coulomb slide model: rigid, linear strain hardening 
model 
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a) schematic diagram of a mechanical system describing a rigid, 
linear strain hardeneing model 
b) force-displacement curve describing a rigid, linear strain 
hardening behavior 
(From Desai and Siriwaredane, 1984, p. 220) 
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4.4.2.c Elastic Linear Displacement Hardening 

In this mechanical system, a spring k2 is placed in series with the Coulomb 

friction element (Figure 4.5.a). As the horizontal force is imposed, the springs 

kl and k2 defonn while the mass m remains static. The deformation of the spring 

prior to sliding is represented by the first portion of the load defonnation curve in 

Figure 4.5.b. The equivalent stiffness is expressed as: 

(4.5) 

The load corresponds to F = k.x until motion of the mass ensues. The 

defonnation will be influenced by the dynamic coefficient of friction. If we have a 

constant static coefficient, the slope can be expressed as m.k. Due to the motion of 

the mass, the influence of the stiffness which arises from the spring k2 has dimin

ished. Because of the influence of the spring kl an increase linear relationship will 

result. The post yield behavior is tenned hardening i.e., the shear load at the in

terface becomes greater as shear displacement increases. This mechanical behavior 

is very prevalent during direct shear tests, particularly at high normal loads. The 

post yield behavior is usually non-linear (Figure 2.24.d). 

4.4.3 Mechanical System Describing Slipping Motion 

Two kinds of slipping behavior may occur during translational motion: slip

ping in the fonn of stick-slip and slipping caused by rupture of the asperities. The 

former is prevalent with a polished surface. The latter is influenced by the interface 

roughness and occurs following interlocking and rupturing of the asperities. Slip 

(Lazan, 1968, p. 113) is produced when two or more local slides occur inhomoge

neously. To represent the mechanical system which describe slipping, two or 
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Figure 4.5 Elasto-Coulomb slide model: elastic, linear strain hardening 
model 
a) schematic diagram of a mechanical system describing an 
elastic, linear strain hardening model 
b) force-displacement curve describing an elastic, linear 
strain hardening model 
(After Lazan, 1968, p. 114) 
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more Coulomb elements are placed in parallel. This mechanical configurations can 

lead to independent behavior of the moving masses and thus to inhomogeneous 

sliding during translation. 

4.4.3.a Rigid Elastic-Plastic Model 

A schematic diagram which represents a rigid elastic-plastic model ( triparam

eter elasto-slip model) is shown in Figure 4.6.a. As the horizontal load is imposed 

on the system, no deformation occurs until the Coulomb friction is overcome. Once 

the friction is overcome, motion takes place. At this point, elastic deformation of 

the spring occurs. Due to the interface characteristics, differential motion may oc

cur between the two masses ml and m2. Figure 4.6. b describes the corresponding 

force-displacement curve. 

4.4.3.b Elastic-Plastic Model 

In this model, elastic deformation occurs after the application of the hor

izontal force. Subsequent responses are similar to those in the preceding model. 

Figures 4.7.a and 4.7.b show respectively the schematic diagram which describes 

the elastic-plastic slip model and the corresponding force-displacement curve. 

4.4.3.c Generalized Elastic plastic Model 

During translational motion, multiple slipping may occur at different loca

tions along the interface. Figure 4.8.a is a diagram of a generalized elasto-slip 

model and Figure 4.8. b shows the corresponding force displacement curve. This 

generalized model is composed of multiple friction models which have the potential 

to act independently during sliding motion. Figure 2.24 displays a behavior which 

describes partially a generalized elastic plastic behavior. 
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Figure 4.6 Elasto-slip model: rigid, elasto-plastic model 
a) schematic diagram of a meChanical system describing a 
rigid, elasto plastic model 

Px 

b) force-displacement curve describing a rigid, elasto-plastic 
model 
(After Lazan, 1968, p. 114) 
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Figure 4.7 Elasto-slip model: elasto-plastic model 
a) schematic diagram describing an elasto-plastic model 
b) force-displacement curve representing an elasto-plastic 
model 
(After Lazan, 1968, p. 114) 
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Figure 4.8 Generalized elasto-slip model: elasto-plastic model 
a) schematic diagram describing a generalized elasto-slip 
model 
b) force-displacement curve describing an elasto-plastic 
model (After Lazan, 1968 p. 114) 
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4.5 Analytical Procedures 

The analytical procedures include the formulation of the forcing function 

using a trigonometric interpolation, the formulation of the equation of motion, and 

the graphical representation of the dynamical systems using phase diagrams. 

4.5.1 Trigonometric Interpolation Concept 

This problem involves the construction of a profile function f(x) using n dis

crete observational points taken at equal or unequal intervals. Through this interpo

lation scheme, an expression is derived which describes the profile passing through 

all the observational data. This expression is valid over a certain range of values 

of the arguments. The maximum range of the argument x (shear displacement) is 

21T. This interpolation formula which involves both sines and cosines enables one 

to make the best use of all the data. The trigonometric equation which describe:; 

any given profile for equal intervals of the argument x was derived by Bessel in 1815 

(Whittaker and Robinson, 1932, p. 263). It is expressed as: 

f(x) =ao + al cos(x) + a2 cos(2x) + .... + a r cos(rx)+ 

bI sine x) + b2 sine 2x) + .... + br sine r x ) (4.6) 

where 

ao, aI, ... , a r , bI , ..... , br are the Fourier coefficients and 

rx is the range of the argument x 

The equations which represent the Fourier coefficients ao, al , a2, ... , an bI , ... , br 

are given as follows: 

1 n-1 

ao = - L::Uk 
n 

k=O 
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2 n-l 

al = ;; L.: Uk cos(2k7r/n) 
k=O 

n-l 

a r =! L.:Ul:cos(2k7l"r/n) 
k=O 

(4.7) 

where r = n/2 and Uk is the observational data with k varying from 0 to n-

1. U sing the values of the coefficients, the specific function for the profile can be 

determined. By substituting the Fourier coefficients into equation 4.6, the specific 

profile function is determined. Further details concerning the computations of the 

coefficients are discussed by Whittaker and Robinson (1932) in chapter four. 

For unequal intervals of the argument (x), the function f(x) can be obtained 

by using any of the following expressions: 

f(x) _si_n(~x_----,b )_s_in-:-( x_-_c~) ._ .. sine x - n) U ( a) + ... + 
sine a - b) sine a - c) ... sine a - n) 
sine x - a) sine x - b) ... sine x - m) 
sine n - a) sine n - b) ... sine n _ m) U ( n ) 

(4.8) 

f( x) = cos( x - b) cos( x - c) ... cos( x - n) U ( a) + ... + 
cos( a - b) cos( a - c) ... cos( a - n) 

cos(x - a) cos(x - b)··· cos(x - m) (4.9) 
sin(n - a)sin(n - b) ... sin(n - m) U(n) 



f(x) 
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sin 1 (x - b) sin 1 (x - c) ... sin 1 (x - n) 
f(x)= 2 2 2 U(a)+ ... + 

sin! (a - b) sin! (a - c) ... sin! (a - n) 

sin l(x - a) sin l(x - b)··· sin l(x - m) 2 2 2 U(n) 
• J ( ). 1 ( b) . 1 ( ) sm'2 n - a sm'2 n - ... sm 2' n - m 

(4.10) 

sin(x )[cos(x) - cos(b)][cos(x) - oos(c)] ... [cos(x) - cos(n)] U( a) + ... + 
sin(a)[cos(a) - cos(b)][cos(a) - cos(c)]··· [cos(a) - cos(n)] 

sin(x)[cos(x) - cos(a)]··· [cos(x) - cos(m)] U( ) (4.11) 
sin(n)[cos(n) - cos(a)][cos(n) - oos(b)].·. [cos(n) _ cos(m)] n 

where a, b, c, .... , n-1, n are the values ofthe argument at which the observations are 

made. This problem is analogous to Lagrange's problem in ordinary interpolation. 

Discrete values fo, it, ......... , fn-J of the function are obtained when the ar-

gument x takes the values 0, 271'ln, .......... , 2(n - 1)7r /n respectively. The equations 

which describe the interpolated values at a given step are expressed as: 

fo = ao + al + ... + a r 

it = ao+aJ cos(27r/n) + a2 cos(2 27r/n) + ... + a r cos(r 27r/n)+ 

12 = ao+al cos(2 27r/n) + a2 cos(4 27r/n) + ... + arcos(2r 27r/n)+ 

bl sin(2 27r /n) + b2 sin( 4 27r In) + ... + br sin(2r 27r /n) (4.12) 

fn-I = ao+a} cos«n -1)27r/n) + ... + arcos(r (n -1)27r/n)+ 

bl sin[(n - 1) 27r In] + ... + br sin[r(n - 1) 27r In] 
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4.5.2 Formulation of the Equation of the Translational Motion 

Consider the simple mechanical system shown in Figure 4.3. The system 

consists of a mass m connected to a spring which exerts a restoring force proportional 

to the displacement x of the mass. Assume that the mass is moving in a medium 

which exerts a resistance proportional to the velocity. The equation for this type of 

motion can be expressed as: 

where 

B = the viscous damping constant 

ka = the spring stiffness 

m = the mass 

( 4.13) 

If the motion of the mass results from an external force F( t) which is only 

time dependent, the equation of motion can be expressed as: 

( 4.14) 

Equations 4.13 and 4.14 represent respectively homogeneous and nonhomogeneous 

linear differential equations with constant coefficients. Translational motion along 

a discontinuity plane is not so simple. The motion may be subject to softening or 

hardening behavior as indicated in Figure 2.24 (curve a and d respectively). 

4.5.3 Translational Motion Controlled by Coulomb Friction 

Another form of frictional force fOlllld in the translational motion along the 

discontinuity interface is known as Coulomb friction. Contrary to viscous friction, 

Coulomb (or dry) friction is not proportional to the velocity but rather is a constant 

force that always opposes the velocity (Shinners, 1972, p. 381). Coulomb friction 
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occurs when the surfaces of two solids are in contact and in relative motion without 

lubrication. Figure 4.9.a illustrates dry friction (Coulomb friction). 

H Fc is the frictional force between the block and the belt and x is the 

extension of the spring, the equation of motion describing this mechanical system 

IS gIven as: 

( 4.15) 

The relationship between the Coulomb friction force and the velocity is given in 

Figure 4.9.b. 

During translational motion, another nonlinear form of frictional force may 

result. This force known as stiction or static friction induces total inertia (zero 

velocity). Figure 4.9.c describes the relationship between static friction, Coulomb 

friction and velocity. The static friction is denoted by F6 • 

4.5.4 Background on Dynamical System 

The analytical solutions to nonlinear differential equations are in general 

very difficult to derive. When the solutions exist, they can be so complex that the 

principal features of the solutions are too complicated to display clearly. Since most 

mechanical systems we are involved with are nonlinear, a proper representation of 

the behavior of the system is crucial. A qualitative study of differential equations 

represents an alternative approach to deduce relevant characteristics of the solu

tions of differential equations without actually solving them. In this instance, the 

phase plane which is a geometrical device is used for obtaining directly from the 

differential equation properties such as equilibrium points and stability character of 

the mechanical system. 

The phase plane technique, applicable to both linear and nonlinear systems, 

is particularly useful for analyzing the transient response of a nonlinear system. 
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Figure 4.9 Coulomb friction model 
a) model of oscillator with Coulomb friction 
b) Coulomb friction characteristics 
c) composite friction characteristics illustrating 
Coulomb and static friction (stiction) 
(Shinners, 1972, p. 407) 
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The phase plane in the state-space analysis corresponds to the graph of the varia

tion of the displacement with velocity. The curve describing a specific step input 

represents the trajectory. A set of curves of displacement versus velocity of a given 

system obtained for several step amplitudes and displayed on the same phase plane, 

is called a phase portrait. 

The behavior of a system is said to be unstable if the trajectory approaches 

infinity on the phase plane. It is stable if the trajectory approaches the vicinity of 

the origin or an equilibrium point. If the trajectory circles the origin continuously 

in a closed curve after excitation, a sustained oscillation known as a limit cycle 

exists. 

4.5.5 Construction of the Phase Portrait 

Consider the general second order nonlinear differential equation which has 

the following form: 

(4.16) 

In the state space form (autonomous first order system) the equation (4.16) can be 

represented as the following autonomous first order system: 

{ 

~~ = X(x,y) 

'* = Y(x,y) 
( 4.17) 

where x and y represent the state variables. 

The singular points of the phase plane correspond to the points where the 

involved system is in a state of equilibrium. At these points, the velocity and 

acceleration are zero. Therefore the singular points, which are the equilibrium 

points correspond to the points that make X(x, y) and Y(x, y) equal to zero. If 

the singularity occurs at x=A and y=B, the Taylor's expansions of equation (4.17) 

about the singularity points are given as: 
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{ 

~~ = Al(X - A) + A2(Y - B) + A3(X - A)2 + A4(X - A)(y - B) + .. . * = Bl(x - A) + B2(y - B) + B3(X - A)2 + B4(X - A)(y - B) + .. . 
(4.18) 

If the ball is sufficiently small (region selected around the vicinity of the 

singularity) the character of the singular points is detennined entirely by the coef

ficients of the linear tenns AI, A2 , Bl and B 2 • The linear approximation of the 

equations (4.18) in the vicinity of the singular points is defined as the system: 

{ 
~~ = Al(X - A) + A2(y - B) 

* = B1(x - A) + B2(y - B) 
(4.19) 

If the singularity occurs at the origin, i.e., A and B are equal to zero, the 

linear approximation of equations (4.19) can be further reduced to the form: 

{ 

~~ =A1x+A2 y 

* = B1x+B2 y 

The nontrivial solutions of equation (4.20) are expressed as: 

and y = se>.t 

where r, s and ). are related constants. Nontrivial solutions exist iff 

and the characteristic equation is given as: 

Let and 

( 4.20) 

( 4.21) 

( 4.22) 

( 4.23) 
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The characteristic equation becomes: 

(4.24) 

Six different sets of roots are possible with p and q real coefficients. The charac

teristics of the set of root allow the description of the dynamic system which can 

be classified as belonging to one of four types (node, focus, saddle and center). Let 

the discriminant be ~ = p2 + 4q. Then the roots of equation (4.24) are given as: 

and (4.25) 

.xl and .x2 represent the eigenvalues of the simple canonical systems. 

1) If the eigenvalues are real, distinct and of the same sign, the equilibrium 

point is a node. A node corresponds to a point in the phase plane toward which a 

family of trajectories converges (stable node) or radiate from (unstable node). A 

stable node occurs when the roots are both real and negative (Figure 4.10.a). The 

node is unstable when the roots are both real and positive (Figure 4.1O.b). 

2) If the roots are complex conjugate with non zero real part, the phase 

portrait arising is called a spiral or focus. A focus is a point in the phase plane 

consisting of a family of spiral trajectories which either converge on the equilib

rium point (stable focus) or diverge from it (unstable focus). Figures 4.11.a and b 

illustrate a stable and unstable focuses respectively. 

2) If the eigenvalues are real with different signs, the phase portrait which 

results is called a saddle. This type of phase plane always represents an unstable 

system. Figure 4.12 illustrates a saddle point. 

4) If the roots are pure imaginary, the corresponding phase plane is called 

the center. A center is a point in the phase plane circumvented by a family of closed 

curves. The phase portrait illustrated in Figure 4.13 is a center. 
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dx/dt 

x 

dx/dt 

Figure 4.10 Phase portrait of a node 
a) stable node 
b) unstable node 
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dx/dt 

x 

dx/dt 

Figure 4.11 Phase portrait of a focus 
a) stable focus 
b) unstable focus 
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Figure 4.12 Phase portrait of a saddle 
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dx/dt 

x 

Figure 4.13 Phase portrait of a center 
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4.5.6 Phase Portrait for a System Containing Coulomb Friction 

Figures 4.14.n and b describe the Coulomb friction force denoted by ±Fc 

and the static friction force or stiction which is the frictional force at zero velocity. 

It is denoted by ±F ... 

The phase portrait of Coulomb friction is first derived and thus extended to 

the case of stiction. The differential equation describing Coulomb friction given in 

equation 4.15 is repeated here for convenience. 

J2x 
m dt2 + k ... x = ±Fc 

Let w = (k .. /m)1/2 and 'Y = Fc/mw2 

{

X - 'Y when x < 0 

Q' = X + 'Y when x > 0 

The nonnalized equation of motion becomes 

Figure 4.14.c depicts the phase portrait describing the Coulomb friction in a x/w 

versus x plane 

When x is located within the interval -'Y < x < 'Y the motion ceases to exist 

(Shinners, 1972, p. 407). Stiction ocurs and its effect is to extend the termination 

line ±'Y to ±'(s which is shown in Figure 4.14. 

4.6 Analysis of the Sliding Motion Using Laboratory Direct Shear Test Results 

4.6.1 Representation of the Frictional Profile 

The variation of the shear load with shear displacement observed during the 

direct shear test is random (Figures 2.23 through 2.26). The analytical expression 
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Figure 4.14 Phase portrait describing Coulomb friction 
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for such a profile is not self evident unless a curve fitting procedure is used. To 

formulate a representative equation for each of the shear load/shear displacement 

curves, a Fourier interpolation approach is used. The shear load/shear displacement 

curve is first discretized and then an interpolation function which describes the 

profile is derived from the Bessel interpolation equation. 

4.6.2 Discretization of the Shear Load Curve 

A regular interval was first determined along the shear displacement axis and 

the corresponding shear load is then measured using a digitizer. An arbitrary shear 

displacement spacing of 3.2 mm was selected taking into account the variability of 

the shear load with shear displacement. In order to prevent the interpolated curve 

from diverging from the original curve, a small spacing must be selected for a curve 

with high fluctuation of the shear load with shear displacement while a steady curve 

may be represent with a longer sampling length. 

The shear loads recorded at equal intervals are substituted into equation (4.7) 

to calculate the Fourier coefficients needed to describe the profile function. The val

ues of the argument of the trigonometric terms are based on the number of discrete 

points taken along the shear load/shear displacement profile since the maximum 

range is fixed at 271". For n observational data points, the incremental argument 

corresponds to 271"/n. The equation of the profile function (forcing function) is 

obtained by substituting into the Fourier coefficients derived above into equation 

4.6. The Fourier coefficients are calculated using the program FOURINT given 

in Appendix A. Table 4.1 gives an example of the Fourier coefficients which de

scribe curves 1 and 4 in Figure 2.23. The profile function which describes the shear 

load/shear displacement curve is obtained by substituting the Fourier coefficients 

into equation 5.6. Figures 4.15 through 4.18 depict the profile obtained from the 
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Figure 4.16 Shear load/shear displacement curves describing the 
behavior of the dolerite sample obtained through fourier 
interpolation of the discrete laboratory data 
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Figure 4.18 Shear load/shear displacement curves describing the 
behavior of the dacite sample obtained through fourier 
interpolation of the discrete laboratory data 
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Figure 4.15 Shear load/shear displacement curves describing the 
behavior of the quartz porphyry sample obtained through 
fourier interpolation of the discrete laboratory data 
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Figure 4.17 Shear load/shear displacement curves describing the 
behavior of the rhyolite sample obtained through fourier 
interpolation of the discrete laboratory data 
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interpolation functions based on the shear load/shear displacement data of the 

quartz porphyry, dolerite, rhyolite and dacite samples respectively. A comparison 

of the interpolated curves and the experimental curves (Figures 2.23 through 2.26) 

reveals very little difference. 

When the experimental curve is reproduced from the interpolated function, 

they are both (experimental and interpolated) identical as long as the same num

ber of observational points are used to represent the interpolated curve. When a 

discretization of the forcing function is done with a larger array of points obtained 

at smaller increments from the forcing function, a deviation from the original curve 

is observed. 

Figures 4.19 and 4.20 show the behavior of the interpolation function when 

different step sizes are used to discretize the forcing function. Figure 4.19 describes 

the shear load/shear displacement curve for the quartz porphyry at a 4270 N normal 

load and Figure 4.20 the dacite sample at 5050 N normal load. Figures 4.19.a and 

4.20.a are the curves obtained when the step size is equal to the spacing used 

in the interpolation. When f(x) is plotted at smaller increments than those used 

to generate the Fourier coefficients, harmonic oscillation between the interpolated 

points becomes apparent. Figures 4.19.b and c and likewise Figures 4.20.b and c 

are obtained using 2 and 50 times the number of discrete points used to generate 

the profile function. Figure 4.19.d and 4.20.d show the superposition of all three 

curves. Further increase in the number of discrete points of the profile function 

does not worsened the deviation from the original profile. 

The discrete shear load/shear displacement data may be systematically 

recorded during shearing with the aid of a computer interface. The recorded data 

can be used to derive the Fourier coefficients. To reduce the number of data points 

needed to describe the shear load/shear displacement curve, the discretization can 
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be carried out at unequal intervals by recording only those points lying at the peaks 

and the valleys of the profile. 

4.6.3 Equation of Motion Describing the Direct Shear Test 

The forcing function (the minimum shear load required to maintain the trans-

lation motion is represented as a trigonometric series using Fourier interpolation. 

The general equation of motion is then expressed as: 

n n 

X + k~x = L ai cos(ix) + L bi sin(ix) ( 4.26) 
i=O i=O 

Figure 4.21 describes the variation of the frictional force with shear dis

placement. The curve is divided into two parts based on the physical condition 

characterizing the translational motion: 1) the initial portion of the curve where 

elastic deformation takes place and 2) the portion where rigid body motion ensues. 

The initial portion of the curve can be described using continuum mechanics while 

the post-yield portion where large deformation takes place can be described using 

discontinuum mechanics. Equation (4.26) can then be reduced to two step functions 

which is expressed as: 

for 0 < x ;::: Xo 

( 4.27) 
for x > Xo 

Using Runge-Kutta fourth order numerical approximation, the phase portrait de

scribing the dynamical system is obtained. The geometrical representation is useful 

in order to derive relevant properties of the dynamical system. 

4.7 Discussion and Analysis of the Stability of Sliding Motion 

The analysis focusses on the characteristics of the phase diagram and its 

variation during successive shearings. The effect of the shear stiffness in the elastic 
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limit range and its variation with normal load, of the hardening and of the softening 

behavior upon the stability are discussed. A comparative analysis of the behavior of 

the phase diagram with increasing normal load is presented in order to point out the 

importance of the roughness on the stability of the translational motion. To show 

the impact of external events such as an earthquake on the equilibrium condition, 

a hypothetical change in momentum, which describes the softening behavior, IS 

introduced, and the impact on the phase diagram is analyzed. 

Before detailed analysis of the laboratory direct shear test results is pre

sented, it is essential to discuss the validity of the mechanical model used to describe 

the frictional observed behavior. The experimental results described in section 2.3.7 

show that the translational motion is characterized by stages during which the two 

rubbing surfaces are stationary with respect to each other and stages when non

uniform relative displacement occurs. When slip takes place as shown with the 

quartz porphyry sample, there is a corresponding drop of the frictional force. This 

implies that during slippage, there is an inverse relation between frictional force 

and speed. The stage where rubbing surfaces are stationary can be charaterized by 

an elastic behavior in the system. According to Kragelkii (1965, p. 206) one of the 

main conditions for the appearance of mechanical relaxation oscillations is the pres

ence of elasticity in the friction system. He also states that "the oscillatory process 

involves periods in which the surfaces are at rest and in which they are in motion 

relative to each other; both static and dynamic frictional characteristics therefore 

contribute to the setting-up of mechanical relaxation oscillations". The origin of 

the relaxation resides in the frictional characteristics of the rubbing surfaces. A 

mechanical system describing the oscillatory process and which involves both static 

and dynamic components is shown in Figure 4.9.a. 
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Figure 4.21 depicts the phase diagram describing the sliding motion during 

the direct shear test for the quartz porphyry sample. The phase diagram represents 

a family of concentric ellipses. The center of the orbit represents the equilibrium 

state, and corresponds to a degenerate path. The periodic motions of the system 

correspond on the phase plane to concentric closed paths on which the represen

tative point is moving with a non-zero phase velocity. One and only one ellipse 

passes through each point of the plane. It corresponds to a definite class of initial 

conditions, namely, to the same initial value of the total energy of the system. From 

the outward to the inward curves, the initial conditions are given by (1.9, 0.048), 

(1.5, 0.048), (1.0, 0.048) and (0.5, 0.048) respectively. The first number is the shear 

displacement and the final value to the phase velocity which, in this particular case, 

is equal to the velocity of the system. Figure 4.21.a and b correspond to the motion 

with the application of 4270 and 31450 Newton normal load respectively. The nor

malized shear stiffnesses in Figures 4.21.a and b equal 287 and 52 respectively. As 

the normal load is increased from 4270 to 3150 Newton the ellipse collapses toward 

the line of zero velocity. This axis which has a special characteristic in dry friction 

represents the line of stagnation where stiction occurs. Figures 4.22 through 4.24 

describe the phase diagrams for the dolerite, rhyolite and dacite samples. Their 

behavior is similar to that of the quartz porphyry sample. 

Figures 4.26 through 4.29 each show a superposition of four phase diagrams 

obtained at four different normal loads with the initial condition of (1.9, 0.048). 

In the case of the quartz porphyry sample, the normalized stiffness varies in the 

inverse order with the normal load. Consequently, as the normal stress increases 

(assuming the apparent area of contact), the orbits collapse towards the stagnation 

line. Table 4.2 shows the variation of the normalized stiffness during the increasing 

and the decreasing normal load series. 
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P (N) 

4270 
13480 
22460 
31450 

4270 
13478 
22464 

Table 4.1 Variation of the normalized stiffness during 
the increasing and decreasing normal load series 

5050· 
9000· 

18000· 
26950· 

5050· 
9000· 

18000· 

* indicates the normal load for the dacite sample 
P=normalload N=Newton 

(increasing normal load series) 

Quartz Dolerite Rhyolite 

287 126 117 
103 361 184 
85 110 382 
52 90 209 

(decreasing normal load series) 

335 
159 
143 

536 
255 
134 

251 
282 

91 

Dacite 

533 
319 
542 
260 

186 
175 
207 

2G2 
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In the case of the dolerite and rhyolite samples, the variation of the nor

malized stiffness does not follow the pattern observed with the quartz porphyry 

sample. In the case of the dolerite (Figure 4.27 curve 2), at 13480 Newton normal 

load, there is a sudden jump in the stiffness. The reason is not evident. Several 

factors may be responsible: improper laboratory procedure during that particular 

test or a very strong initial interlocking which led to a significant increase in the 

value of the stiffness with respect to the applied normal load. Similar behavior is 

observed in the case of the dacite at 18000 Newton normal load. With the rhyolite 

sample (Figure 4.28) the variation of the phase diagram with normal load does not 

have a specific trend. 

During the decreasing normal load series, the effect of the smoothing is qui te 

evident. A comparison of the results obtained during the increasing and the de

creasing normal load series show that in the case of the quartz porphyry, dolerite 

and the rhyolite samples the systems are less stable during the decreasing normal 

load series compared with the increasing normal load. There are a few exceptions, 

for example in the case of the dolerite sample at 13480 Newton normal load and of 

the rhyolite sample at 22460 Newton. With the dacite sample the testing condition 

is different during the increasing and the decreasing loading series. During the in

creasing loading, the sample was tested wet. During the decreasing loading series 

the sample was tested dried. The result obtained with the dacite sample indicates 

that the presence of water has increased the normalized stiffness making the system 

less stable compared with the dried condition. 

To show the effect of the change in momentum and thereby the softening be

havior, assume that for a given initial shear displacement there is a sudden increase 

in momentum. The change in momentum using this dynamical model causes a drift 

from the inner orbit a to the outer orbit b, away from the line of stagnation. 
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5.8 Summary and Conclusions 

This study addresses the stability of the sliding motion using the dynamical 

system. The study also include the analysis of the mechanical system characterizing 

the direct shear test results. The mechanical system describing the direct shear test 

corresponds to a continuous belt driven at a constant speed. A mass connected to 

a fixed support by a spring rests on the belt. Such mechanical system describes 

motion which is characterized by stages during which the two rubbing surfaces 

are stationary with respect to each other and stages when non-uniform relative 

displacement occurs. 

The analytical expression describing the forcing function is obtained using 

the trigonometric interpolation function. The trigonometric interpolation expres

sion derived by Bessel describes any given profile for equal or unequal intervals of the 

argument x. The trigonometric expression describing the shear load/shear displace

ment curve is obtained using the discrete data points along the shear load/shear 

displacement curve. The forcing function corresponds to this trigonometric expres-

slon. 

The characteristic of the phase diagram is an orbit made of concentric el

lipses. As the frictional characteristics of the interface increase due to the increase 

in normal load the orbits tend'to collapse toward the stagnation line. 



295 

CHAPTER FIVE 

APPLICATIONS 

The results of this investigation reveal several areas for potential applica

tions: fluid flow through fractures, slope stability analysis using weight reduction, 

influence of volumetric change on ground stability, and effect of surface structure 

on performance of drilling tools. 

5.1 Fluid Flow 

It is well documented (Iwai, 1976, Thomas, 1982, Ryan, 1987) that the aper

ture of a fracture and the state of stress on a fracture playa determining role in the 

flow through fractures. Under an increasing normal load, the aperture decreases, 

the flow paths change and the flow rate decreases. The aperture closure (for a given 

shear displacement) is clearly observed during the experiments (section 2.3.1) where 

dilatancy decreases as the normal load is increased. The increase in contact area 

with the normal load implies a reduction in flow paths. The flow regime through 

fractures under pressure will be influenced by the deformability of the interface. 

The expression describing the influence of roughness on the flow regime given by 

Thomas (1982, p. 233) can be generalized by including the deformability of the 

interface in the analysis. 

The expression which describes the flow regime through a rock fracture pro

posed by Thomas and Olszowski (1974) comprises the following three components: 

the height distribution of the asperities, the mean width of the rough gap and the 
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flow regime. 

(5.1) 

where 

dQ = elemental mass flow rate through a length dx of a one-dimensional rough 

gap 

h = mean width of the rough gap 

z = instantaneous height of the rough surface above its mean plane 

n = depends on the flow regime (n=3 for laminar flow, 3/2 for rough turbulent 

flow, 12/7 for smooth turbulent flow). 

The mass flow per unit length is obtained by considering the probability 

distribution characterizing the interface roughness. It is expressed as: 

(5.2) 

The total mass flow rate is 

Q G L~ (h - z)np{z)d{z) (5.3) 

The results of the laboratory analysis show that even a small shear displacement 

along the fracture joint can induce a significant increase in the total volume of the 

aperture. The variation of the mean gap when the interface is subjected to stress 

depends on the deformability of the asperities along the interface. 

5.2 Slope Stabilization Using Weight Reduction 

The stabilization of a rock slope is sometimes achieved by reducing the 

weight of the sliding rock mass. It is recommended that the slope weight reduction 

be conducted in the early stage of its motion. Otherwise an irreversible process 

may develop making the stabilization effort futile. This recommendation is based 
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on the fact that the coefficient of friction of the discontinuity decreases with shear 

displacement which, ultimately may lead to a slip instability. 

This investigation confirms that as the normal load increases, the coefficient 

of friction decreases. When the normal load decreases however, two kinds of re

sponses are observed. A rebound of the coefficient of friction occurs for some types 

of rocks, for instance the quartz porphyry, dolerite and rhyolite. The coefficient of 

friction remains invariant, or varies only marginally, for the dacite sample. 

To illustrate a practical implication of this observation, consider Figure 5.1. 

The sliding block corresponds to ABC. No water is present along the plane AC. 

The factor of safety (FS) can be written as: 

where 

C = interface cohesion 

I = specific weight 

¢> = angle of friction 

H = slope height 

.,pp = 

.,pf = 

(5.4) 

Consider an extreme case where the cohesive strength is zero. Equation 

(5.4) can then be written as: 

FS = tan(¢» 
tan(.,pp) 

(5.5) 

A rebound as observed during unloading in the case of the quartz porphyry 

will increase the factor of safety and may make a stabilization through slope weight 

reduction adequate. In the case of the dacite however, the angle of friction remains 

unchanged. Weight reduction cannot provide an increase in the factor of safety. 
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Figure 5.1 Geometry for analysis of plane failure 
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5.3 Influence of Volumetric Change on Underground Opening Stabilization 

When joint dilation occurs around an excavation, there is a potential for 

nonnal stress build-up which exerts a stabilizing effect. This study reveals that 

dilatancy is always followed by a contractancy after some shear displacement. Be

cause of the difference in the transitional shear displacement with different samples, 

it is not possible to generalize the allowable shear displacement prior to a stabiliza

tion. The transitional shear displacement depends on the initial roughness of the 

interface and on the defonnational behavior of the asperities. The results of the 

interface deformation obtained using the variogram function coupled with the volu

metric change analysis can be useful to determine the allowable shear displacement 

before a stabilization for a specific structure. 

5.4 Detennination of the Theoretical Area of Contact during Sliding 

In order to better understand the detennining factors leading to the harden

ing and softening behavior, it is essential to develop a procedure to monitor the area 

of contact as shearing progresses. Most existing laboratory techniques are designed 

to evaluate the contact area after shearing by using dye or thermoelastic coating. 

The following approach describes a methodology which permits the determination 

of the area of contact during shear motion. This approach necessitates a careful 

measurement of the dilatancy during shearing. With this approach, the map of the 

area of physical contact for any given shear displacement can be obtained. The 

contact mode can then be compared with the variation of the shear load shear 

displacement curve and the mechanical implication may be derived. With a com

puter, an interfa<..c and a graphic monitor, the area of the physical contact can then 

be displayed systematically as the shearing progresses. 

To obtain the physical area of contact during shearing, the following pro-
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cedure must be used: before a direct shear test is performed, the height of the 

asperities of each surface of the discontinuity must be carefully measured accord

ing to the procedure presented in section 3.3. When the initial surfaces are mated 

only one surface needs to be mapped owing to the geometrical relationships which 

exist between both surfaces. For two unrelated superimposed surfaces, the two 

surfaces need to be mapped. The grid pattern should take the direction of the 

motion into account. This step is critical because it allows the superposition of two 

known points and consequently an easy determination of the existence of contact 

between the two surfaces. 

To identify the areas of physical contact, two imaginary parallel planes, one 

on each side of the discontinuity plane, are assumed as illustrated in Figure 2.7. 

Let Zl be the vertical distance from the imaginary plane on the upper block to 

the joint surface and Z2 be its homologous to the surface of the lower block. The 

distance between the two imaginary planes is Ho. This distance may describe two 

mated surfaces or two initially unrelated surfaces. 

(5.6) 

If a volumetric change occurs during motion, the perpendicular distance between 

the two imaginary planes becomes: 

(5.7) 

Contact then exists at that location where 6 is equal to zero. Using this procedure, 

with a computer system, it should be possible to determine the regions where 

these conditions are fullfilled. The area of contact can be determined by adding 

all the squared grids. The accuracy of the approach ultimately depends on how 

refined the grid is. This procedure assumes that there is no deformation of the 
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asperities. In order to incorporate progressive defonnation of the asperities in this 

program a better knowledge of the persistence of the asperities is needed. This 

entails a detailed analysis of hardness and the shape of the asperities, their degree 

of interlocking and the response of the asperities to loading. 

5.5 Analysis of the Surface Compliance of a Rough Surface 

A formulation of the surface compliance, by: means of the nonnal and shear 

stiffnesses, was given by Goodman (1976). Goodman showed that a non-linear 

relationship exists between joint closure and normal stresses (Figure 5.2). 

Un = A( Vmc
V
_ V)t (5.8) 

where 

V = the difference in nonnal displacements across the joint 

A = constant defined by curve fitting 

t = constant defined by curve fitting 

V m c = maximum closure of the joint 

The application of the normal stress Un induces the seating pressure which 

acts on the joint. According to Amadei and Goodman (1981), the seating pressure 

defines the initial conditions necessary for measuring the relative normal defonna

tion such that 

t:l.un = Un - UnO (5.9) 

and 

t:l.V=V-VO (5.10) 

Combining equations 5.9 and 5.10, the secant normal stiffness Kn is obtained and 

expressed as: 

(5.11) 
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Figure 5.2 Non-linear relationship between joint closure and 
normal stresses. 
(After Goodman 1976) 
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where 

~ V = relative nonnal displacement change 

~(j n = normal stress increment 

The normal stiffness Kn is defined as the slope of the curve which represents 

the variation of the vertical deformation of the joint with the normal stress applied 

across the joint. Kn reflects the behavior of joints under changing normal stress 

with a constant shear stress. 

Figure 5.3 shows the idealized curve which depicts the variation of the shear 

stress with shear defonnation. This curve is characterized by an elastic, peak and 

post-peak regions. The slope which characterizes the elastic region is tenned the 

unit shear stiffnes KlJ (Goodman, et al., 1968). 

The basic definitions of Kn and KlJ given by Goodman et al. (1968), Amadei 

and Goodman (1981) are correct assuming that no dilatancy occurs during shear

ing. KlJ is defined with the condition that the shear stress is variable but with 

constant normal stress. During shearing, the normal stress is not necessarily con

stant, due to roughness, even if the apparent contact area is maintained constant. 

Thus, the assumption underlying the definitions of Kn and KlJ is too restrictive 

because it excludes some of the fundamental behavior during sliding of two rough 

surfaces. During sliding of a rough joint the nonnal stress and the shear stress 

are not constant unless the surface is smooth or the interface behaves plastically. 

Unless the moving block is confined, dilatancy will occur. The orientation of the 

sample during the normal compliance test will also influence the normal defonna

tion. The results of the variogram analysis can be used to detennine the interface 

compliance when the discontinuity is subjected to nonnal and shear stresses. 



The variogram function is given as 

Geometrically (Figure 5.4) one can represent the ,(h) as follows: 

1 N 
Hi = -LJ2Ai N. 

1=1 
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(5.12) 

(5.13) 

(5.14) 

The surface compliance component determined is the coupled shear-normal 

compliance. It is influenced by the dilatancy rate and reflects the behavior of the 

combined normal and shear loads. The resultant force acting on the joint inter-

face is used to determine the coupled shear-normal compliance. The deformation 

induced by the resultant force is obtained by computing the average decrease in 

asperities height using the delayed amplitude difference of the asperities height. 

(5.15) 

The deformation for the top or the bottom sample for a given normal load 

is expressed as: 

AH = Ho - Hi 

AH = the average closure 

Hi = the average asperities height after shearing 

Ho = the average asperities height prior to shearing 

(5.16) 

The closure for a given normal load is obtained by combining the computed 

deformation for the top and the bottom samples. The graph which represents the 

variation of the total closure wi th the resultant force (normal and shear) can then 
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be drawn, and from this the compliance is obtained. It is expected that the graph 

representing the variation of the normal load with the intensity of the joint closure 

may extend beyond the maximum aperture. This occurence may be caused by 

abrasive wear or plastic deformation where the collapse under a normal load is not 

limited to the asperities but extends to the rock itself. 
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CHAPTER SIX 

Summary and Recommendations 

6.1 Summary 

6.1.a Scope 

This dissertation studies the influence of discontinuity roughness on the shear 

strength and deformation behavior of rock joints. The study is divided into three 

parts: laboratory direct shear tests on rock samples having different roughness 

characteristics, laboratory measurement of joint roughness profiles together with 

the development of two analytical procedures to characterize the roughness profile 

and to evaluate the deformability of the joint wall, and the application of dynamical 

systems theory to analyze the stability condition of the sliding motion. 

The laboratory investigation focuses on the influence of the asperities on 

the frictional shear resistance and on the deformation of rock discontinuities. The 

progressive physical changes of the interface due to shearing are described, as well 

as the mechanical implications of such changes. Four samples with distinct surface 

characteristics have been tested (dolerite, rhyolite, dacite and quartz porphyry). 

The quartz porphyry can be defined as undulating smooth, the dolerite as rough 

and undulating, the rhyolite as smooth undulating and the dacite as a planar rough. 

The major points investigated during the laboratory direct shear test are: 

the volumetric change (dilatancy and contractancy), the sheared zone (intensity 

of alteration of the interface during shearing), the area of plastic contact and its 
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variation, the shearing mechanism, the variation of the frictional forces and the co

efficient of friction with normal load and with shear displacement, and the variation 

of the instantaneous velocity with time. 

Two series of tests were performed on each sample to demonstrate the influ

ence of the asperities on the shear behavior during laboratory direct shear testing. 

In the first test series, the normal loads were sequentially increased up to a given 

maximum. They were then sequentially decreased to magnitudes identical to those 

used in the first test series. The same normal loads were applied in both cases 

in order to compare the change in shear strength following the smoothing of the 

interface. The loading and unloading testing series are used to analyze the elastic 

recovery responses of interfaces in contact. 

The surface topography is measured in order to analyze the variation of the 

surface morphology when subjected to normal and shear loads. Input data for the 

analysis of the surface morphology are obtained on three samples (quartz porphyry, 

diorite and pebble breccia). The grid spacing at which the elevation of the asperities 

is measured equals 0.32 cm. Topographical data obtained at discrete points are used 

to graphically and analytically describe the surface roughness. 

A statistical methodology is applied to illustrate asperity changes that take 

place during direct shear testing. In the case of the probability density distribution, 

the histogram (experimental distribution) and the gamma distribution (theoretical 

distribution) are used. The variation of the skewness and the kurtosis in the case 

of the experimental distribution and the scale factor and the shape parameter in 

the theoretical distribution are used to describe the interface deformation resulting 

from shearing. 

The variogram function is used to describe the spatial variability of the in

terface roughness. The variation of the magnitude of the sill and the slope of the 



308 

variogram are analyzed for various surface configurations. The mean value of the 

reduction in height of the asperities is used to formulate the surface compliance of 

the joint interface. The directional behavior of the distribution of the asperities and 

its variation after successive shearings are discussed. 

A methodology is developed to analyze the characteristics of the sliding mo

tion using dynamical systems theory. The equation which characterizes the shear 

load/ shear displacement curve is derived using Fourier interpolation techniques. 

This equation corresponds to the forcing function needed to maintain the sliding 

motion. The general equation of motion is derived given the shear stiffness, the 

damping characteristics and the mass of the sliding block. The characteristics of 

the resulting non-homogeneous second order differential equation are analyzed using 

the phase portrait. This approach permits an independent analysis of the sliding 

motion obtained at different normal loads. 

6.1.b Results 

The behavior of the shear load with shear displacement depends on the 

normal load and the roughness characteristics. The relative motion along the rough 

joint is erratic particularly at a low normal load (strain softening). The softening 

is due to brittle fractures which seemingly occur around the tip of the asperities. 

As the normal load increases a modified strain softening may develop. With the 

application of a large normal load, the motion becomes steady (modified strain 

hardening or hardening). A steady motion is also observed with a smooth surface 

even when subjected to a low normal load. 

Three modes of volumetric changes are observed during the tangential mo

tion: a dilatant-contractant behavior (quartz porphyry and dolerite) with the overall 

volumetric change being strictly dilatant, a dilatant-contractant behavior with the 
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overall volumetric change varying from dilatant to contract ant (rhyolite and dacite) 

and the strictly contractant behavior (dacite). The shear displacement at which 

contract ant behavior develops depends on the roughness and on the normal stress. 

The rougher the surface, the longer the delay for the contractancy to develop. 

The entire discontinuity surfa.ce does not need to be smooth before contractancy 

occurs. This is the case with the dacite and the rhyolite samples. This observation 

may be explained in part by the local state of stress which is not constant through

out shearing. For a rough joint, dilatancy is substantial when the normal load is 

relatively low. At a high normal load, dilatancy is minimal and the deformation is 

ductile. Dilatancy and shearing through the asperities occur concurrently during 

the tangential motion. 

The kinematics of translational motion has two distinct characteristics as 

revealed by the results of the variation of the instantaneous velocity with shear 

displacement. The translation occurs as a result of a gross and uniform motion 

(sliding) and/or through localized inhomogeneous motion (slipping). Slipping is 

caused by tensile fracture. It is accompanied by a sudden release of elastic energy 

and is very often characterized by an increase in momentum. Such behavior is of 

great significance in slope monitoring and in earthquake prediction. 

When rotation is restricted during the direct shear test, contact occurs be

tween two opposing asperities if the sum of the vertical distance taken from two 

imaginary lines parallel to the mean plane of the discontinuity to the interface equals 

the total distance between the two imaginary lines. This hypothesis is confirmed 

by the experimental distribution of the sheared zones observed after each shearing. 

The true area of contact is continuously formed and destroyed during shear 

displacement. The size of the sheared zones and the area of contact is a function 

of the distribution of the asperities and of the interface strength. The true area of 
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contact, even in the case of a planar surface texture (dacite) is only a small fraction 

of the apparent area of contact. The location of the contact areas as well as the 

sheared zones is determined by the spatial distribution of the asperities of both 

surfaces in relative motion. 

During sliding, shearing of asperities occurs at discontinuous regions along 

the interface. The sheared zones along the discontinuity surface correspond to the 

union of the permanently deformed sectors of the two superimposed surfaces. The 

sheared zone configurations for the top and the bottom samples are not identical. 

Their rate of expansion is not proportional to the normal load. For a given shear 

displacement, the sheared areas increase as the normal load increases. They occur 

at localized zones and then tend to grow and merge as the normal load increases. 

The coefficient of friction is not simply a material property but depends on 

the physical and mechanical properties of the two opposing surfaces. The coefficient 

of friction decreases as the normal load increases. It mayor may not increase 

when the normal load is decreased. When the deformational characteristics of the 

interface are elasto-plastic, the coefficient of friction rebounds as the normal load 

is decreased. When the behavior is purely plastic, either no rebound or only a 

negligible rebound is observed. 

The results of the surface morphology analysis show that the probability den

sity distribution of the height of the interface asperities is not always Gaussian, as 

is often assumed in the literature (Whitehouse and Archard, 1970). The simultane

ous variation of the shape parameter 0' and the scale factor f3 shows the smoothing 

taking place during shearing. The experimental distribution (histogram) shows the 

order in which the asperities are sheared off. The variation of the histogram indi

cates that the asperities al'e not necessarily sheared off in order of decreasing height 

but rather on the basis of the condition underlying the existence of contact. Major 
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asperities are, however, more prone to destruction during shear motion than the mi

nor and intermediate asperities. The deformational characteristics of the asperities 

confirms the hypothesis by Brown and Scholz (1985) which describes the condition 

for the existence of contact during sliding. 

The slope of the initial portion of the variogram and the sill, when it exists, 

are used to characterize the surface morphology of the discontinuity. The lower the 

slope, the smoother the surface. Near the origin, the variograms of the samples 

tested reveal a stationary Gaussian structure. They also show zero nugget, which 

indicates that there is no sudden change in roughness of the discontinuity. 

The anisotropy of the surface is revealed by computing the variogram along 

various azimuths. The anisotropy analysis of the variogram function showed that 

the sill and the slope vary with direction. The pseudo-periodic behavior beyond the 

range, however, raises questions about the size effect. It is evident from this analysis 

that not all discontinuities will show evidence of size effect. Two types of anisotropy 

were observed: the quartz porphyry sample exemplifies geometric anisotropy while 

the diorite and pebble breccia samples depict zonal anisotropy. 

The deformational behavior of the interface is analyzed through the use of the 

variogram function by comparing the sill and the slope after successive shearings. 

The rate or decay itself of the sill and of the slope with normal load express the 

deformability and the compliance of the interface. The larger the sill and the 

slope values the greater the roughness of the interface. A loop which describes 

the anisotropy characteristics is drawn in polar coordinates using the sill and the 

slope of the variogram. The loop collapses towards the center as the roughness 

decreases. The marginal rate of the loop collapse observed for the quartz porphyry 

implies that the discontinuity interface has a relatively high hardness. 

The use of a linear profile to describe surface roughness is an oversimplifica-
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tion which does not take the actual interface interaction into account. This assertion 

is clearly illustrated in Figure 4.21 where zone X 4 remains undeformed while zone 

X3 is being defonned. Any surface characterization should be two dimensional. 

This result coroborates Barton's tilt test approach for roughness characterization. 

The analysis of several cross-sections after shearing indicates that surface 

defonnation and dilatancy occur simultaneously during translation. This is par

ticularly true where the interface is relatively stiff and a moderate normal load is 

applied. The configuration of the newly generated profile is stepwise linear. There 

is no fonnation of a continuous plateau as long as the surface is stiff relative to the 

applied nonnal load. 

For the samples tested, the phase portraits are orbits (circles and ellipses). 

The location of the orbit for a given initial condition is used to analyze the degree of 

sliding resistance with increasing nonnal load. The results show that the location 

of the closed path (orbit) with respect to the equilibrium point depends on the 

nonnalized stiffness. The trend of variation of the nonnalized stiffnes does not 

follow the order of variation of the normal load. It is therefore apparent that the 

interlocking influences the shear stiffness during the translation motion. In the 

case of the quartz porphyry sample the normalized shear stiffness decreases as the 

nonnal load increases. Therefore the phase diagram tends to collapse toward the 

stagnation axis as the normal load increases. Similar results are obtained with the 

dacite sample. The rhyolite does not present a steady trend due to the effects of 

interlocking of the asperities. 

The influence of the asperities on the shear strength depends on how they 

defonn under normal and shear loads. When the asperities interlock, they tend to 

increase the shear stiffness, causing work hardening to occur. While the hardening 

behavior may be desirable in the stabilization of the sliding rock mass it represents 
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a drawback when free motion is needed by causing stagnation. Further research 

is still needed in order to control stagnation caused by dry friction particularly in 

drilling operation. 

The softening behavior caused by plucking or brittle fracturing of the asper

ities can lead to a sudden increase in momentum, and therefore presents a potential 

for instability. The interlocking characteristics of the asperities play a major role 

in the stabilizing effect after an increase in momentum. The softening effect, which 

is neglected in the stability analysis methods used conventionnaly, has many impli

cations where the dynamic equilibrium is concerned. 

6.1.c Applications 

The following results show potential for practical application: the mechanical 

responses of the interface with loading and unloading, the plastic deformation char

acteristics of the interface due to the combined effects of the normal and shear loads 

and the influence of the volumetric change on the stability of the sliding motion. 

The results of the mechanical responses of the interface to loading and un

loading can be useful in designing stabilization schemes for rock masses against shear 

failure. When the mechanical response of the interface is elasto-plastic, an elastic 

recovery of the deformed asperities follows a decrease in normal load. This recov

ery is also accompanied by an increase in the apparent coefficient of friction. Such 

response may result in the adequacy of stabilization through a weight reduction. If 

the deformation is purely plastic, however, slope unloading may not contribute to 

stabilization. 

When a sliding block around an excavation is confined, the potential ex

ists for a normal stress build-up to exert a stabilizing effect. This study confirms 

however, that during shearing, contraction always follows dilation. The shear dis-
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placement at which the transition occurs depends on the initial roughness and on 

the deformational behavior of the asperities. The results of this investigation in

dicate that it is not possible to make any generalization about the allowable shear 

displacement at which contraction occurs. However, the results of the interface 

deformation obtained using the variogram function coupled with the volumetric 

change analysis can help to determine the optimum allowable shear displacement 

prior to stabilization. 

When constant motion is needed during sliding or rotation, stagnation i.e. 

the existence of an entire segment of equilibrium positions is undesirable. In order 

to minimize the wear on mining tools caused by work hardening, it is necessary to 

monitor the physical area of contact during sliding thereby develop a procedure to 

control the work hardening. The Brown system is so far used for such purposes 

for dry friction in bearings to change dry into liquid friction. The Brown system 

(Andronow and Chaikin, 1949, p. 112) consists in the axis of constant motion 

back and forth along the bearing making the friction between the axis and bearing 

proportional to the velocity of rotation in the direction of rotation. The system 

therefore, behaves as if it were subjected to liquid friction rather than dry friction. 

6.3 Recommendations for FUrther Studies 

The effect of data filtering by measuring the asperity heights at discrete 

points has not been taken into account during this investigation. The importance 

of data filtering deserves further investigation because the magnitude of the sill and 

the slope of the variogram are influenced by the spacing of the data points. An 

incremental refinement of the sampling length can be used and the variation of 

the slope, sill and range of the variogram investigated. Such an approach may be 

helpful in identifying a cut-off point of the sampling length. The parameters derivt;d 
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from the theoretical variogram may then unequivocally represent the roughness 

characteristics. 

The variation of the interface coefficient of friction with increasing and de

creasing normal loading requires further investigation because of its potential for 

application in rock stabilization. The increase of the coefficient of friction during 

the unloading series is not accompanied by an increase in dilatancy. Detailed under

lying factors responsible for the increase of the coefficient of friction deserve further 

investigation. 

The translational motion of a rock mass along a single discontinuity plane 

is very complex. There is a significant difference between motion induced during 

laboratory direct shear tests and the motion caused by gravi ty in the field. In the 

laboratory direct shear test, the shear load acting on the moving block varies such 

as to maintain a constant shear displacement rate. In a field situation, a constant 

driving force will act along the interface. Motion can occur not as a result of an 

increase in driving force but as a result of the yielding of the interlocked asperities 

and of surface weakening. Motion in the field is characterized by periods of inertia 

(total rest or uniform motion) and/or periods of sudden change in momentum. 

The use of dynamical systems offer good insight into the stability analysis of such 

complex motion. Further research is needed to improve the understanding of motion 

which is characterized by Coulomb and stiction effects. The occurrence of stiction 

(zero velocity) during translational motion is very important particularly when it 

takes place along a rough surface. A good procedure needs to be implemented 

for analysis of such phase portraits which should have some positive effects on the 

analysis of motion along major faults. 

An alternative approach which is not pursued in this analysis is the recon

struction of the entire shear load/shear displacement using elemental mechanical 
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systems. The corresponding equation of motion of this mechanical system may 

be formulated. Another alternative is the use of the transfer function to analyze 

the stability of the motion. The procedure will consist of solving the differential 

equation using Laplace transform. The transient and steady states solutions can be 

isolated and finally the stability of the system can be d.~termined. 

Significant amounts of data are required in order to acurately describe the 

surface morphology. Manual data gathering such as the case in this investigation 

is extremely tedious. Appropriate instrumentation is needed in order to facilitate 

the process. Most hardware needed for an easy and rapid surface topography mea

surement is commercially available. In the case of rock joints, a profilometer with 

a laser scanner is desirable in order to overcome the problems associated with a 

mechanical stylus. Since the volume of the data recorded is large, and there is a 

need for a systematic monitoring of the interface contact during the relative motion, 

an automatic data acquisition system is essential. 

There is also a need for better measurement approaches. Prior to any mea

surements, a visual inspection of the interface to be mapped can be helpful. This 

procedure can help select the grid spacing when a discrete profile is required. A 

continuous profile rather than a discrete profile can also be advantageous in surface 

morphology analysis. With a continuous profile, the curvature of the asperities can 

be observed. The continous profile can be discretized afterward by considering only 

the peaks and valleys along the profile. This approach can help improve the accu

racy of the roughness description. Profiling along two perpendicular directions may 

also be advantageous particularly when the grid spacing is large. 

To build upon the knowledge gained from this investigation, it is indispens

able to conduct this analysis on larger and more diverse samples than used in this 

research. The analyzed samples should cover a wide spectrum of shear strength 
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(i.e. from low to high strength). Artificial surfaces should also be considered. This 

will allow a consistent study of the interlocking effects and their impact on the 

directional behavior. 

The variogram behavior can help to detect scale effects in two ways through 

the absence of the sill or with the continuous random fluctuation of the 1'( h) after 

the yield of the variogram curve is attained. A quantitative measure of the scale 

effect on the coefficient of friction is still needed. This geostatistical methodology 

used for surface characterization of the natural joint sample can be applied either on 

a small scale petrographic studies of microfractures or on large scale discontinuities 

such as faults. In the case of large scale discontinuities terrestrial photogrametry is 

necessary to record the asperities. 

The test used by Barton and his co-researchers takes into account the two 

dimensional aspect of the surface characterization. Based on the results of this 

investigation it can be said categorically that one dimensional roughness character

ization is an oversimplification. It is not sufficient to discretize the profiles suggested 

by Barton or in the ISRM nomenclature and then derive some statistical parameters 

as is the case in the litterature (Tse and eroden (1979). 

In the course of this study, the dilatancy has been monitored by using a dial 

gage at the center of the shear box. This procedure makes it impossible to monitor 

the rotation taking place during shearing. By placing at least five gages at five 

locations presumably in the corners and at the center of the top sample, further 

information can be obtained regarding the rotations the interface and the physical 

area of contact. A more general hypothesis of the condition of contact can then be 

derived. 

From the results of this investigation, it is evident that the deformational 

characteristics of the asperities (wear) during the relative motion and the shear 
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strength of the interface are related. The wear corresponds to the deterioration of a 

surface due to material removal caused by relative motion. It then becomes plausible 

to relate the coefficient of friction to the wear rate. The reason for such a need is 

due to the fact that existing laws of friction (Amontons' law, constant friction 

law and Orowan's friction model) are not adequate over a wide range of normal 

stresses. It has been demonstrated (Blazynski, 1986, p. 205) that Amontons' law of 

friction is valid only at low normal pressures. When the normal pressure increases 

upto a certain threshold, the constant friction law is more adequate. As the normal 

pressure becomes significantly larger, Orowan's friction model gives a more accurate 

value of the coefficient of friction. 

It becomefJ more apparent that the asperity deformation model may help 

relate the coefficient of friction and wear in sliding friction. The correlation be

tween the coefficient of friction and the interface wear rate has been the object of 

research for quite some time in the field of tribology (Rabinowics, 1977, Stowers 

and Rabinowics, 1972, and Karpe and Saka, 1984, Challen et al, 1986). The asper

ities deformation model which utilizes the slipline field has been characterized as a 

step in the right direction by Challen et al (1986). According to Challen, this new 

approach will form the basis of future more realistic correlation between asperities 

deformation and the coefficient of sliding friction. 

The asperities deformation model suggested in this investigation makes use of 

the variation of the sill and the slope of the variogram. A theoretical model relating 

the variation of the slope or the sill and the coefficient of friction is still to be 

determined. The advantage of this approach over the slipline method if acceptable 

results are obtained can be due to the fact that two surfaces in relative motion are 

of equal hardness. The slipline model shows that the wear coefficient K in Archard's 
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V=KNL 
3H 

can be related to the friction coefficient Jl by the relation 

where 

v = the volume of wear 

N = the normal force acting between the contacting surfaces 

L = the sliding distance 

H = the hardeness of the wearing surface 

Jl = the wear coefficient 

n = the index which takes the values between 4 and 5 
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PROGRAM FOURIE 

character*30 name 
DIMENSION OBSERV(500), A (1000) , B(1000), FRITOT(1000), X (l000) 

c THIS PROGRAM COMPUTES THE FOURIER COEFFICIENTS NEEDED FOR 
c THE INTERPOLATION OF DISCRETE DATA POINTS RECORDED DURING 
c DIRECT SHEAR TEST. A CONTINUOUS PROFILE CAN BE REGENERATED 
c FROM DISCRETE DATA POINTS. 
c 
c THE FOLLOWING DESCRIBES THE PARAMETERS USED 
c 
c K 
c 
c N 
c KK 

THE NUMBER OF DATA POINTS SELECTED ON THE 
INTERPOLATED CURVE FOR ITS SMOOTHING 
THE NUMBER OF OBSERVATIONS 
NUMBER OF DATA SETS 

c OBSERV 
c FRICTO 
c FRICOA 
c FRICOB 

MAGNITUDE OF THE FRICTIONAL FORCE 
COEFFICIENT OF THE FOURIER SERIES (AO) 
COEFFICIENTS OF THE FOURIER SERIES (Al. .• Ar) 
COEFFICIENTS OF THE FOURIER SERIES (Bl .•• Br) 

PI = 3.1415927 

c .• ·. input interactively the input data file name ............. . 

writeU',10l) 'input file name l 
read(*,102) name 
open(unit=17,file=name,status=' o ld ' ) 

101 format (//,a50,S) 
102 format (a30) 

OPEN (UNIT=IO,STATUS ='NEW ' ,FILE ='FOURI .OUT') 

writeU',10l) loutput file name l 
read(*,102) name 
open(unit=2,fi le=name,status='new') 

READ (17,"') KK 11 

c THIS LOOP CONTROLS THE NUMBER OF CASES TO BE SOLVED 

DO JJ = I, KK 
READ (17,"') K, TXINC 11 0.05 
READ (17,"') N 
NN = (N * K) - K 
WR I TE (2, ,.,) NN+l 

c THIS LOOP READS THE DATA OBTAINED FROM EACH SHEAR TEST 

DO I = I, N 
READ (17, 10) OBSERV (I) 
ENDDO 
M = N/2. 
FRICTO = 0.0 



c THIS LOOP COMPUTES THE INITIAL FOURIER COEFFICIENT 

DO I = 1, N 
SUM = OBSERV(I) + FRICTO 
FRICTO = SUM 

ENDDO 

FRICTO = FRICTO/N 
WRITE (10,30) FRICTO 
A(O) =FRICTO 
B(O) =0.0 
WR I TE (1 1 ,"c) M+ 1 
WRITE(l1,100) FRICTO, B(O) 

c THIS LOOP COMPUTES THE COEFFICIENTS A1 .... Ar B1 •••• Br 

DO J =1, M 
FRICDA = 0.0 
FRICOB = 0.0 

END DO 

DO I = 0, N-1 

SUMEVEN = OBSERV(I+1)*COS«2*I*PI*J)/N) + FRICOA 
FRICOA = SUMEVEN 
SUMODD = OBSERV(I+1)*SIN«2*I*PI*J)/N) + FRICOB 
FRICOB = SUMODD 

ENDDO 

FRICOA = (FRICOA*2)/N 
A (J) = FRI COA 
FRICOB = (FRICOB*2)/N 
B (J) = FRI COB 
WRITE(10,80) J,FRICOA, J,FRICOB 
WRITE(11,100) FRICOA, FRICOB 

c THIS LOOP COMPUTES THE COORDINATES OF ANY GIVEN POINT 
c ALONG THE CONTINUOUS PROFILE OBTAINED FROM FOURIER INTERPOLATION 
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c AS LONG AS THE POSITION IS CAREFULLY ADJUSTED TO BE A FRACTION OF X. 
c THE NUMBER OF POINTS IS SET TO BE A MULTIPLE OF N 

X(O) = 0.0 
XINC = TXINC/K 

DOJ=O, (K1cN)-K 
TOTFRI = 0.0 
FRTOEV = 0.0 
FRTOOD = 0.0 



DO I = 0, N/2 
FEVEN = A(I) 'Ic COS((2 ,'c PI )~ J )'c 1)/(Kl'cN» + FRTOEV 

FRTOEV = FEVEN 
FODD = B(I) * SIN((2 * PI * J * I)/(K*N» + FRTOOD 

FRTOOD = FOOD 
TOTFRI = FEVEN + FODD 

ENDDO 

FRITOT(J) = TOTFRI 
X (J) = J ic X INC 
WRITE (2,90) X(J), FRITOT(J) 

ENDDO 

10 FORMAT (F10.0) 
30 FORMAT (20X, 'A 0 =',F10.3) 
80 FORMAT(20X,'A',12,' =',F10.3,5X,'B',12,' =',F10.3) 
90 FORMAT(F10.4, FlO.]) 
100 FORMAT(2F10.3) 

ENDDO 
END 
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program portrait 

real mass. L 
c •.••••.•.•••...•.••••....•.•.•.••.•.••••.••••••••.•.••...•.••..•••.••.. 
c This program solves a system of two first order differential equations. 
c The results obtained are used to plot the corresponding phase portrait. 
c •.•..•...•••.•••..••••••.••.•.•••••.••••.•.••••••••.•.••.•.•.•.•••••••• 

c •.•..•.•.....••...•••.••.••••••••.•.••••...•.••.•...••....••.•••.•.•••• 
c 
c 
c 

DEFINITION OF THE KEY PARAMETERS 

c pel) = the normalized damping coeffici~nt (damping term divided 
c by the mass of the moving body) 
c 
c P(2) = the normalized stiffness coefficient (stiffness term 
c divided the mass of the moving body) 
c 
c UO(l) = the vector that contains the initial condition x(O) 
c 
c UO(2) = the vector that contains the initial condition yeO) 
c 
c F (2) = the vector that contains the derivatives 
c 
c V. U = the intermediate values used in the Runge-Kutta 4th 
c order integration approach 
c 
c 
c 
c 

DT = the space increment (equivalent to the time step for a 
I i near system) 

c A(I) = the coefficients for the even terms of the fourier series 
c 
c B(I) = the coefficients for the odd terms of the fourier series 
c 
c NN = number of discrete points used for interpolation 
c 
c KK = number of integration loops 
c 
c MASS = mass of the sl iding block (consider the normal load) 
c 
c L = initial position of the rigid block (integer) 
c ..•..•.•...•.••...•.•.••••.•.••••••.•..•••••••••••..•..•.•.•.•.•••... 

external derivs 
d i mens i on UO (2). U (2). V (4.2). F (2). P (2). A (50). B (50) 
character*30 name 

open(unit=2. status ='old ' • fi le='fouri .trm ' ) 
open(unit=3. status =Inew'. file='portr.plt ' ) 

pi = 3.1415927 

print*. 'select normal ized damping and stiffness coefficients ' 
read (5.''') p(l). P(2) 



print*,' initial position of the rigid block' 
read (5,*) L 
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c read the total number of discrete points used for interpolation 
read (2,,-c) NN 

c read the coefficients of the fourier series 
read (2, 100) (A (j), B ("j), i = I,NN) 

100 format(2fI0.3) 

print*, 'input -I for termination' 
read (5, ,-c) if lag 
i f (i flag. 1t.0.) go to 30 

print*, 'select number of integration loop' 
read (5,'-c) kk 

nt=KK+l 
write(3,50) nt 

print*,' initial conditions XO,YO' 
read (5,'-c) UO(I), UO(2) 

print*, 'total mass' 
read (5, ,-c) mass 

wr i te (3,40) UO (1), UO (2) 

dt = (2 * PI)/kk 

c .••.•.......•.••....•••.•.•.••..•..•.•.•..•.••.•.••••••.•..•••...•.. 
c integration loop 
c .........•.••.••..•.•.•••.•••••.•..•.....•..••...•.•.•.. ... _ .....•.•.. 

N=2 

5 

10 

do 10 1=1, NN 
c a I Irk s (0 E R I V 5 , D T , U 0 , U , V , F , P , N , N N , F RIC T , F ODE V , MA 5 5 , A , B) 
wr i te (3,40) U (1), U (2) 

do 5 j=l, n 
UO (J) = U (J) 
continue 

continue 

c ...................................•........•..•...•.•.....•.... 
c this goto statement al lows the run for several 
c initial conditions in order to display a complete 
c phase portrait 
c ••••.•.••••••••••••••••••.•••••••.••••••••••••••.•••••..•.••.••• 



50 format(i 10) 
40 format(2fI5.3) 

go to 1 

30 stop 
end 

subroutine rks(DERIVS,H,UO,U,V,F,P,N,MASS,A,B,L,FODEV,NN) 
d i mens i on UO (N), U (N), V (4, N), F (N), P (2) 

call derivs (UO, F, P, N, MASS, A, B, L, FODEV, NN) 

DO 10 1=I,N 
V(l, 1)=Hl'cF (I) 
U (I) =UO (I) +V (I , I) /2. 

10 continue 

call der ivs (U, F, P, N, MASS, A, B, L, FODEV, NN) 

do 20 1=I,N 
V (2, I) =Hl'cF ( 1 ) 
U (I) =UO (I) +V (2 , I) /2. 

20 continue 

call derivs(U, F, P, N, MASS, A, B, L, FODEV, NN) 

DO 30 1=I,N 
v(3, 1)=Hl'cF (I) 
U ( 1 ) =UO (I) +V (3, I) 

30 continue 

call derivs (U, F, P, N, MASS, A, B, L, FODEV, NN) 

do 40 1=I,N 
V(4, 1)=Hl'cF (I) 

40 continue 

do 50 1 =1, N 
U (I) =UO (I) + (V (l , I) +21'CV (2, I) +21'CV (3, I) +V (4, I» /6. 

50 continue 

return 
end 
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subroutine derivs(W, F, P, N, MASS, A, e, L, FODEV, NN) 
d i mens ion W (N), F (N) ,P (2), A (100), e (100) 

pi = 3.1415927 

if(w(1) .1e. L) then 
F (1) =W (2) 
F (2) =-P (2) "(W (1) - P (1) f(W (2) 
else 
f (1) =w (2) 
do i=O,nn-1 
fodev=a (i) ,'(COS (i ,'(W (1) +b (i) ,'(S in (iw (1) +fodev 
enddo 
f(2)=fodev!mass 
endif 
return 
end 
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program phasediag 

c this program plots the phase portrait describing coulomb friction 
c the data used in this plots are obtained from Runge-Kutta program 

d i mens i on x I (500) , y 1 (500) , i bUf (16) 
character*30 name 
data ird/5/ 

write(fc,10l) 'name input data file »' 
read ()'c, 102) name 
open(unit=2, status='old',fi le=name) 

101 format(//,a40,$) 
102 format (a40) 

print*, 'arguments of the subroutine graf' 
print*,'xmin,xinc,xmax,ymin,yinc,ymax' 
read(5,*) xmin,xinc,xmax,ymin,yinc,ymax 

write (*,*) 'input 1 for tektronix, 2 for printronix,', 
+ '3 for xerox, 4 for postscript' 

read (l'C,l'C) iflag 
go to (1,2,3,4) if I ag 
ca I I tk40 1 0 (960) 
go to 5 

2 cal I pntrnx 
go to 5 

3 ibuf(l)=4 
call iomgr (ibuf,-104) 
call talars 

4 ibuf(l) =5 
call iomgr(ibuf,-102) 
ibuf(l) =0 
i buf (2) = 1 
ibuf(3) = 1 
call iomgr (ibuf ,-Ill) 
call pscrpt (7.9,10.78,0.0139) 

5 continue 

cal I nobrdr 
ca I I area2d (8,8) 
cal I xname ('u$',100) 
cal I yname ('v$',100) 
cal I graf (xmin,xinc,xmax,ymin,yinc,ymax) 
call thkfrm(0.02) 
cal I frame 

do j=l ,kk 
read (2,*) n 
read (2,10) (xl (i) ,y1 (i) , i=l, n) 

10 format(2f15.3) 
call curve(x1,y1,n,0) 
enddo 



call endpl(O) 
call donepl 
stop 
end 
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