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ABSTRACT 

The laboratory shear tests on Apache Leap tuff have been conducted to investigate 

the joint dilatant behavior and the influence of surface roughness, sample size, 

water and shear velocity on the shear behavior of rock joint, and to compare the 

fit between Coulomb's linear and Archard's non-linear model. Experimental results 

indicate that the dilation of rock joint is influenced by joint surface roughness and 

normal stress. Surface roughness also determines joint shear strength. Sample scale 

influences the following joint properties, e.g. peak shear strength, peak dilation 

angle, peak shear displacement and mode of shear failure. This effect depends on 

normal stress. The shear strength of rock joint also varies with the presence of 

water and shear velocity. Archard's power law generally gives a better fit on the 

experimental data than does Coulomb's linear law. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Problems with rock joints are frequently faced in engineering practice. According 

to ISRM(1978), a rock joint can be defined as, "a break of geological origin in 

the continuity of a body of a rock." There are many types of joints, e.g. bedding 

joints, foliation joints and cleavage joints. Joints can be open, filled or healed. 

Joint constitutes the main weakness in a rock mass and it therefore causes many 

engineering problems. 

Shear tests can be conducted in situ or the laboratory by using a direct shear 

or triaxial device. The main purpose of conventional shear test is to obtain the shear 

strength parameters, e.g. cohesion and angle of friction. These parameters can be 

employed in limiting equilibrium analyses, e.g. slope or dam foundations stability 

problems. In this study, the direct shear test will be conducted to investigate joint 

shear behavior and the controlling factors. 

Welded tuff, one of the most important potential host rocks for the repository 

of high-level nuclear waste, is investigated in this study. The samples of Apache 

Leap tuff were collected from Superior, Arizona. 



1.2 Factors Controlling the Shear Behavior of Rock Joints 

Dilatant behavior during shearing is one of the most important joint properties. In 

the direct shear test, the dilation of a joint can be observed from the relative normal 

displacement of the top and bottom sample. The dilation of joints has the following 

implications. On one hand, the dilation of joints leads to a decrease of contact area 

and widening of the aperture. On the other hand, due to dilation, a joint obtains 

potential energy, i.e. the shear strength of joints increase. Morever, if the dilation 

of a joint is restricted during the shearing process, the normal stress will increase, 

and in turn cause shear strength to increase. 

Surface roughness is the most important factor influencing joint shear 

strength and dilatant behavior. Joint surface roughness depends on the mode of 

origin of the joint and the mineralogy of the rock. Generally, a laboratory induced 

joint is rougher than joints formed by other means. Surface roughness was quali

tatively classfied by ISRM(1978), and nine categories were defined. Roughness was 

also defined by Barton's JRC values, ranging from 1 to 20 corresponding to the 

smoothness or roughness of a joint. 

The shear test is generally carried out in a laboratory instead of in situ. The 

main advantage of a laboratory test is the much lower expense. In addition, more 

samples can be tested in a laboratory, and statistical results may be more significant 

than those obtained in situ which are usually limited in number. The disadvantage 

of the laboratory test is that the small scale of laboratory test samples usually 

results in overestimated values. The effect of scale is a problem for the laboratory 

test. 

In engineering practice, the influence of water often must be taken into ac

count. In the direct shear test, it is found that there are usually significant differ

ences in shear strength between dry and wet samples. Therefore the effect of water 
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should not be ignored. 

In the direct shear testing, the shearing rate should be chosen considering the 

practical problem where the results are to be used. Generally, the use of different 

shearing rates will result in different results. Therefore, the effect of shearing rate 

should be investigated. 

1.3 Objective 

The objective of this study is to investigate the factors controlling rock joint shear 

behavior. In addition, the joint shear failure criteria, which are used to model 

experimental data and obtain shear strength parameters, will also be investigated. 

The objective of this study can be summarized as follows: 

1) Investigate rock joint dilatant behavior. 

2) Investigate surface roughness and its influence on rock joint parameters. 

3) Investigate the effect of scale on shear behavior of rock joints. 

4) Compare linear and non-linear shear failure criteria. 

5) Investigate the effect of water on joint shear strength. 

6) Investigate the effect of shearing rate on joint shear strength. 
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CHAPTER 2 

LITERATURE REVIEW 

In this chapter, the literature review is in the following sequence. (1) dilatant 

behavior of rock joints, (2) surface roughness of rock joints and its measurement,(3) 

the effect of scale on the shear behavior of rock joints, (4) joint shear failure criteria, 

(5) the effect of water on rock joint shear strength and (6) the effect of shearing 

rate on rock joint shear strength. 

2.1 Dilatant Behavior of Rock Joints 

The dilatant behavior of rock joints can be described as follows: (1) Shearing brings 

asperities on joint surfaces into contact; (2)as shearing continues, asperities are 

overridden, dilation occurs, and shear strength increases; If the normal load is 

small, the interlocked asperities are free to dilate. If the normal load is high, the 

asperities tend to shear and little dilation occurs. At intermediate normal loads, the 

asperities will dilate until the work required to shear through the asperities exceeds 

the work required to dilate against the applied normal load. When this point is 

exceeded, the asperities shear. Therefore the dilation and normal load are inversely 

proportional. 

According to Goodman(1976), if the normal load is constant and the normal 

displacement is not restricted, e.g. in the case of rock slope stability , the asperites of 

the joint walls will tend to dilate or shear according to the aforementioned process. 
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On the other hand, if the normal displacement is restricted, e.g. in the case of 

underground excavation, the dilation is restricted during the shearing process, and 

the shear stress increases due to the increase of the normal stress. Hence, the 

dilatant behavior will tend to strengthen a joint during the shearing process, which 

is helpful for the joint stability. Patton(1966) indicated that from a geometrical 

consideration, dilation can contribute to shear strength even though the normal 

load is not increased. Hence, the dilation plays an important part in the shear 

behavior of rock joints. 

Barton(1971a) simulated a series of shear tests on model tension joints and 

defined the peak dilation angle,dn, as the maximum dilation angle that occurs more 

or less simultaneously with peak shear resistance. Barton and Choubey(1977) sug

gested that from geometrical consideration, the total friction angle arctan(r/an) 

is approximately equal to the sum of <j>T and dn. It therefore gives us an idea of 

how dilatant behavior contributes to peak shear strength. From the dilation and 

shear strength/displacement curve(see Figure 2.1), the dilatant behavior during the 

shearing process can be summarized as follows: 

1) Friction is mobilized when shearing begins. 

2) Dilation begins when roughness is mobilized. 

3) Peak dilation angle occurs when peak shear stress is reached. 

4) The rate of dilation decreases as roughness and shear stress decreases. 

5) Dilation and shear stress stablize, and the residual strength is reached. 

The mechanism of dilation originates mainly from surface roughness (Good

man,1976). Rengers(1970) measured the roughness angle of natural joint surface 

using a variable focus microscope, a profilometer and terrestrial photogrammetry. 

He selected a band of steps from 0.01 to 1000 cm and obtained a range of rough-
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Figure 2.1: Dilation and shear strength/displacement curves. 
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ness angles corresponding to each selected step size.(Figure 2.2). Within a range of 

measured roughness angles for a step size, he chose the steepest angle as a represen

tative angle based on the assumption that the steepest angle governs the dilatant 

behavior of the joint during shearing. Finally a roughness angle envelope was con

structed by using these steepest angles from all of step sizes. In Figure 2.2 , the 

envelope of positive angles represents right lateral shearing, whereas the negative 

angles represent left lateral shearing. Renger's measurements demonstrate that the 

roughness angle decreases with increasing step sizes. 

In summary, dilation is an important behavior during the shearing process. 

Peak dilation angle decreases with increasing normal stresses and for increasing 

measurement step sizes. The rate of dilation decreases from the beginning of the 

contact of major asperities until the maximum dilation is reached. Then dilation 

stops and sometimes contraction occurs. The dilatant behavior can be used as an 

indication of whether the peak shear strength is past, or the residual shear strength 

is reached. This is important in engineering practice. 

2.2 Surface Roughness of Rock Joints 

The surface roughness of rock joints depends on their modes of origin and the 

mineralogy of the rock (Barton,1973). In the wide spectrum of roughness, joints 

formed in intrusive rock in a tensile brittle manner are examples of the roughest, 

whereas planar cleavage surfaces in slate are examples of the smoothest. 

Surface roughness has a variety of qualitative or quantative descriptions. 

According to ISRM(1978), the roughness of a rock joint can be divided into nine 

categories. Each category has its descriptive term and a standard profile(Figure 

2.3). The descriptive term consists of two parts based on the scale of observation. 
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Figure 2.2: Roughness angle envelope. 
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1) Small scale (several centimeters): divided into three grades; rough(or 

irregular), smooth and slickensided. 

2) Intermediate scale (several meters): divided into three grades; stepped, 

undulating and planar. 

Accordingly, nine categories are constructed from the combination of these 

two scales. 

(i) Rough (or irregular), stepped 

(ii) Smooth, stepped 

(iii) Slickensided, stepped 

(iv) Rough (or irregular), undulating 

(v) Smooth, undulating 

(vi) Slickensided, undulating 

(vii) Rough (or irregular), planar 

(viii) Smooth, planar 

(ix) Slickensided, planar 

This method gives a preliminary description of the roughness of rock joints. 

Barton et al.(1977) conducted a series of direct shear tests on 136 rock 

specimens having different joint types. For each specimen, three roughness pro

files were measured. JRC values (Joint Roughness Coefficient) were obtained by 

back calculating from the measured shear strength using the following formula 

r = atan[JRClog10(^^-) + <f>T]. Finally, ten typical profiles with the corresponding 
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JRC values were constructed (Figure 2.4). 

This method gives a quantitative description of the joint roughness. The 

joint roughness value (JRC) can be obtained visually by comparing with Barton's 

typical profiles. Barton et al.(1977) suggested a more reliable method to estimate 

JRC from tilt tests using the relation 

a = tilt angle, 

4>r = residual friction angle, which can be estimated from Schmidt ham

mer tests, 

JCS = joint wall compressive strength, which can be obtained from 

Schmidt hammer tests, and 

on = normal stress. 

There is an inherent limitation on rough joints, however, where overturning 

failure may occur in place of sliding in the tilt test. In this situation, a pull or push 

test may be employed, and the corresponding JRC value can be estimated by the 

following relation 

(1)  

where 

tan 1[lLjSrL] - & 
J  S  J C S X A \  (2) 

where 

= tangential component of the self-weight of the overlying block (for 
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Figure 2.4: Roughness profiles and JRC values of Barton et al.(1977). 
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inclined joint planes), 

T2 = external pulling force (or pushing force if applied via a flat jack 

inserted between the line-drilled walls of the adjacent blocks = push 

test, 

N = normal component of block weight (W), and 

A = joint area. 

The tilt, pull and push tests are advantageous, because they can be conducted 

on natural rock block to minimize the effect of scale. 

Patton(1966) emphasized the importance of roughness on the shear strength 

of joints. He conducted a series of shear tests on model joints made of plaster of 

Paris. Test variables included the inclination, number and strength of the specimen 

asperities. Four types of inclined asperities with slopes of 25°, 35°, 45° and 55° 

were formed. Two series of specimens, one with four asperities and another with 

two asperities were cast. All asperities had a height of 0.2 inch. The experimental 

results indicated that the shear strength of the specimens vary with the inclination, 

number and strength of the teeth, i.e. the surface roughness, which represented by 

these variables , determines its shear strength. 

Patton also measured the average roughness angle i from a photograph of 

bedding plane traces in unstable limestone slopes and found that the rougher the 

bedding trace, the steeper the angle of the slope. He also found that the dip of an 

unstable bedding plane is approximately equal to the sum of the roughness angle i 

and the basic friction angle <f>. This can be expressed by a simple relation 

r = a tan(<f> + i) (3) 
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where 

<f> = basic friction angle which can be obtained from shear test on flat, 

unweathered surface,and 

i = the average roughness angle of the bedding plane ( herein only the 

first order roughness was measured). 

Besides Barton's JRC roughness estimation, Fecker and Rengers(1971) sug

gested a practical method to measure the roughness angle in the field. In this 

method (called compass and disc-clinometer method), a Breithaupt geological com

pass and a set of different diameter(e.g. 5, 10, 20 and 40 cm) alloy discs were used. 

Corresponding to each selected disc size, a range of effective roughness angles i 

along the mean plane (potential sliding direction) was obtained. Within each range 

of effective roughness angles, only the maximum angle was used. The maximum 

roughness angles from all of the selected disc size were plotted as a roughness angle 

envelope. 

In this measurement, the smallest disc size gives the largest roughness angle, 

and the larger the disc size the smellier the measured roughness angle. This can be 

seen as an inherent scale effect. 

Weissbach(1978) developed a method to measure the joint roughness in the 

laboratory. In his method, a styrus, a small roller and a linear transducer were used 

to record the amplitude of a tension fractured joint surface. The main point in his 

measurement is that the styrus intermittently touches the joint surface thereby free 

from sticking on the deeper asperities, whereas the conventional methods did suffer 

from this problem. The recorded data were processed by Fourier analysis. This 

method makes it more precise to measure the roughness of the joint surface in the 

laboratory. 
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Tse and Cruden( 1979) developed an empirical equation to relate Barton and 

Choubey's(1977) JRC values with a parameter called ^(proposed by Myers,1962). 

This equation is 

Z<i = the root mean square (RMS) of the first derivative of the joint 

profile, 

dx = the small constant distance between two adjacent amplitude read

ings, 

dy = the amplitude of the roughness about the center line, and 

L — the distance over which the center average is taken. 

Figure 2.5 shows the definition of variables used in Z2 calculation. 

The surface roughness may be rated the first important property to control 

the shear behavior of the joint, especially in clean, unfilled joints. Many laboratory 

and field studies have been done for joint roughness estimation on the macro and 

micro scales, and qualitative and quantative approaches. Some statistical techniques 

have been employed to interpret and predict the shear behavior of joints based 

on the statistical results. Due to the complexity of the joint surface, however, 

JRC = 32.2 + Z2A71ogZ2 (4) 

such that 

(5) 

where 
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dx 

0 

Figure 2.5: Definition of variables for Z2(after Krahn and Morgenstern, 1979). 
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which is not only a two dimensional but also a three dimensional problem, some 

shear behaviors still were not interpreted well. Therefore further investigation in 

physical and mathematical model analysis is needed to elucidate the mechanism of 

the roughness in the shear behavior of the joint. 

2.3 Joint Shear Failure Criteria 

The variation of the shear resistance with the applied normal stress has been inves

tigated by several researchers. The relationship between shear stress and normal 

stress can be expressed by the shear failure envelope. A number of shear failure cri

teria have been proposed to fit the experimental data which include both shear and 

normal stresses. Some of the shear failure criteria are employed in the prediction 

of the shear strength by means of some parameters obtained from direct shear and 

the other tests. These criteria, however, consider only the peak and residual shear 

strengths. 

One of the early proposed shear criteria is Coulomb's law. This criterion 

postulates that the shear resistance on the joint surface results from the cohesion 

of the material plus a constant times the normal stress across the joint surfaces. It 

can be written as 

r = c + fi<rn (6) 

where 

r 

c 

= shear resistance, 

= a constant, cohesion intercept, and 
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fj. = a constant, coefficient of friction. 

In this criterion, a linear relationship exists between the shear resistance 

and the applied normal stress, and a cohesion intercept is introduced. In a wide 

range of normal stresses, however, this linear relation does not exist. This has been 

recognized by Jaeger(1959), Krsmanovic and Langof(1964), Lane and Heck(1964), 

Patton(1966), Byerlee(1967) and other investigators. In addition, the use of the 

"cohesion" intercept has proved to be inadequate at low normal stress. 

Patton(1966) conducted shear tests on models to investigate multiple modes 

of shear failure and their influence on the failure envelope. He found that failure 

envelopes are curved, and can be approximated by two straight lines(Figure 2.6). 

Accordingly, he proposed a bi-linear shear failure criterion. That is the peak shear 

strength is given by 

rp = ontan(<f>u + i) (9) 

at low normal loads, and 

Tp = c + <rntan<f>r (10) 

at high normal loads. 

In equations (9) and (10) 

<f>u = the basic friction angle, 

i = the roughness angle or the inclination of the asperities, 

<f>r = the residual friction angle, 
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c = shear strength intercept (cohesion). 

In Patton's model, the problem of the use of the cohesion intercept at low 

normal stress has been solved. Additionally, this model provides a simple and more 

reasonable relationship between r and a. 

Patton's model was constructed based on low and high normal stresses. The 

relation between the shear and normal stress was expressed by two straight lines. 

In fact, the real rock surface cannot be fitted by such a simple model. 

Archard(1958) analyzed rock frictional behavior and concluded that the law 

of friction can be expressed by a power law of the form 

where fi0 and m are constants. 

The Archard's non-linear power law gives a better fit on the experimental data and 

is useful over a wide range of the normal stresses. 

Jaeger(1971) proposed another non-linear formula to improve Patton's 

model. 

r = fi0(T ,m (9) 

T P  =  c(l — e 6<T) + A ntan<f>T (11) 

At a high normal stress level, this equation can be rewritten as 

T p — c + A  ntan(j)r 

whereas at zero normal stress, this equation can be differentiated with respect to 
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T p = c + antan<f>r 

*tp = ontan(<j>u + i) 

Normal Stress 

Figure 2.6: Patton's bi-linear model. 
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on to produce 

(•f^O = cb + tan<f>T (12) 
oan 

where 

b = constant, 

c = the cohesion intercept, and 

<f>T = the residual friction angle. 

Ladanyi and Achambault(1970) extended Patton's model and developed a 

non-linear formula to predict pealc shear strength based on energy consideration. 

The proposed equation is 

_ crn(l ~ a,)(i; + tan<j)u) + aarT 

Tp 1 — (1 — aa)vtan<t>u 

where 

as = the proportion of joint area sheared through the asperities, 

v = the dilation rate dv/du at peak shear strength, and 

Tr = the shear strength of the rock comprising the asperities. 

At very low normal stress levels, when no shearing through the asperities occurs, 

aa —> 0 and v —* tani, and equation(ll) reduces to 

rp = antan(<t>u + i) 

At very high normal stresses, when all the asperities are sheared off, as —* 1 and 
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v —• 0, and equation(ll) reduces to 

Tp = c + Antan<f>r = rr 

Ladanyi and Archambault suggested that rr can be represented by Fairhurst's 

parabolic criterion, given by 

qu = the unconfined compressive strength, and 

n = the ratio of compressive to tensile strength of the rock comprising 

the asperities. 

According to Ladanyi and Archambault, as and v can be expressed by fol

lowing equations: 

Tr = 9u (12) 

where 

(15) 

and 

ft an\k\ v = (1 ) tani (16) 

where 

= 4, 
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&2 = 1.5, and 

i = roughness angle, 

and <ry, the transition pressure(the normal stress at which the joint ceases to be 

weaker than the rock itself), can be approximated by ot = gu(Goodman,1976). 

Ladanyi and Archambault's equation takes into account the friction, dilation 

and shearing through asperities. According to Gerrard(1986), this equation has an 

advantage in that it comes closest to complying with the physical constraints. This 

equation has proved to be very precise in Ladanyi and Archambault's model studies. 

The physical constraints proposed by Gerrard can be rewritten as: 

(i) dr/da —* tan(<t>u + i), when a —> 0, 

(ii) dr/da —• tan<f>T, when a —> ar, 

(iii)r - atan4>T —> O f ,  when a —»• ctj, 

(iv) g —* g0, when and 

(v) dg/da —* 0, when a —> aj, 

where 

dr/da = the slope of peak strength envelope, 

<j>u = the basic friction angle, 

i = the roughness angle, 

<j>r — the residual friction angle, 

= transition pressure, 
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aj = the relative asperity strength, 

g = the tangent of the instantaneous dilation angle, and 

go = the maximum g value. 

An alternative approach to predict the peak shear strength was proposed by 

Barton(1973). Based on the experimental observations of the shear behavior on 

rough tension fractured joints, Barton proposed the following empirical equation: 

JCS 
r = antan[JRClogw{ ) + <j>r\ (15) 

<7n 

where 

JRC = the joint roughness coefficient, which can be obtained by visually 

comparing with Barton's standard roughness profiles or from tilt, pull 

or push tests (Barton et al.,1977), 

JCS = the joint wall compressive strength, which can be obtained from 

Schmidt hammer test, and 

<j>r = the residual friction angle, which is used in the case of weathered 

joints. For the unweathered joints, the basic angle of friction,^, is 

used. Both <f>r and fa can be obtained from Schmidt hammer test. 

Barton's equation has its inherent deficiencies and limitation of application, 

e.g. <f>r, JRC and JCS were found to be scale dependent, or when crn /JCS —> 0 

the logarithmic term in equation (15) tends to infinity. This equation does, how

ever, have practical importance, especially in the range 0.01<a„/JCS<0.3 within 

which most slope stability problems occur. Therefore some authors, e.g. Hoek and 

Bray(1981), recommended its use within the specified stress range. 
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2.4 The Effect of Scale on the Shear Behavior of Rock Joints 

The objective of the laboratory shear test is to apply the parameters obtained 

from shear tests to in situ applications. Some researchers have noticed that results 

obtained from small scale laboratory shear tests do not match those obtained from 

large scale in situ shear tests, even when the same joint surface is tested. 

This scale effect has been demonstrated on the unconfined compressive 

strength of the intact rock. Pratt et al.(1972) conducted a series of unconfined 

compression tests on quartz diorite. They found that the compressive strengths 

dropped from about 60 or 70 MN/m2 for 5 cm long specimens down to 7 MN/m2 

for 90 cm long specimens. Later Pratt et al. (1974) also found a scale effect on 

the shear strength of the joint in the same type of rock. They found that there is 

roughly 40% drop in peak shear strength on different sized samples ranging from 

60 cm2 to 5000 cm2. 

The causes of the scale effect on the shear strength of rock joints Eire not yet 

understood. But from the fact that the shear strength of rock joint is mainly con

trolled by the surface roughness, and from Fecker and Renger's(1971) investigation 

on surface roughness of joints, it gives an idea of how scale affects the roughness 

of rock joints and in turn influences their shear strength. Fecker et al. measured 

the roughness of rock joint surfaces by using a set of different sized alloy discs, i.e. 

different step sizes, and found that the longer the selected step sizes the smaller 

the measured roughness angles. It can be imagined that the larger steps jump over 

the smaller steep asperities and only the larger and more gently inclined asperities 

were measured. This implies that if a smaller sample is selected in the shear test 

the obtained shear strength will be greater than that of a larger sample prepared 

from the same joint surface. 

Barton et al.(1980) investigated the effect of scale on the shear strength of 
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a rock mass and indicated that smaller blocks have greater freedom to follow and 

"feel" the smaller scale and steeper asperities of the joint surface, and accordingly 

higher JRC values and shear strengths can be obtained. They also indicated that 

the natural block size(or the spacing of cross-joints) is a "scale free" size, it therefore 

can be seen as size limit of the scale effect. 

Bandis et al.(1981) investigated the effect of scale on the shear behavior of 

rock joints. They conducted a series of shear tests on model joints which were 

prepared by casting a mixture of model materials into rubber molds. The model 

material consisted of silver sand, calcined alumina, barytes and plaster of Paris. A 

total of eleven pairs of molds were constructed on different types of rocks by using 

a rubber hot melt molding compound to take precise impression of the roughness 

of the natural joint surfaces. The model replicas of identical interlocking specimens 

were cast from a pair of molds. These specimens were shear tested at full scale length 

and at smaller sizes. Four specimen sizes were used on each joint, which were 30-

40, 18-20, 10-12 and 5-6 cm in length. The test results showed that increasing the 

specimen size will result in 

(i) a reduction in peak and ultimate shear strengths, 

(ii) a reduction in JRC and JCS values, 

(iii) a gradual increase in the peak shear displacement, 

(iv) a decrease of the peak dilation angle, 

(v) an apparent transition from a "brittle" to "plastic" mode of shear failure, 

and 

(vi) insignificant scale effects in the case of relatively planar and smooth joint 

types. 
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The aforementioned studies of scale effects concentrate on qualitative analy

ses. The scale effects on some parameters, however, have been recently quantified. 

Barton et al.(1985) developed the formulation of scale effect on JRC, JCS, peak 

dilation angle and peak shear displacement. These formulas are 

jr -omJRCo 
JRCn = JRCJ&] (16) 

LQ 

T — 0.03JRCO 
JCSn = JCSoly2-] (17) 

Lq 

T T R/" 0-33 

K^a k )  = 5^l£ir' w 

dn(mob) = 1/2 J RCn(mob)log( —) (19) 

where 

the subscripts (0) and (n) = the laboratory and in situ values respectively, 

rfn(mob) = mobilized dilation angle, 

Ji?C„(mob) = mobilized joint roughness coefficient, 

<Tn' = effective normal stress. 

In summary, scale effect need to be taken into account in the applicaton 

of laboratory-obtained parameters. The formulation of the scale effect has been 

developed. This will help engineers to extend the laboratory parameters to in situ 

application. 
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In engineering design practice the effect of water is usually taken into account. 

Water plays an important role in the weathering process, presence of water in a 

rock joint will cause adverse mechanical and chemical effects. The most important 

influence of water in a rock joint is the reduction in the effective normal stress, and 

in turn the reduction of the shear strength. 

Before discussing the effects of water on the shear strength of rock joints, we 

will review its influence on the compressive and tensile strength of rocks. This has 

been investigated by several researchers, e.g. Price(1960), Colback and Wiid(1965), 

Kjaernsli and Sande(1966), Bernaix(1969), and Broch and Franklin(1972), etc. A 

summary conclusion from these studies is that the reduction of the compressive and 

tensile strengths is about 10 to 30 % depending on the moisture content of the rock. 

The change of the moisture content is considered from "air dried" to "saturated in 

situ". According to Barton's (1973) empirical formula, the shear strength of the 

joint changes significantly with the change in joint wall compressive strength, and 

from the fact that local tensile failure occurs on the asperity scale on the joint 

surface during shearing, the reduction of compressive and tensile strength due to 

water will in turn decrease the shear strength of the rock joint. In addition, Barton 

and Choubey(1977) indicated that Schmidt hammer test results for air dried and 

saturated joint surfaces also exhibit a significant reduction in strength. 

In some types of joints, however, the shear strength does not change with 

the presence of water during shearing. Sometimes the test results show that there 

is a slight increase in shear strength of the joint when wet. Horn and Deere(1962) 

reported that an increase of the frictional coefficient appears in quartz-rich (massive 

crystal structure) rock when in the presence of water, whereas rocks having layer-

lattice structures, such as mica and chlorite, tend to exhibit a decrease in their 

frictional coefficients in the presence of water. However, with an increase in joint 
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roughness, the frictional coefficients decrease when wet even in the quartz-rich rock. 

It appears that the positive or negative effects of water on the shear strength of the 

joint depends on the mineralogy and smoothness of the rock joint. 

According to Barton(1973), most smooth polished surfaces are unaffected 

or increase in shear strength when wet, whereas most natural rough joint surfaces 

exhibit a reduction in strength. Jaeger(1959) indicated that if the surfaces are satu

rated, slickensides will more easily be developed across powdered shear debris, hence 

the shear strength tends to decrease. Barton(1973) suggested that the reduction 

in residual strength due to water is less pronounced. This was proved by Coul-

son( 1970,1972) during the measurement of the residual strengths of sand-blasted 

surfaces in which a general 5 to 10% decrease in residual strength was observed. 

In summary, water appears to have an adverse effect on the shear strength 

of rock joints. Besides the reduction in the effective normal stress due to water 

pressure, water reduces the compressive and tensile strengths of rock. All these 

effects in turn reduce the shear strength of rock joints. 

2.6 The Effect of Shearing Rate on the Shear Strength of Rock Joints 

In a shear test, the shearing rate should be chosen considering the way in which the 

results are to be used. In the study of rock joint shear behavior, Schneider(1978) 

noticed that the shear strength of the joint is rate-dependent. Schneider(1978) con

ducted shear tests on Opalinus clay and found that there is a distinct increase in 

frictional resistance with increasing shearing rate. He also found a linear relation

ship between shear resistance and the logarithm of shearing rate. The influence of 

shearing rate increases with increasing normal stress. 

Crawford and Curran(1981) conducted a series of shear tests on artificial 
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(sawn) joints to investigate the influence of shear rate on the frictional resistance 

of rock. In Crawford and Curran's tests, joints of different rock types were tested 

including syenite, dolomite, sandstone and granite, etc. The test results indicated 

that (1) the frictional resistance of a rock surface can be significantly influenced by 

the rate of displacement, (2) the magnitude of the rate effect depends on the rock 

type and normal stress. In general, the frictional resistance was found to decrease 

with increasing shearing rate for harder rocks; whereas, the resistance was found 

to increase with increasing shearing rate for softer rocks. The relation between the 

rate-dependent behavior and normal stress was found to be proportional. 

v,.The rate-dependent behavior is important in engineering practice, including 

the study of long time periods (e.g. the creep of rock slope) and short time periods 

(e.g. blasting). Several research results had been proposed. However, there are 

many engineering problems relating to the rate-dependent behavior of rock joints. 

Therefore, further investigation is necessary in the future. 

2.7 Summary 

In summary, the dilation of rock joints varies with normal stress, joint surface 

roughness and sample sizes. Factors, including joint surface roughness , sample 

size, water and shearing rate, have an influence on the shear behavior of rock joints. 

Linear and non-linear shear failure criteria produce different fits on the experimental 

data. These theories will be demonstrated in the direct shear tests in this study. 
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CHAPTER 3 

LABORATORY SHEAR TEST APPARATUS AND PROCEDURES 

3.1 Introduction 

The objective of the laboratory shear tests in this study is to investigate the follow

ing topics: (1) joint dilatant behavior during shearing and the factors influencing 

this behavior, (2) the effect of roughness on joint properties, (3) the effect of scale 

on joint properties, (4) joint shear failure criteria including linear and non-linear 

models, (5) the effect of water on the shear strength and (6) the effect of shear

ing rate on the shear strength. In this study, different types of joints were used 

including large scale and small scale, and natural and laboratory induced joints. 

3.2 Shear Test Apparatus 

In this study, two direct shear machines were employed: Wykeham Farrance 25502 

and 25302 direct shear machines. The schematic diagram of the test apparatus is 

shown in Figure 3.1. The apparatus of WF 25502 and 25302 direct shear machine 

are also shown in Appendix A. 

3.2.1 Wykeham Farrance 25502 Direct Shear Machine 

The Wykeham Farrance 25502 direct shear machine is designed for large scale tests. 

The test apparatus comprises the following components: 
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(a) a hydraulic vertical loading system to apply normal load. This machine 

is designed to ensure that the normal load is uniformly distributed over the shear 

plane through the loading yoke. 

(b) a gear-drive horizontal loading system attached with a set of various 

diameter gears for speed adjustment. This system provides a constant rate of dis

placement and both forward and reverse shearing direction. 

(c) a pressure gauge on the vertical loading system to monitor the output of 

the normal load. 

(d) a proving ring connected with the upper shear box through the horizontal 

tension bars to measure the shear force. The shear force originates from the gear-

drive loading system, which drives the lower shear box, then transmits the shear 

force through the shear plane to the upper shear box. 

(e) a dial gauge installed on the loading yoke to monitor the vertical dis

placement of the upper sample. 

(f) both a dial gauge and a LVDT(Linear Variable Differential Transformer) 

installed on the lower shear box to monitor the relative movement of the lower and 

the upper shear box. 

3.2.2 Wykeham Farrance 25302 Direct Shear Machine 

The experimental arrangement is similar to WF 25502 direct shear machine, except 

as follows: 

1) the vertical load is imposed by a set of weights, not a hydraulic ram. 

2) the shear load is measured by a load cell connected to a data aquisition 



43 

NORMAL IDAO SYSTEM 

TEST HORIZONTAL 

SPECIMEN CARRIER 

LOW fRICTlOM SYSTEM 

Figure 3.1: Schematic diagram of direct shear machine(after Brown, 1981). 
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box. 

In addition, for both WF25502 and WF25302, the shear displacement and 

shear load data can be recorded by a data aquisition box connected to an IBM 

PC or by reading the dial gauge at regular intervals of movement. But vertical 

displacement can be recored using a dial gauge only. 

3.3 Experimental Procedures 

3.3.1 Collection of Samples 

In this study, the samples of welded tuff were collected from Superior Arizona. 

The most important aspect for the collection of samples is to ensure undisturbed 

samples. 

3.3.2 Sample Preparation 

1) Various types and sizes of samples were prepared including: natural and tension 

fractured joints, large sized(about 30 to 40 square inches) and small sized(about 

3 to 5 square inches) samples(see Appendix B). Some samples were obtained from 

drilled cores and others from trimmed blocks. A total of 10 natural joint samples 

were prepared using a 6 inch and 2 inch diameter core drill, rock saw, hammer 

and chisel. For the two machine induced joints, the Enerpac(single speed hand) 

pump and piston(RC-102) were used for 2 inch cores and Versa-Tester compression 

machine was used for 6 inch cores. 

2) In this study Barton's(1977) standard roughness profiles and the corre

sponding JRC values were employed to describe joint morphology. For each spec

imen, three profiles were measured, and the corresponding JRC value(by visually 
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comparing to Barton's standard profiles) was recorded(see Appendix C) 

3.3.3 Sample Casting 

Different casting device were employed for large and small samples. Large sam-

ples(tested in WF25502) were cast in a metallic mold by using cement mix as 

the encapsulating material. For easily separating encapsulated samples from the 

metallic mold, the interior surface of the mold was coated with oil. To prevent 

joint-plane-to-cement, or cement-to-cement contact during the shearing process, a 

zone of at least 2 cm on both sides of the joint plane were left free from cement 

encapsulation. At least 4 cm clearance was maintained by filling with dry sand after 

casting the lower block, with the upper half sample properly aligned on the lower 

half sample. The remaining cement mix was poured into the mold until the upper 

sample was covered. Care was taken to ensure that the test joint plane was kept 

horizontal to coincide with the shearing direction. The cement slurry was carefully 

flattened so that the normal load could be uniformly distributed over the upper 

half sample. After curing for one day inside the mold, these two half blocks were 

separated and exposed to air for further curing. Additional care was needed to 

protect the joint plane from disturbance during curing. 

Small samples(tested in WF25302) were cast in a similar manner. A set(two 

halves) of acrylic molds and a clean metallic plate were prepared. The lower half 

sample was placed in the mold and the encapsulating material was poured in. A 

quick-setting cement e.g. F-101 Bolt Anchor Sulfaset was used for the encapsulation. 

About 1 cm clearance along the joint plane was maintained. The joint plane was 

kept horizontal. After the upper half sample was cast, the sample was cured for 

one hour. 
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3.3.4 Testing 

The experimental procedures of the WF25502 and WF25302 direct shear machine 

are similar. The sample was mounted in the shear box, all gauges were checked 

and the initial readings were recorded. The normal load was raised to the necessary 

value. Different normal loads were applied for each sample in an increasing sequence. 

During testing, the vertical and horizontal displacements were recorded at a regular 

interval, every 0.1 inch movement for the WF25502 direct shear machine and 0.5 

mm for the WF 25302 direct shear machine. The shear forces were recorded at 

the same time. These data were also automatically recorded in the data aquisition 

box and transmitted to the IBM PC. In this study, both dry and wet samples were 

tested. Herein, dry samples were air dried, whereas wet samples were those which 

were immersed in water for several days. Care should be taken to ensure that the 

cast fits accurately in the shear box to prevent rotating and tilting of the upper 

sample. 

The samples were sheared at a constant shearing rate of 0.03 in/min in the 

WF25502 and 0.01 in/min in the WF25302 direct shear machine. In the shearing 

rate test, however, a sequence of increasing and decreasing shearing rates were used. 

A maximum shear displacement of 2 inches in the WF25502 and of 10 mm in the 

WF25302 direct shear machine were used. 

After each shearing, the sample was inspected for breakage. Then the shear 

surfaces were traced and accordingly the normal load was calculated for next test. 

Then the sample was returned to its initial position. The primary reason 

for repositioning the sample was to study the influence of multiple shearing on the 

same surface. Care should be taken in the reposition process to prevent surface 

disturbance. After repositioning, the next normal load was applied and the test 

was performed in the same manner. 
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In the test designed to study the effect of water, the whole sample was 

immersed in water. After each shearing, the sample was exposed to air until the 

surface was dry enough to be traced. The sample was immersed in water again for 

several minutes to ensure the tested surface was completely wet. 

In the test of the effect of shearing rate , a sequence of increasing or decreasing 

shearing rates were used. The details will be discussed in Section 4.6. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Dilatant Behavior of Rock Joints 

The dilatant behavior of rock joints during shearing may be rated as the most 

important property of joints. The dilatant behavior is dominated by the joint 

surface roughness and normal stress. 

The dilation of the joint in the direct shear test was recored by the vertical 

dial gauge, which was used to monitor the relative normal displacement between 

the top and bottom half sample during the shearing process. 

The dilatant behavior can be shown by dilation curves, which illustrate the 

relation between normal and shear displacement. The test results are shown in 

Figures 4.1 to 4.10. The main shearing events can be illustrated by dilation curves. 

From a microscope point of view, when major asperities come into contact, dilation 

begins. Then dilation and shear resistance rapidly increase. When peak shear 

resistance occurs, the dilation rate reaches a maximum. With gradual dilation, the 

asperities come into contact at their tips. When the work required for asperities to 

dilate against the normal force exceeds the work required to shear through the tips of 

the asperties, the tips fail through shear, and the dilation rate decreases. Sometimes, 

tensile failure occurs at some bigger asperities, the dilation drops abruptly and a 

clear fracture noise can be heard; this usually occurs at the first shearing (see Figure 

4.5, first curve). 
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Figure 4.1: Normal/shear displacement curves for sample LSSl. 
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Figure 4.2: Normal/shear displacement curves for sample LSS2. 
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Figure 4.3: Normal/shear displacement curves for sample LSS3. 
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Figure 4.4: Normal/shear displacement curves for sample Scalel. 
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Figure 4.5: Normal/shear displacement curves for sample Scale2. 
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Figure 4.6: Normal/sheax displacement curves for sample Scale3. 
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-200 
10.0 8.0 0.0 2.0 4.0 

Shear Displacement (mm) 
6.0 12.0 

Figure 4.7: Normal/shear displacement curves for sample Waterl. 
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Sample : Water3 Normal Load: 
1. 10 kg/ B psi 
2. 60 kg/ 50 psi 
3.120 kg/100 psi 
4.1 BO kg/150 psi 
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Figure 4.9: Normal/shear displacement curves for sample Water3. 
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Figure 4.10: Normal/shear displacement curves for sample MSSl. 
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Figure 4.11: Shear strength/displacement and normal/shear displacement curves 
for sample LSS1, at 150 psi normal stress. 
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Figure 4.12: Shear strength/displacement and normal/shear displacement curves 
for sample LSS2, at 150 psi normal stress. 
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4.1.1 Contractant Behavior During Early Stages of Shearing 

Prom the test results, Figures 4.1 to 4.10, almost all of the samples show the con

tractant behavior at the initiation of shearing. This may be caused by the initial 

mismatch of the top and bottom of the samples. Immediately after starting, the 

two halves readjust and contraction occurs. The contractant behavior is more pro

nounced at large scale tests. 

4.1.2 Peak Dilation Angle 

The dilation angle can be expressed as the ratio of normal to shear displacement, 

i.e. dn = tan~1(Au/Av), where rfn=dilation angle, Au=shear displacement and 

Au=normal displacement. The peak dilation angle was obtained from the maximum 

slope of the dilation curves(see Figures 4.1 to 4.10). Generally, the maximum slope 

in the dilation curve occurs simultaneously with the peak shear strength during the 

shearing process. That is, the peak dilation angle coincides with the peak shear 

resistance. This is shown in the plot of shear stress and normal displacement vs. 

shear displacement, for instance in sample LSSl and LSS2 (Figures 4.11 and 4.12). 

It should be noticed that, in Figures 4.11 and 4.12, the shear stress takes into account 

the contact area(adjusted with the shear displacement). The peak dilation angle is 

mainly dominated by the surface roughness of the joint. Generally, the laboratory 

fractured joint has a larger peak dilation angle than the natural joint(compare 

Figures 4.11 and 4.12). Theoretically, the peak dilation angle for small scale sample 

is larger than that for large scale sample if these two scale samples have similar 

surface roughness. The cause is that on the small joint surface, the smaller steep 

asperities dominate the dilatant behavior, whereas on the large joint surface, the 

larger and gently inclined asperities dominate. This can be seen as a scale effect. 

In addition, the peak dilation angle varies with the applied normal stress. 
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4.1.3 Dilatant Behavior and Normal Stress 

Besides the roughness of the joint surface, the applied normal stress also influences 

the dilatant behavior of rock joints. In Figures 4.1 to 4.10, the dilation curves 

are shown corresponding to the applied normal stresses. These figures indicate 

that dilation decreases with increasing normal stress. The decrease of dilation 

is not proportional to the applied normal stress. In Figure 4.2, for example, at 

1.6 inch shear displacement, there is a dilation of 46xl0-3 inch at 100 psi normal 

stress, 30xl0-3 inch at 150 psi normal stress, 19xl0-3 inch at 200 psi normal stress, 

15xl0-3 inch at 250 psi normal stress and 14xl0-3 inch at 300 psi normal stress. The 

decrease of the dilation decreases from 16xl0-3 inch between the first and second 

curve down to lxlO-3 inch between the fourth and fifth curve. If the dilations were 

plotted with respect to normal stresses, there is a non-linear relation between these 

two variables(see Figure 4.13). 

The peak dilation angle, or the maximum slope angle in the dilation curve, 

varies with the applied normal load. Figures 4.1 to 4.10 show that the larger the 

normal load, the smaller the maximum slope angle. That is, the peak dilation angles 

decrease with increasing normal load. Besides the normal load, the effect of wear 

should also be responsible for the decrease of the peak dilation angle. The peak 

dilation angle usually appears at the early stage of shearing. Barton et al.(19Sl) 

indicated that the frictional resistance of the joint is comprised of the basic (or 

residual) frictional component and the roughness component, where the roughness 

component consists of the asperity failure component and geometrical component. 

From the geometrical consideration, at the early stage of shearing, the effect of wear 

on the contacted asperities is small enough to be ignored (compare to geometrical 

component); the frictional resistance is mainly comprised of the basic (residual) fric

tional component and geometrical component, where the geometrical component is 

represented by the peak dilation angle. The basic frictional component is constant 
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Sample : LSS2 
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Figure 4.13: The relation between dilation and normal stress for sample LSS2, at 
1.6 inch shear displacement. 
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and the peak dilation angle decreases with increasing normal stress, hence the co

efficient of friction decreases with increasing normal stress. Herein the coefficient 

of friction is the ratio of peak shear stress to normal stress. That is, the rate of 

increase of the peak shear stress is less than that of the normal stress. This may 

explain why the peak strength envelope is curved. The non-linear behavior of the 

strength envelope will be discussed in Section 4.3. 

As previously mentioned, the peak dilation angle coincides with peak shear 

strength; the shear displacement, at which the peak dilation angle occurs, is called 

peak shear displacement. The peak shear displacement increases with increasing 

normal stress. This is roughly shown in Figures 4.1 to 4.10. 

4.1.4 Contractant Behavior During Late Stages of Shearing 

Contractant behavior is shown by the negative dial gauge readings. Contraction 

often occurs at the later stage of shearing, especially in the large scale tests. The 

cause of the contraction is still not understood. The tilt of top of the sample at 

the later stage of shearing may be one of the reasons. The contractant behavior is 

also affected by normal stress. With increasing normal load, the dilation curve will 

gradually transit from dilation to contraction, this phenomenon appears in all of 

the large scale samples (see Figures 4.1, 4.2, 4.3, 4.6). In these figures, it also can 

be found that, when the applied normal load is laxger, the joint needs less shear 

displacement to reach contraction. That is, the larger the normal load the earlier 

the joint contracts. During the shearing process, it was noticed that most of the 

samples, which showed contractant behavior, also showed tilting. This suggests that 

the tilt of the top of the sample may cause the contractant behavior. From the test 

results, it was observed that the contractant behavior occured in all of the large 

scale tests. In the large scale tests, the average sample length was about 6 inches, 

the maximum shear displacement was 2 inches; that is, the center of the sample 
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moved almost one third of the length of the sample. The normal load, therefore, 

may not be uniformly distributed on the shearing surface. This shear displacement 

is too large compared to the sample size. In the small scale tests, the sample length 

ranged from 25 mm to 60 mm, and the shear displacement ranged from 4 mm to 

10 mm. That is, the center of the sample moved only about one sixth of the length 

of the sample. In the small scale tests, only a few samples showed slight tilting . 

4.1.5 Dilatant Behavior and Roughness of the Joint Surface 

The dilatant behavior is dominated by roughness of the joint surface. The rougher 

the joint surface, the larger the dilation. Generally, the joint fractured in the labora

tory is rougher than natural joints. Therefore, the laboratory fractured joint should 

have a larger dilation during shearing. In Figures 4.1, 4.2, 4.3, 4.6, the maximum 

dilation at 100 psi normal load, for sample LSSl (a laboratory fractured joint) is 

0.118 inch, whereas dilations for the natural joints (LSS2, LSS3 and Scale3) are 

0.047, 0.038 and 0.047 inch respectively. Dilation in laboratory fractures is almost 

three times that in natural joints. 

4.1.6 Peak Dilation Angle and Peak Shear Strength 

As mentioned previously, the shear strength mainly comprises the geometrical and 

basic frictional component. The basic frictional component is constant for the same 

type (rock type) of joint. Therefore the geometrical component determines the shear 

strength. The geometrical component can be represented by the peak dilation angle. 

Hence, the peak dilation angle controls the shear strength. In Table 4.4 (see Section 

4.4), three different sized joints are compared. These three samples were prepared 

from the same joint plane, it therefore can be assumed that they have the same 

basic frictional component. The peak dilation angles for samples Scalel, Scale2 
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and Scale3 at 50 psi normal stress are 28°, 25° and 11°, whereas their peak shear 

strengths are 104.5, 92.4 and 77.5 psi respectively. It therefore can be concluded 

that as the peak dilation angle increases, so does peak shear strength. Generally, 

the rougher joints have a larger peak dilation angle and a larger peak shear strength. 

This conclusion is even valid for different rock types as long as rock have similar 

joint wall strength (depends on rock type and weathering condition). One exception, 

between sample LSS1 and LSS2 (see Table 4.1 and 4.2, Section 4.2), was observed. 

Sample LSSl is a laboratory fractured joint (JRC=8-10), sample LSS2 is a natural 

joint (JRC=6-8). Sample LSSl has a higher peak dilation angles than LSS2. But, 

after 250 psi normal stress, Sample LSS2 has a higher peak shear strength than 

LSSl. This result is contrary to the above conclusion. The cause of this abnormal 

result is still not understood. One possibility is that, before shearing, sample LSS2 

had been loaded up to 700 psi to observe the variation of normal deformation with 

respect to normal stresses, then unloaded to 100 psi to start shearing. This may 

have over consolidated sample LSS2 and led to this abnormal result. 

4.2 Joint Surface Roughness 

The surface roughness plays an important part in rock joint shear behavior , because 

rougher joints produce larger peak dilation angles and larger peak shear strengths. 

The roughness of joints depends on the mode of origin and the mineralogy of the 

rock. In this study, the samples came from the same location, some joints are 

natural , some joints were induced in the laboratory. In general, the laboratory 

fractured joints are rougher than natural joints. 
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4.2.1 Measurement of Surface Roughness 

The surface roughness of joints can be measured by a styrus instrument. In this 

study, the roughness profiles were used as a reference, because, due to a lack of 

the styrus instrument, the roughness profiles were manually drawn from the joint 

surface. From these three profiles, Barton's standard profiles were employed to 

quantify the roughness. These profiles and the obtained JRC values are included in 

Appendix C. It should be noted that the roughness profiles of samples LSSl, LSS2 

and MSSl were measured after shearing, therefore their JRC values were arbitrarily 

adjusted 1 or 2 grade higher. 

4.2.2 Surface Roughness and Shear Strength 

In this section, four large scale and two small scale samples are compared. Except 

for sample LSSl, all joints are natural joints. Besides the JRC values, these samples 

can also be described from a macroscopic and microscopic point of view. From a 

macroscopic point of view, sample LSSl, LSS3 and Scale3 are moderately undu

lating; sample LSS2 is slightly undulating; sample MSSl and Waterl are planar. 

From a microscopic point of view, sample LSSl is roughest; sample LSS2, LSS3 

and Scale3 are moderately rough; sample Waterl is slightly rough; sample MSSl is 

smooth. 

The JRC values and the peak shear strengths of the samples are listed in 

Table 4.1. Due to the scale effect, the large and small scale samples will be discussed 

separately. In Table 4.1. the peak shear strengths, except where not available, are 

listed at 100, 150, 200, 250 and 300 psi normal stress. The weathering condition of 

the samples is also included in the table. A review of Table 4.1 leads to following 

conclusions. 
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Table 4.1: Joint roughness and shear strength 

Sample Weathering JRC 
100 150 

r 
200 250 300 

Number Condition (psi) (psi) (psi) (psi) (psi) 
LSSl F 8-10 186 199 219 236 249 
LSS2 F-S.W. 6-8 134 170 206 237 276 
LSS3 S.W. 6-8 104 141 176 215 238 

Scale3 S.W. 6-8 114 150 175 207 211 
Water 1 F 3-5 130 172 215 

MSS1 F 1-3 101 196 255 

Where r(100) = shear stress at 100 psi normal stress, 
F = Fresh 
S.W. = Slightly Weathered 

1) The rougher the joint surface, the greater the shear strength. Both large 

and small scale samples follow this trend. One exception is observed in samples 

LSSl and LSS2 at 250 and 300 psi normal stress. This is explained in Section 4.1.6. 

2) The effect of roughness on shear strength decreases with increasing normal 

stress. The wear has an influence on this effect. Shearing destroys the surface 

roughness, and it is possible that destruction is more serious for rougher joints. After 

numerous shearing cycles, the samples become flat and the roughness is eliminated. 

At this stage, the residual shear strength is reached. 

3) The scale effect may exist between the small and large samples. This 

effect is postulated, because the small, smooth samples have almost the same shear 

strength as do large, rough samples. 

4) Weathering also influences rock joint shear strength. For example, at low 

normal loads, the effect of weathering is greatest. At high normal load, the outside 

weathered surface is sheared off, eliminating the weathering factor and reducing the 

strength difference between the original fresh and weathered joint. 
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5) Roughness may increase the strength difference between joints having 

different joint wall strengths. In general, the difference of the shear strength between 

a rough-strong and a rough-weak joint is larger than that between a smooth-strong 

and a smooth-weak joint. 

4.2.3 Surface Roughness and Peak Dilation Angle 

Dilatant behavior is caused by surface roughness. In this section, the same joints 

treated previously will be studied to determine peak dilation angle. Test results are 

listed in Table 4.2. In this table, the peak dilation angles are listed at the same 

sequence of normal stresses. Conclusions regcirding the relation between roughness 

and peak dilation angle can be expressed as follows. 

1) The rougher the joint surface, the larger the peak dilation angle. Basically, 

both large and small scale samples follow this trend. There are some irregularities. 

For example, the sample Scale3 has a low peak dilation angle at 100 psi normal 

stress, and sample LSS2 has a abnormally high peak dilation angles at 250 and 300 

psi normal stresses. The reason for the former irregularity may be that a special 

shearing event was occuring, e.g. asperity fracturing or crushing. For the latter 

irregularity, although it seems unreasonable, overloading before shearing may have 

caused this abnormal behavior. 

2) The effect of roughness on the peak dilation angle decreases with increas

ing normal stress. For instance, in sample LSSl and Scale3, the difference in the 

peak dilation angle decreases from 17.5° to 13.1° with normal stress increasing from 

100 to 300 psi. There are many irregularities, and this suggests that the relation be

tween surface roughness and dilatant behavior is more complicated than the relation 

between shear strength and surface roughness. 

3) Sample scale also affects the measured peak dilation angle. For instance, 
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Table 4.2: Joint roughness and peak dilation angle 

Sample Weathering JRC 
100 150 

dn 

200 250 300 
Number Condition (°) (°) (°) (°) (°) 

LSS1 F 8-10 26.6 22.9 22.8 18.9 17.7 
LSS2 S.W. 6-8 12.4 6.8 6.8 13.5 11.3 
LSS3 S.W. 6-8 13.5 13.5 15.6 6.3 6.8 

Scale3 S.W. 6-8 9.1 10.2 9.1 5.7 4.6 
Waterl F 3-5 15.0 14.1 15.6 - -

MSS1 F 1-3 4.9 - 5.9 - 4.8 

Where dn(ioo) = peak dilation angle at 100 psi normal stress. 

the small smooth sample, Waterl, has a higher peak dilation angle than do large 

scale samples LSS2, LSS3 and Scale3. Even when the weathering condition is taken 

into account, it still can not make up this difference. In addition, it should be noticed 

that sample LSS3 generally has a higher peak dilation angle than Scale3, but these 

two samples have similar JRC values and weathering conditions. One possibility is 

that either the JRC values or the weathering conditions were incorrectly estimated 

for these two samples. 

4.2.4 Surface Roughness and Shear Strength/Displacement Curve, and 

Surface Roughness and Normal/Shear Displacement Curve 

The difference between rough and smooth joints can be distinguished from their 

roughness profiles. The roughness difference between the rough and smooth joints 

can be quantitatively defined by their JRC values. The rough joints have high JRC 

values, whereas smooth joints have low JRC values. If the JRC value is missing, the 

distinction can be made using the shear strength/diplacement and normal/shear dis-
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placement curves. The rough and smooth joints show distinctly different character

istics on their shear strength/displacement and normal/shear displacement curves. 

The relations between surface roughness and shear strength/displacement curve, 

and surface roughness and normal/shear displacement curve will be discussed as 

follows. 

I. Roughness and shear strength/displacement curve 

In this section, the same samples will be investigated. Shear strength/displacement 

curves for these samples axe shown in Figures 4.14 to 4.23. From these figures, the 

following characteristics are observed: 

1) The rougher the joint surface, the stronger the fluctuation in the curve. For 

instance, for the roughest joint, sample LSS1, a sequence of highs and lows appear 

in the curves. Although curves for the moderately rough joints, samples LSS2, LSS3 

and Scale3, may have similar waviness, the fluctuation is much weaker than that 

appearing in sample LSSl. For the slightly rough sample, Waterl, the waviness 

and fluctuation is much weaker than that appearing in the former cases. For the 

smoothest joint, sample MSSl, the curves are smooth and planar. In addition, if 

the curves of samples LSS3 and Scale3 are compared, it can be observed that the 

curves of sample LSS3 are indeed wavier and more fluctuating than those of sample 

Scale3. This may indicate that sample LSS3 is actually a little rougher than Scale3, 

although their roughness profiles look alike. That is, sample LSS3 should have a 

higher shear strength than sample Scale3. But from Table 4.1, sample LSS3 has a 

lower shear strength at 100 and 150 psi normal stresses and a higher shear strength 

at 200, 250 and 300 psi normal stresses than does sample Scale3. This indicates 

that, when two joints having similar surface characteristics are compared, some 

unexpected results may appear. This is because there are some minor factors that 

are not taken into account or Eire incorrectly estimated. These factors include degree 

of weathering , water content, shearing rate, scale effect, etc. Another possibility is 
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Figure 4.14: Shear strength/displacement curves for sample LSSl. 
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Figure 4.15: Shear strenght/displacement curves for sample LSS2. 
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Figure 4.16: Shear strength/displacement curves for sample LSS3. 
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Figure 4.17: Shear strength/displacement curves for sample Scalel. 



76 

1000 
Normal Load: 

1. 10 kg/ 7 psi 
2. 80 kg/ SO psl 
3.150 kg/100 psl 
4.230 kg/150 pi! 
5.300 kg/200 psi 
6.360 kg/250 psl 
7.430 kg/300 psi 

Sample : Scalez 

800-

w 400 

i i ii M | i i i i i i i i 
0.2 0.3 0.4 

Shear Displacement (in) 

Figure 4.18: Shear strength/displacement curves for sample Scale2. 
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Figure 4.19: Shear strength/displacement curves for sample Scale3. 
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Figure 4.20: Shear strength/displacement curves for sample Waterl. 
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Figure 4.21: Shear strength/displacement curves for sample Water2. 
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Figure 4.22: Shear strength/displacement curves for sample Water3. 
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Figure 4.23: Shear strength/displacement curves for sample MSSl. 
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experimental error. 

2) The rougher the joint surface, the greater the difference of strength be

tween the peak and ultimate shear strength. This can be observed in the shear 

strength/displacement curve. For the roughest joint, sample LSSl, the curves 

sharply decline after the peak shear strength is reached. For samples LSS2, LSS3, 

Scale3 and Waterl, the declination of the curves after the peak is less steep. For 

the smoothest sample MSS1, there is almost no decrease in strength between the 

peak and ultimate point; that is, the curve stays horizontal. 

II. Roughness and normal/shear displacement curve 

The normal/shear displacement curves (dilation curves) are shown in Figures 

4.1 to 4.10. From these figures, the following characteristics can be observed. The 

rougher the joint surface, the larger the maximum dilation. Both small and large 

scale samples follow this trend. For small scale samples, it should be noticed that 

sample Waterl has only 4.5 mm shear displacement at 200 psi normal stress, it 

obviously did not reach its maximum dilation. Waterl should, however, have a 

larger maximum dilation than MSSl. Sample LSSl, a large scale sample, has a 

much larger maximum dilation, about three times larger than other larger scale 

samples. Sample LSS2 and Scale3 have similar maximum dilations at lower normal 

load; at high normal loads, sample Scale3 tilted, it thereby has smaller maximum 

dilation. At 300 psi normal stress, sample Scale3 severely tilted and may have stock 

on the holding frame, it therefore displays an abnormal dilation curve. Sample LSS3 

has a little smaller maximum dilation than sample LSS2 and Scale3, although they 

have similar surface roughness. The cause of this difference is still not understood. 
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4.3 Joint Shear Failure Criteria 

Shear failure criteria are used to relate the shear stress to applied normal stress; 

where the shear and normal stresses are two variables obtained from the direct 

shear test. The normal stress is the dependent variable and the shear stress is 

the independent variable. After the direct shear testing, linear and non-linear shear 

failure models are employed to model the experimental data to obtain shear strength 

parameters, which can be employed in engineering design practice. 

In Chapter 2, Coulomb's linear criterion, Archard's power law, Patton's bi

linear model, Jaeger's non-linear equation, and Ladanyi and Archambault's and 

Barton's empirical formula are presented. Among these models, the Ladanyi and 

Archambault's, and Barton's empirical formula require some parameters that can 

not be obtained by conducting only a direct shear test. They therefore can not 

be used here. The attempt in this section is to compare the fit between the linear 

and non-linear models. The Coulomb's linear criterion will be employed. For the 

non-linear model, the Archard's power law is chosen. 

4.3.1 Linear Shear Failure Criterion-Coulomb's law 

The Coulomb's law states that the shear resistance of a rock joint results from the 

cohesion of the material plus a constant times the normal stress across the joint 

surface. It can be expressed as the mathematical relation 

T = c + fiar 

or 
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r = c + atan<j> 

where 

r = shear resistance, 

c = cohesion intercept, 

H = a constant, coefficient of friction, and 

4> = friction angle. 

In this study, for the convenience of comparison, the coefficient of friction,^, 

is expressed as the tangent of the friction angle,<f>. The cohesion intercept and the 

friction angle can be obtained from a linear regression of the experimental data. 

Test results using the same suite of joint samples are shown in Figures 4.24 to 

4.29. In these figures, both the peak and residual strength envelopes are shown. 

Their mathematical expressions are also displayed in the figure, where Y=shear 

strength=r, X=normal stress=<7 and the constant term=cohesion intercept. From 

these figures, the following characteristics are observed: 

1) The residual strength envelope has a small cohesion intercept. Therefore 

the relation between residual shear stress and normal stress can be estimated as 

rr=i7tan<^r, where rr=residual strength and <^r=residual angle of friction. It should 

be noticed that the residual friction angles of the small, smooth samples (Waterl 

and MSS1) show about 10 degrees larger than those of the large, rough samples 

(LSSl, LSS2, LSS3, Scale3). That is, the residual shear strength of the small scale 

samples are larger than those of the large scale samples. This may be attributed to 

the scale effect. 

2) The peak strength envelopes have a higher friction angles than do the 
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residual strength envelopes. One exception is shown in sample LSS1. This envelope 

shows extremely large cohesion intercept and abnormally low frition single (only 18 

degrees). 

3) The peak strength envelope can be expressed by the relation, rp = c + 

<rtan{<j>r + i) , where rp=peak shear strength, c=cohesion intercept, <^r=residual 

friction angle and i=roughness angle=the difference of the slope angle between peak 

and residual envelope. The peak strength envelopes of the small, smooth samples 

have a little higher slope angles than those of the large, rough samples. But the 

roughness angle i of the small, smooth samples are generally smaller than those of 

the large, rough samples. 

4) If the peak strength envelope is adjusted to fit at higher normal stresses, 

say above 200 psi, and at lower normal stresses, say below 100 psi, two new strength 

envelopes will be obtained. For instance, sample Scale3 is adjusted in Figure 4.30. 

At high normal stresses, the strength envelope has a similar slope angle as the resid

ual strength envelope, but at low normal stresses, the strength envelope has a higher 

slope angle than the residual strength envelope and a small cohesion intercept. It 

should be noticed that, in Figure 4.30, only the peak strength envelope is refitted, 

whereas the residual strength envelope is fitted in the whole range of normal stresses 

(from 100 to 300 psi). The peak strength envelope at high normal stresses can be 

expressed by the relation, T=c+<7tan<^r, whereas at low normal stresses, the enve

lope can be formulated as r=crtan(<^r+i). Herein, the c and i values are larger than 

those shown in observation 3). This method (from Patton's bi-linear model) gives 

a better description for the relation between peak shear stress and normal stress. 

It reflects the curved characteristics of the real peak strength envelope. 

In summary, the peak strength envelopes of the smooth joints and the resid

ual strength envelopes of the smooth and rough joints generally appear nearly linear. 

Therefore, the Coulomb's linear criterion fits well. Coulomb's law, however, can not 
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Figure 4.24: The relation between (peak and residual) shear and normal stress fox-
sample LSSl (linear fit). 
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Figure 4.25: The relation between (peak and residual) shear and normal stress for 
sample LSS2 (linear fit). 
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Figure 4.26: The relation between (peak and residual) shear and normal stress for 
sample LSS3 (linear fit). 



89 

400 
Sample : Scale3 1 Peak strength envelope 

2 Residual strength envelope 
* Linear fit 

300- 0.632367X + 41.4966 
0.438227X + 7.4648 

H 200" 

100" 

T~r 
0 100 200 300 400 

Normal Stress (psi) 

Figure 4.27: The relation between (peak and residual) shear and normal stress for 
sample Scale3 (linear fit). 
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Figure 4.28: The relation between (peak and residual) shear and normal stress for 
sample Waterl (linear fit). 
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sample MSS1 (linear fit). 
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avoid the use of cohesion intercept at low normal stress levels, which has proved 

to be inadequate in engineering practice. Coulomb's law does work at high normal 

stress levels, and because of this, it is still employed at present. 

4.3.2 Non-Linear Shear Failure Criterion-Archard's Power Law 

The power law gives a better fit on the experimental data. The relation between 

shear stress and normal stress can be expressed by Archard's power law as 

T = HO<7M 

where fi0 and m are constants. 

In this section, the experimental data of the aforementioned samples are 

fitted by the power law. The results are shown in Figures 4.31 to 4.36. From 

Figures 4.31 to 4.36, the following relations can be found: 

1) For the peak strength envelope, the rougher the joint surface the larger 

the no value. For instance, for the large scale samples, the roughest joint LSSl has 

an extremely high /i0 value of 51.7; sample LSS2 has Ho value of 6.4; samples Scale3 

and LSS3 have /x0 values of 3.9 and 3.3. For the small scale samples, sample Waterl 

and the smooth joint MSSl have /zo values of 3.2 and 2.0. 

2) For the peak shear strength envelope, generally 2/3<m<l; the rougher 

the joint surface the smaller the m value. For the large scale samples(samples LSS2, 

Scale3 and LSS3), m values are 0.66,0.72 and 0.75 respectively, whereas the roughest 

joint LSSl has an extremely low m value of 0.27. For the small scale samples, sample 

Waterl has an m value of 0.80, and the smooth joint MSSl has an m value of 0.S6. 

3) For each sample, the (io value, for the residual strength envelope, is smaller 
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Figure 4.30: The relation between shear and normal stress for sample Scale3. The 
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Figure 4.31: The relation between (peak and residual) shear and normal stress for 
sample LSS1 (power law). 



95 

400 
Sample : LSS2 1. Peak strength envelope 

2. Residual strength envelope 
» Power law 

300-

1. Y 
2. Y 

x! #10421 * 6.40893 
= x*92'738 * 0.924485 

CO 
P4 

n m a> 
£ 200 
CO 

cd 
0) 

CO 

100-

i i i i i i i i i i i i i i i i i i i I i i i i i i i i i i i i i i i i i i i 
100 200 300 400 

Normal Stress (psi) 

Figure 4.32: The relation between (peak and residual) shear and normal stress for 
sample LSS2 (power law). 
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Figure 4.33: The relation between (peak and residual) shear and normal stress for 
sample LSS3 (power law). 
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Figure 4.34: The relation between (peak and residual) shear and normal stress for 
sample Scale3 (power law). 
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Figure 4.35: The relation between (peak and residual) shear and normal stress for 
sample Waterl (power law). 
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Figure 4.36: The relation between (peak and residual) shear and normal stress for 
sample MSS1 (power law). 
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than that for the peak strength envelope, and has the trend such that, the rougher 

the joint surface, the larger the decrease in the /z0 value, whereas the m value is 

larger than that of the peak strength envelope; and the rougher the joint surface, 

the larger the increase in the m value. Both large and small scale samples follow 

this trend. 

4)Generally, the //o and m values are more similar in the residual strength 

envelope than in the peak strength envelope. 

In general the Archard's power law gives a better fit on the experimental data 

than does Coulomb's law, especially in a wider range of normal stresses. This trend 

is shown by comparing the R2 values in Table 4.3. In Table 4.3, the R2 values for 

the samples fitted by power law are generally larger than those fitted by Coulomb's 

linear law. For some samples, e.g. LSSl and LSS2, the samples were tested only 

within a small range of normal stresses; the most important low normal stresses, in 

which the Coulomb's linear law can not be used, are lacking; hence the results do 

not clearly show the differences between the linear and non-linear models. It can 

be concluded that the power law is a better model than the Coulomb's law. It is 

simple and useful for the whole range of normal stresses. 

4.4 The Effect of Scale on the Shear Behavior of Rock Joints 

In this study, the real joints were used to study the effect of scale. Because of the 

limit of available suitable samples, only one set of joints, including one large, one 

medium and one small joint, were tested. This may lead one to the question whether 

this set of joints can be considered representative. It is indeed questionable, and 

these results should be considered as preliminary. 



Table 4.3: Parameters R2, //, c, m, fio of various samples 

Sample Peak or Linear or 

Number 
Residual 
Envelope 

Power 
Fit 

B? c m Co 

LSS1 Peak Linear 0.9950 0.33 152.62 — — 

Power 0.9828 — — 0.27 51.73 
Residual Linear 0.9998 0.58 6.98 — — 

Power 1.0000 — — 0.94 0.86 
LSS2 Peak Linear 0.9986 0.70 68.60 — — 

Power 0.9955 — — 0.66 6.41 
Residual Linear 0.9987 0.51 8.00 — — 

Power 0.9986 — — 0.92 0.92 
LSS3 Peak Linear 0.9710 0.73 27.65 — — 

Power 0.9744 — — 0.75 3.31 
Residual Linear 0.9970 0.62 -4.69 — — 

Power 0.9976 — — 1.06 0.43 
Scale3 Peak Linear 0.9491 0.63 41.50 — — 

Power 0.9666 — — 0.72 3.94 
Residual Linear 0.9633 0.44 7.46 — — 

Power 0.9771 — — 0.99 0.52 
Waterl Peak Linear 0.9899 1.02 17.65 — — 

Power 0.9996 — — 0.80 3.21 
Residual Linear 0.9949 0.84 -1.77 — — 

Power 0.9978 — — 0.95 1.06 
MSS1 Peak Linear 0.9821 0.77 30.00 — — 

Power 0.9911 — — 0.86 2.00 
Residual Linear 0.9674 0.66 27.00 — — 

Power 0.9825 — — 0.86 1.65 
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4.4.1 Experimental Procedures 

In this study, the joints were cut complying with the shape of the joint plane to 

minimize the waste. Before cutting the joint, each sample was oriented by marking 

an arrow on the joint surface to keep the same shearing direction. Three samples 

were prepared with sizes of 0.738, 3.384 and 32.68 in2, approximating the size ratio 

of 1:4:40. The roughness profiles were measured. After comparing their roughness 

profiles, it was found that the roughness of three samples were similar. Because 

these three samples were cut from the same joint plane, their similar surface char

acteristics (i.e. roughness and weathering condition) can be anticipated. This may 

support the representativeness of this set of joints. The large scale samples were 

tested in the Wykeham Faxrance 25502 direct shear machine and the smaller sam

ples were tested in the Wykeham Farrance 25302 direct shear machine. 

4.4.2 The Effect of Scale on the Peak Shear Strength 

The experimental results are shown in Figures 4.37 to 4.42 and Table 4.4. In 

these figures, it should be noticed that there are two peaks appearing in the shear 

strength/displacement curve for the small sample. This is caused by tilting of the 

small sample at a shear displacement of about 0.1 inch. The tilt of the top half of the 

sample caused the cement and holding frame to come into contact and consequently 

abnormal increase the shear strength. Therefore, only the first peak is the real peak 

shear strength. In Table 4.4, the sample sizes are shown by their ratio 1:4:40. The 

peak shear strength was given with the strength unit (psi) and the percentage is 

calculated using the peak shear strength of the small sample as 100 percent. From 

these figures and table, the following conclusions can be given: 

1) The peak shear strength decreases with increasing sample size. For in

stance, at 50 psi normal stress, the peak shear strength decreases from 105(100%), 
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Figure 4.37: Shear strength/displacement curves for different sized samples, at 50 
psi normal stress. 



104 

300 
0.738 in: 
3.384 in: 
32.6B in' 

Sample 

250 Normal Load : 100 psi 

200 

h 150 

100 

50 

0.4 0.6 
Shear Displacement (in) 

0.2 

Figure 4.38: Shear strength/displacement curves for different sized samples, at 100 
psi normal stress. 
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Figure 4.39: Sheax strength/displacement curves for different sized samples, at 150 
psi normal stress. 
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Figure 4.40: Shear strength/displacement curves for different sized samples, at 200 
psi normal stress. 
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Figure 4.41: Shear strength/displacement curves for different sized samples, at 250 
psi normal stress. 
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Figure 4.42: Shear strength/displacement curves for different sized samples, at 300 
psi normal stress. 
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92(88%) to 78(74%) psi with sample size increasing from 0.738(1 unit), 3.384(4 

units) to 32.68(40 units) in2. There is a 26 percent decrease in strength with sam

ple size increasing from 1 unit to 40 units. 

2) The scale effect on peak shear strength decreases with increasing normal 

stress. For instance, at 50 psi normal stress, there is 26 percent decrease in strength 

between small and large samples; whereas at 250 psi normal stress, there is only 14 

percent decrease. At 300 psi normal stress, the small sample has abnormally high 

peak shear strength, it thereby causes the unexpected large decrease in strength. 

4.4.3 The Effect of Scale on the Peak Dilation Angle 

The scale effect on peak dilation angle is shown in Table 4.4. From Table 4.4, it 

can be concluded that: 

1) The peak dilation angle decreases with increasing sample size. The de

crease for peak dilation angle with size is more pronounced than the size influence 

on peak shear strength. For instance, at 50 psi normal stress, the peak dilation 

angle decreases from 27 degrees to 11 degrees with increasing sample size from 1 

unit to 40 units. That is , there is an almost 60 percent decrease in the peak dilation 

angle between the small and large sample. 

2) The scale effect on peak dilation angle does not appear to correlate with 

normal stress. Table 4.4 shows that the decrease in the peak dilation angle is random 

within a certain range, and is not controlled by the normal stress. 
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Table 4.4: The effect of scale on joint parameters 

Normal Peak Shear Strength Peak Dilation Angle Peak Shear Displacement 
Stress (psi) (") (in) 

(psi) Small Medium Large Small Medium Large Small Medium Large 
1 4 40 1 4 40 1 4 40 

50 105 92 78 27 31 11 0.04 0.07 0.19 
100% 88% 74% 100% 115% 41% 100% 175% 475% 

100 150 131 114 31 26 9 0.04 0.07 0.20 
100% 87% 76% 100% 84% 29% 100% 175% 500% 

150 171 180 150 27 22 10 0.04 0.07 0.24 
100% 105% 87% 100% 81% 37% 100% 175% 600% 

200 225 210 175 24 20 9 0.04 0.08 0.37 
100% 93% 77% 100% 83% 38% 100% 200% 925% 

250 241 235 207 24 16 6 0.04 0.09 0.31 
100% 98% 86% 100% 67% 25% 100% 225% 775% 

300 314 255 212 12 14 5 0.04 0.18 0.37 
100% 81% 68% 100% 117% 42% 100% 450% 925% 

4.4.4 The Effect of Scale on the Peak Shear Displacement 

Peak shear displacement is defined as the shear displacement at which the peak 

shear strength occurs during the shearing process. From Figures 4.37 to 4.42 and 

Table 4.4, the following characteristics are found: 

1) The larger the sample size the larger the peak shear displacement. For 

instance, at 50 psi normal stress, the peak shear displacement increases from 0.04 

to 0.19 inch with sample size increasing from 0.758 to 32.68 in2. That is, the peak 

shear displacement of the large sample is about five times larger than that of the 

small sample. 

2) The scale effect on peak shear displacement increases with increasing 

normal stress. At 300 psi normal stress, the pealc shear displacement increases from 

0.04 to 0.37 inch for the small and large sample. The pealc shear displacement of 

the large sample is about nine times larger than that of the small sample. There 

is about a factor of four increase in the peak displacement ratio when the normal 
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stress is increased from 50 to 300 psi. 

4.4.5 The Effect of Scale on the Mode of Shear Failure 

There are two modes of shear failure, brittle and plastic. The brittle mode is char

acterized by a pronounced decrease in shear strength after the peak shear strength 

is reached. If there is no pronounced decrease in shear strength after the peak 

strength is reached, the mode of shear failure is termed plastic. Figures 4.37 to 4.42 

lead to the following conclusions. 

1) The mode of shear failure changes from brittle to plastic for samples 

increasing in size from 0.738 to 32.68 in2. This trend is pronounced at 300 psi 

normal stress. 

2) The scale effect on mode of shear failure increases with increasing normal 

stress. At 50 psi normal stress, the brittle shear failure describes all the small, 

medium and large samples. With increasing normal stress, the larger samples show 

a transition from brittle to plastic shear failure. The larger the sample size the more 

pronounced the transition. 

The scale effect may have an influence on the ultimate shear strength. Due 

to the abnormal rise in shear strength after 0.1 inch shear displacement for the 

small sample, the relation between scale effect and ultimate shear strength can not 

be observed. 

4.5 The Effect of Water on the Shear Strength of Rock Joints 

The most important influence of water on the joint is the reduction of the effective 

normal stress due to the water pressure. This is based on the force equilibrium that 
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the applied normal stress equals the sum of the effective normal stress and water 

pressure. The reduction of the effective normal stress will directly decrease the shear 

resistance of the joint. In a drainage condition the water pressure equals zero, and 

the applied normal stress equals the effective normal stress. Another influence of 

water on shear strength is the reduction of the compressive and tensile strength of 

rock joints in the presence of water and a resultant decrease in the shear strength. 

In this study, due to the lack of water-tight chamber in the direct shear device, the 

test of the influence of water pressure on shear strength could not be implemented. 

Because of the limit of the available suitable samples, the compression and tension 

tests could not be carried out either. Therefore the effect of water will be carried 

out in the direct shear test in a drainage condition. 

4.5.1 Experimental Procedures 

In this section, three samples were prepared to provide various moisture condi

tions. These samples were cut from a carefully selected joint plane. This joint 

has a slightly rough and planar surface. It therefore can be assumed that these 

three samples have similar surface characteristics. That is, the difference of shear 

strength between these three samples is uniquely influenced by the effect of water 

but few other factors (e.g. surface roughness). These three samples were prepared 

under different moisture conditions. One sample(Waterl) is air dried, the other two 

(samples Water2 and Water3) were immersed in water for 5 days and 10 days re

spectively. During testing the wet samples, the sample carrier was filled with water, 

i.e. these two wet samples were tested in water. The other procedures follow the 

standard procedures. 
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Table 4.5: The shear strength and wetting time 

a 
(dry) 

T 

(5 days) 
T 

(10 days) 
(psi) (psi) (psi) (psi) 

50 73 67 62 
(100%) (92%) (85%) 

100 130 126 104 
(100%) (97%) (80%) 

150 172 179 135 
(100%) (104%) (78%) 

200 215 210 167 
(100%) (98%) (78%) 

4.5.2 Experimental Results and Discussion 

The experimental results are shown in Figure 4.43 and Table 4.5. In Table 4.5, the 

peak shear stress is also expressed ELS a percentage. From Figure 4.43 and Table 

4.5, the following characteristics are observed. 

1) The peak shear strength decreases with increasing wetting time. For the 

5 days wetted sample, there is a decrease in the peak shear strength of several 

percent. For the 10 days wetted sample, the decrease in strength ranges from 15 to 

22 percent. 

2) The decrease of peak shear strength with the applied normal stress dis

plays two contradictory trends. For the 5 days wetted sample, the decreases in 

strength are 8, 3, -4 and 2 percent under normal stresses of 50, 100, 150 and 200 psi 

respectively. It roughly shows that the decrease in strength decreases with increas

ing normal stress. For the 10 days wetted sample, the decreases of strength are 15, 

20, 22 and 22 percent at the same normal stresses, showing that the decrease of 

strength increases with increasing normal stress. Figure 4.43 shows that the second 

trend is more pronounced. 
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Figure 4.43: The variation of shear strength with wetting time. 
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Although it is difficult to draw a firm conclusion from such a small data set, 

the results show that the water does decrease the peak shear strength of the joint. 

4.6 The Effect of Shearing Rate on the Shear Strength of Rock Joints 

An important factor, which influences the shear strength of rock joints, is the shear

ing rate. Varying the shearing rate in the direct shear test results in different shear 

strengths. In this section, the effect of shearing rate on shear strength is studied on 

different types of joints. 

4.6.1 Experimental Procedures 

Two joints, including one laboratory tension fracture (sample Ratel) and one nat

ural joint(sample Rate2), were tested. Basically, four different shearing rates were 

used, 0.0025, 0.01, 0.025 and 0.0472 in/min. The test sequence commenced from 

slowest to fastest rate, then returned to slowest rate. The sequence of 0.0025, 0.01, 

0.025, 0.0472, 0.025, 0.01 0.0025 in/min was used. The velocity of the fastest rate 

was about twenty times higher than the slowest one. This test sequence was de

signed to consider the effect of wear. For instance, the slowest shearing rate (0.0025 

in/min) was used in the first and last test in this shearing cycle. The mean value 

of these two results is taken as the representative value to eliminate the effect of 

wear. But in the first shearing cycle of the sample Ratel, the different shearing 

rates were used in the sequence of 0.0042, 0.0167, 0.0417, 0.0167, 0.0042 and 0.001 

in/min, because this was a trial test for the effect of shearing rate. These shear

ing rates were randomly chosen. After this shearing cycle, all of the tests were 

run in the aforementioned sequence. The other test procedures follow the standard 

procedures. 
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Table 4.6: The shear strength and shearing rate (tension fractured joint) 

a Shearing Rate (in/min) 
(mean) (mean) (mean) (mean) 

(psi) 0.0025 0.01 0.025 0.0472 0.025 0.01 0.0025 0.0025 0.01 0.025 0.0472 
0.001 0.0042 0.0167 0.0417 0.0167 0.0042 0.001 0.001 0.0042 0.0167 0.0417 

10 113 103 92 87 93 80 88 101 92 93 87 
(100%) ( 93%) ( 92%) ( 90%) 

50 333 311 284 263 251 232 250 291 271 268 263 
(100%) ( 94%) ( 92%) ( 93%) 

150 786 690 668 656 637 633 623 705 661 652 656 
(100%) ( 91%) ( 92%) ( 86%) 

4.6.2 Experimental Results and Discussion 

The experimental results are shown in Figures 4.44 and 4.45, and Tables 4.6 and 4.7. 

For each point, in Figures 4.44 and 4.45, the peak shear strength value (Unit:lb) 

is the value corresponding to a specified shearing rate. Three curves are shown 

corresponding to three applied normal stresses, 10, 50 and 150 psi. In Table 4.6, the 

peak shear strength values are listed corresponding to a sequence of shearing rates 

under different normal stresses. The mean values corresponding to each shearing 

rate are also attached. It should be noticed that a different sequence of shearing 

rates was used for the 10 psi normal stress. The first value in Table 4.6 (at 10 psi 

normal stress) is an assumed value, and is based on the assumption that the ratio of 

the first to second value is the same as that of the seventh to sixth value, therefore 

its corresponding mean value is also an assumed value. In Tables 4.6 and 4.7, the 

mean shear strength values are also expressed as a percentage. From these figures 

and tables, the following characteristics can be observed: 

1) The shear strength decreases with increasing shearing rate. Although 

wear also influences the shear strength, it seems that the shearing rate dominates 

the variation of the shear strength. For instance, in Table 4.7 at 150 psi normal 

stress, the shear strength decreases from 634 to 540 lb as the shearing rate increases 
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Sample : Ratel 

Normal Load: 
1. 10 psi 
2. 50 psi 
3. 150 psi 

•| I I I | I i i I I I i i i | i i i I i i i i i | i i I i i i i i i | i i i i i i i i i 
0.01 0.02 0.03 0.04 0.05 

Shear Rate (in/min) 

Figure 4.44: The variation of shear strength with shearing rate for sample 
Ratel(tension fractured joint). 
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Normal Load: 
1. 10 psi 
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Figure 4.45: -The variation of shear strength with shearing rate for sample 
Rate2(natural joint). 
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Table 4.7: The shear strength and shearing rate (natural joint) 

a 

(psi) 0.0025 0.01 0.025 0.0472 

Shearing Rate (in/min) 
(mean) 

0.025 0.01 0.0472 0.0025 
(mean) 

0.01 
(mean) 
0.025 

(mean) 
0.0472 

10 101 71 64 62 71 72 69 85 71 68 62 
(100%) (84%) ( 80%) ( 73%) 

50 277 241 244 218 217 214 224 251 277 220 218 
(100%) ( 90%) ( 88%) ( 87%) 

150 634 599 585 540 547 565 554 594 582 ' 566 540 
(100%) ( 98%) ( 95%) ( 91%) 

from 0.0025 to 0.0472 in/min. When the shearing rate decreases from 0.0472 to 

0.0025 in/min, the shear strength rebounds from 540 to 554 ib. 

2) The decrease in the shear strength is not proportional to the shearing 

rate. It seems that the decrease is more pronounced between the first and second 

shearing rate, thereafter the rate of decrease is reduced. For instance, in Table 4.6 

at 50 psi normal stress, the shear strength decreases from 100 percent (based on 

0.0025 in/min rate) to 93 percent as the shearing rate increases from 0.0025 to 0.01 

in/min. That is a 7 percent decrease between these two rates. Thereafter there is 

one and two more percent decrease for the following two shearing rates. 

3) The effect of shearing rate on shear strength is more pronounced on 

smoother joints than on rougher joints. Comparing Table 4.6 (a rough joint) and 

Table 4.7 (a smooth joint), it can be found that the smooth joint has more decrease 

in strength than does the rough joint. The reason is that wear may have more 

influence on rough joints than it does on smooth joint. Table 4.6 shows that at all 

three normal loads, there is less rebound of shear strength when the shearing rate 

returns from fastest to the slowest. That is, the effect of wear reduces the influence 

of shearing rate on shear strength. 

4) The effect of shearing rate also depends on the applied normal stress. 

Theoretically, the larger the normal stress the greater the effect, this has been 
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shown by several researchers (e.g. Schneider, 1978;Crawford and Curran, 1981). 

Prom Figures 4.44 and 4.45, this trend is pronounced. But from Tables 4.6 and 

4.7, the decrease in strength decreases with increasing normal stress. For instance, 

in Table 4.7, for 0.0025 and 0.01 in/min shearing rate, the decrease in strength 

decreases from 16 to 2 percent as the normal stress increases from 10 to 150 psi. 

From Tables 4.6 and 4.7, this result is contrary to the aforementioned theory; but 

from Figures 4.44 and 4.45, it seems that this theory is supported. 

In summary, the shear strength decreases with increasing shearing rate, the 

larger the shearing rate the lower the shear strength obtained. It seems that there 

is a velocity "break point". After this point, the effect of shearing rate is less 

pronounced. In addition, the effect of shearing rate depends on the joint type and 

normal stress. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary 

In this study, 12 samples were tested including 7 natural small scale samples, 2 

natural large scale samples, 1 laboratory induced small scale sample and 2 labora

tory induced large scale samples. These samples were tested dry or wet. Except in 

the shearing rate test, two different shearing rates were used in the small and large 

scale tests. The following joint shear behavior and the controlling factors have been 

investigated in this study: 

1) The variation of joint dilation and contraction during shearing with joint 

surface roughness, normal stress and sample size is discussed. A total of 10 samples 

with different surface roughness and sizes are compared. 

2) The influence of joint surface roughness on joint shear strength and peak 

dilation angle, and the relations of roughness to shear strength/displacement curve 

and to normal/shear displacement curve are discussed. A total of 6 samples with 

different roughness and sizes are compared. 

3) Scale effects on the peak shear strength, peak dilation angle, peak shear 

displacement and mode of shear failure are investigated. A total 3 samples with 

size ratio of 1:4:40 are tested. 

4) The influence of water on joint shear strength, and the relation between 
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this effect and normal stress are investigated. A toted of 3 samples with different 

moist conditions are tested. 

5) The effect of shearing rate on joint shear strength, and the relations of this 

effect to joint type and to normal stress are investigated. One laboratory fractured 

joint and one natural joint axe tested. 

6) The fits between Coulomb's linear and Archard's non-linear model are 

compared. The difference between peak and residual strength envelope, and the 

variation of cohesion intercept, frictional angle, fi0 and m values with joint roughness 

and size are discussed. The advantage of non-linear model is also discussed. 

5.2 Conclusions 

In this study , the factors controlling joint shear behavior, and the joint shear failure 

models are investigated . The experimental results lead to following conclusions. 

The dilation of joints during shearing decreases with increasing normal stress. 

The decrease of dilation does not appear to be linearly related to normal stress. The 

peak shear displacement, at which peak dilation angle occurs, increases as normal 

stress is increased. Contractant behavior occurs at the starting and later stages of 

shearing. The first contraction is caused by the readjustment of the joint due to an 

initial mismatch of the top and bottom half of the sample. The second contraction 

is believed to be due to tilting of the top sample at later stages of shearing. The 

contractant behavior is also influenced by the normal stress, i.e. the larger the 

normal stress the earlier the joint exhibits contraction. The peak dilation angle 

coincides with peak shear strength during the shearing process. For joints of equal 

scale, the larger the peak dilation angle the laxger the peak shear strength. The peak 

dilation angle is influenced by the sample size and normal stress. Generally, under 
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the same surface characteristics, the peak dilation angle decreases with increasing 

sample size and normal stress. 

For samples of the same scale, rough joint surfaces have a larger peak shear 

strength and peak dilation angle. The effect of roughness on the peak shear 

strength and peak dilation angle decreases with increasing normal stress. The shear 

strength/displacement and normal/shear displacement curves can fairly reflect the 

roughness of joints. The rougher the joint surface the stronger the fluctuation shown 

in the curve. Rough joints show a sharp declination after the peak point in the curve, 

whereas the smooth joints show no pronounced declination. That is, the rough joint 

has a large decrease in strength between the peak and residual strength, whereas 

the smooth joint has no pronounced decrease. For the normal/shear displacement 

curve, the rougher the joint surface the larger the maximum dilation shown in the 

curve. 

For the Coulomb's linear fit, the rougher the joint surface the steeper the 

slope angle of the peak and residual strength envelopes. This property is scale-

dependent, with the small scale samples usually having a larger slope angle than 

large scale samples. The peak strength envelopes show a more pronounced cohesion 

intercepts and a larger slope angles than do the residual strength envelopes. The 

rough joints have a larger cohesion intercept than the smooth joints. The Archard's 

power law gives a better fit on the experimental than does Coulomb's law. It reflects 

well the curved relation between shear and normal stresses. Generally, the rougher 

the joint surface the larger the /i0 value, and the smaller the m value. For each 

sample, the fi0 value of the residual strength envelope is smaller than that of the 

peak strength envelope, and the rough joint surfaces produce a larger decreases in 

the Ho value between residual and peak strength envelope; to the contrary, the m 

value of the residual strength envelope is larger than that of peak strength envelope, 

and rough joint surfaces produce a larger increases in m value between residual and 

peak strength envelope. There is no pronounced scale effect observed on the fio and 
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m values. 

The peak shear strength and peak dilation angle decreases with increasing 

sample size. The effect of scale on peak shear strength decreases with increasing 

normal stress. But the scale effect on peak dilation angle does not display a pro

nounced correlation with normal stress. With increasing sample size, the peak shear 

displacement increases, and the mode of shear failure changes from brittle to plastic. 

This effect increases with increasing normal stress. 

The peak shear strength decreases with increasing wetting time. The de

crease in shear strength is much more pronounced in wet samples than it is in less 

moist samples. This effect increases with increasing normal stress. 

The peak shear strength measured in the direct shear test decreases with 

increasing shearing rate. But the decrease in shear strength is not proportional to 

the shearing rate. There is a velocity break point in a range of shearing rates, after 

which the decrease of shear strength is much less pronounced. The effect of shearing 

rate depends on roughness and normal stress. This effect is more pronounced on 

smooth joints than on rough joints. For smoother joints, the shearing rate dominates 

the variation of shear strength; whereas for rougher joints, the effect of wear has an 

important influence on the shear strength. Theoretically, the effect of shearing rate 

on the shear strength is proportional to normal stress. In this study, however, the 

contrary result is shown. 

5.3 Recommendations 

This thesis is a preliminary study on rock joint shear behavior and the controlling 

factors. There are more areas relating to this study worthy of further research. For 

instance, (1) the prediction of joint shear behavior from surface roughness, (2) the 
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relation between joint dilatant behavior and the variation of joint aperture during 

the shearing process. 

1) In this study, the joint surface roughness is used as a reference. The 

roughness profile was manually drawn from the joint surface. For future study, 

a precise roughness profile should be constructed. The roughness profiles can be 

measured using a styrus instrument. More precise measurement can be obtained by 

means of optical methods. The roughness profiles can be analyzed statistically to 

determine relevant parameters. These parameters can be employed in the estimation 

of joint roughness coefficients and in the prediction of joint shear behavior. 

2) The fracture hydraulic conductivity has been recently studied. The joint 

deformation behavior, i.e. normal closure and shear dilation, will result in changes 

of aperture. The change of aperture can cause as much as several orders of mag

nitude change in hydraulic conductivity. In the laboratory direct sheat test, the 

change of aperture with the dilation of the joint can be monitored during the shear

ing process. The variation of aperture can be measured by injecting some materials 

(i.e. resin or wood metal) into the aperture with some specified shear displace

ment. A mathematical model can be constructed to relate the change of aperture 

to joint dilation with shear displacement. Thereby the relation between hydraulic 

conductivity and joint deformation can be predicted. 



APPENDIX A 

SHEAR TEST APPARATUS 



Figure A.l: Wykeham Farrance 25502 direct shear machine. 



128 

f «V 

Figure A.2: Wykeham Farrance 25302 direct shear machine. 



APPENDIX B 

TESTED SAMPLES 



Figure B.l: Sample LSSl. 



Figure B.2: Sample LSS2. 



Figure B.3: Sample LSS3. 



Figure B.4: Samples Scalel, Scale2 and Scale3. 



Figure B.5: Samples Water!, Water2 and Water3. 



Figure B.6: Sample MSSl. 
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Figure B.7: Samples Ratel and Rate2. 



APPENDIX C 

ROUGHNESS PROFILES AND JRC VALUES 
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Figure C.l: Roughness profiles for sample LSSl, JRC=8-10. 
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Figure C.2: Roughness profiles for sample LSS2, JRC=6-8. 
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Figure C.3: Roughness profiles for sample LSS3, JRC=6-8. 
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Figure C.4: Roughness profiles for sample Scalel, JRC=6-8. 
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Figure C.5: Roughness profiles for sample Scale2, JRC=8-10. 
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Figure C.6: Roughness profiles for sample Scale3, JRC=6-8. 



Figure C.7: Roughness profiles for sample Waterl, JRC=3-5. 



Figure C.8: Roughness profiles for sample Water2, JRC=3-5. 
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Figure C.9: Roughness profiles for sample Water3, JRC=3-5. 



Figure C.IO: Roughness profiles for sample MSSl, JRC 
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