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Scott, Gregg Alan (M.S., Civil Engineering) 

Dynamic Response of Jointed Rock Masses 

Thesis directed by Associate Professor Stein Sture 

Growing public awareness and demand for safe design and 

construction of potentially hazardous projects in earthquake prone 

regions has prompted extensive work in earthquake engineering and 

research toward determining dynamic material response. However, 

only recently has research been directed toward determining the 

dynamic behavior of rock joints. 

A servocontrolled dynamic direct shear apparatus has been 

developed at the University of Colorado, for testing rock joint 

specimens. Independent normal and shear load actuators are 

capable of dynamic testing up to a frequency of 10 Hz under load 

or displacement control. Artificial rough and smooth clean 

sandstone joint specimens, with nominal shear areas larger than 

325 cm2 (50 in2), were tested under dry displacement controlled 

conditions. The response of the samples to dynamic shear excita-

tions under constant normal stress was measured utilizing sensi-

tive instrumentation. Shearing velocity was found to have a 

significant effect on the strength of clean rock joints. 

A computer program was developed for performing dynamic 

three-dimensional limit equilibrium analyses of potentially 

unstable rock masses. When evaluating the effects of earthquakes 

is considered to be important, response history rigid block 

analyses for rock masses can be performed. Time-varying forces 
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are combined with static forces to determine time-varying resul-

tant forces acting on potentially unstable rock masses. The 

potential mode of instability and factor of safety are determined 

at each time step during an earthquake analysis. When the factor 

of safety drops below 1.0, cumulative permanent displacements can 

be estimated by double integration of the relative acceleration 

iv 

between the rock mass and its underlying support. Provisions have 

also been made for including in the analysis dynamic material 

behavior as determined from the laboratory testing. Accounting 

for a change in strength with increasing velocity is shown to have 

a significant effect on cumulative permanent displacements for an 

example problem of a dam foundation. 

Further research is needed to develop comprehensive model s 

for the dynamic behavior of rock joints. Different rock types, 

effects of water and changes in water pressure, load controlled 

testing, testing of filled joints, and testing under dynamic 

normal load s warrant future cons iderat ion. 

The form and content of thi s abstract are approved. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

Growing public awareness and demand for the safe design 

and construction of potentially hazardous projects, such as large 

dams in earthquake prone regions, has prompted extensive work in 

earthquake engineering and research toward determining dynamic 

material response. It has been established that saturated cohe

sionless soils exhibit significant changes in pore pressure, 

deformation, and strength characteristics when subjected to cyclic 

or dynamic excitations. This behavior has been observed both in 

the field and under laboratory conditions, as summarized by Seed 

[25J, Hardin [14J, Woods [32J, Finn [9J, and Silver [26J. As a 

result of this behavior, earth structures have failed when sub

jected to earthquake ground motions, although pseudostatic analyses 

show them to be stable. The Madison Canyon (Montana) landslide, 

triggered by the 1959 Hebgen Lake earthquake may represent similar 

phenomena in rock. A buttress of jointed dolomite collapsed due 

to the shaking and allowed a landslide containing 33 000 000 m3 

(43 000 000 yd 3) of material to occur. Sliding occurred along the 

foliation of a schist above the dolomite dipping at 50 0 toward the 

canyon. Twenty-seven people lost their lives [lJ. No m~jor 

engineering accidents are known to have resulted from failure of a 
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rock mass subjected to earthquake loading. However, many large 

dams are founded on nearly saturated rock in seismically active 

areas. It is therefore important to understand potential founda

tion response during earthquake conditions. 

2 

It is generally accepted that the behavior of a rock mass 

is controlled to a large extent by the presence of discontinuities 

[11, 15J. These discontinuities may include bedding planes, 

foliation, geologic contacts, joints, seams, shear zones, and 

faults. The catastrophic abutment failure of the 61-m (200-ft) 

high arch Malpasset Dam in southern France occurred by sliding of 

a rock wedge on an upstream dipping fault plane. The disaster, 

which occurred in 1959, resulted in the deaths of over 420 people 

[17J. Similarly, the catastrophic landslide which occurred at 

Vajont Dam in Italy resulted in 240 000 000 m3 (314 000 000 yd3) 

of material sliding along the limestone bedding of the reservoir 

rim. The slide, which occurred in 1963, resulted in a wave of 

water overtopping the 265-m (870-ft) high arch dam by 100 m 

(330 ft). About 2,600 people were killed downstream. The arch 

dam, however, did not fail [17J. The shear strength and shear 

deformation characteristics of discontinuities are, therefore, 

often critical to the stability of a rock mass. State-of-the-art 

determination of these characteristics usually involves extensive 

in situ and laboratory tests conducted at loading rates appropri

ate for static conditions. Stability analyses are conducted 

incorporating static loads, material properties, and effective 



3 

stresses computed utilizing a steady-state seepage water pressure 

distribution [7J. Response of the rock mass to design earthquakes 

is considered by estimating appropriate ground-motion parameters 

and external dynamic loads. Stability analyses may be pseudosta

tic or include estimation of two-dimensional permanent cumulative 

displacements occurring when the strengths of rock discontinuities 

are exceeded for short periods of time during a response history 

earthquake analysis [22, 13, 30J. However, because little is 

known about the dynamic behavior of rock discontinuities, the 

material characteristics obtained from static tests are utilized, 

and no change to the stecdy-state water pressure distribution is 

considered. 

Only recently has research been directed towards deter

mining dynamic properties of rock discontinuities. Crawford and 

Curran [5J developed a servocontrolled direct shear apparatus for 

dynamically testing rock joints. Test results on saw cut joint 

specimens indicate changes in shear strength occur with changing 

shear velocity. This has been shown to be an important considera

tion when estimating permanent displacements of rock masses 

during earthquakes [6J. 

Similar research was conducted at the University of 

Colorado laboratories under the sponsorship of the U.S. Bureau of 

Reclamation and the National Science Foundation. A servocontrolled 

dynamic direct shear apparatus was developed, capable of testing 

specimens in load or displacement control. Artificial rough and 

smooth clean sandstone joint specimens were tested under dry 
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displacement controlled conditions. The response of the samples 

to the dynamic excitations was measured utilizing sensitive 

instrumentation and recorded using a data acquisition system. 

Details of the direct shear apparatus and testing are described by 

Gould [12J. 

1.2 Scope of Work 

The results of the testing performed by Gould [12J are 

examined and compared to the work of Crawford and Curran [5J. 

Changes in the shear strength of rock joints as the result of 

dynamic loading are discussed. The development of a computer 

program for performing dynamic three-dimensional limit equilibrium 

earthquake analyses of rock masses is also discussed. Provisions 

for calculating cumulative permanent displacements of a rock mass 

where the factor of safety drops below 1.0 for short periods of 

time during an earthquake are included. The effects of dynamic 

material behavior as determined from the laboratory testing may 

also be included. The stability of a dam foundation during an 

earthquake is examined, including the effects of dynamic material 

behavior on calculated permanent displacements. 

Chapter II contains a review of the static behavior of 

clean rock joints. Chapter III discusses an analytical method 

for three-dimensional limit equilibrium analysis of a rock mass 

bounded by planar discontinuities. The dynamic shear behavior of 

clean rock joints is discussed in Chapter IV. Chapter V contains 

a description of dynamic limit equilibrium analysis including 



provisions for calculating permanent displacements and accounting 

for dynamic material behavior. Conclusions, suggestions for 

further study, and a summary are contained in Chapter VI. 
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CHAPTER II 

REVIEW OF STATIC SHEAR BEHAVIOR OF CLEAN ROCK JOINTS 

2.1 Introduction 

The shear strength of rock discontinuities is the most 

important consideration in determining the stability of a rock 

mass for near surface projects where a kinematically possible mode 

of instability exists. Many investigators have proposed empirical 

criteria for the shear strength of clean joints. However, only 

the most widely accepted models will be reviewed here. 

2.2 Smooth Planar Discontinuities 

Consider a smooth and planar joint, resulting from a 

preferred orientation of the rock structure, subjected to a 

uniform normal stress, (J, and shear stress, T, as shown in 

Figure 2.1. If the incipient joint is initially cemented and the 

shear stress is increased until the rock slides along the joint, 

the resulting shear stress vs. shear deformation curve would be 

similar to that shown in Figure 2.2. The peak strength occurs 

just prior to the point where bond is broken, after which the 

shear stress falls to residual strength. The residual and peak 

strengths would have been the same if the sample had been unbonded 

prior to testing. Identical samples tested at different normal 

stresses will exhibit increasing peak and residual strength with 



NORMAL STRESS a- I 
T __ -

~SHEAR STRESS T 

~ 1 J I--

R E LA T I V E S H E-A R DIS P LAC E MEN T 8 

Figure 2.1 Smooth Joint Under Direct Shear Conditions. 
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Figure 2.2 Typical Shear Stress vs. Shear Deformation Curves. 
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increasing normal stress. The resulting strength envelopes, 

developed by plotting shear strength vs. normal stress, would be 

similar to those shown in Figure 2.3. The peak strength represen

tative of bonded joints may be defined by the linear equation: 

T=C+ atan0p (2.1) 

in which C is the cohesion or strength of the sample under zero 

normal stress, defined by the shear stress intercept, and tan 0p 

is the slope of the peak strength envelope. The strength of 

unbonded smooth joints is given by: 

j.... 

(/) 
(/) 

w 
a:: 
l
(/) 

a:: 
<! 
w 
I 
(/) C 

PEAK 

RESIDUAL 

NORMAL STR E5S cr 

Figure 2.3 Typical Shear Strength Envelopes. 
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T = (J tan 0r (2.2) 

in which tan 0r is the slope of the residual strength envelope, 

which indicates zero strength at zero normal stress. Equations 

(2.1) and (2.2) are often referred to as the Mohr-Coulomb failure 

criterion. 

2.3 Rough Discontinuities 

The shear stress vs. shear displacement curve for an 

unbonded rough joint specimen tested under constant normal stress 

might look similar to that shown in Figure 2.2 for bonded smooth 

joints. However, since the joint is open, it has essentially zero 

shear strength at zero normal stress. Tests at different normal 

stresses would indicate generally increasing shear strength with 

increasing normal stress. However, the resulting failure envelope 

would be nonlinear. Intuitively, the effects of roughness on 

shear strength should be normal stress dependent. At low normal 

stresses, dilation or riding up on asperities occurs during 

shearing of a rough joint. At high normal stresses, shearing 

through asperities occurs, since the work required to shear 

through the asperities is less than the work required to override 

them. 

2.3.1 Patton's Criterion 

Patton [23J is often credited as being the first to 

quantify the effects of roughness on the shear strength of open 

joints. Figure 2.4 shows an idealized schematic of a rough open 
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joint in direct shear. For asperities uniformly inclined at an 

angle i to the direction of shearing, it can be shown trigono

metrically that the following relationship applies, assuming that 

the asperities are rigid and not sheared [15J. 

T = a tan (0 + i) (2.3) 

Patton verified that this equation is valid at low normal stresses 

with 1 aboratory tests on art ific i al joints whose roughness was 

NORMAL STRESS CT j 

SHEAR STR ESS T 
~ 

CT 1 J 
SHEAR DISPLACEM E NT 8 

Figure 2.4 Rough Joint Under Direct Shear Conditions. 

simulated using regularly inclined teeth. At higher normal 

stresses, the resulting failure envelopes became nonlinear, with 

the slope of the line approaching that corresponding to the 

residual friction angle of the material. Patton suggested that a 

nonlinear, or bilinear envelope such as that shown in Figure 2.5, 

is appropriate for the shear strength of rough joints. 
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(b) Graphical Construction for Jaeger1s Criterion. 
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Figure 2.5 Patton1s [23J and Jaeger1s [16J Failure Criteria for 
Rough Joints. 



2.3.2 Jaeger's Criterion 

Jaeger [16J proposed a continuously variable empirical 

shear strength equation as a more appropriate model for actual 

rock joints. The equation is written as: 

12 

T = Cj (1 - e- bcr ) + cr tan 0r (2.4 ) 

where Cj is the shear strength (cohesion) derived from the asperi

ties, ~r is the residual friction angle of the wall rock, and b is 

an empirical curve fitting parameter. The parameter b can be 

determined from test data by sketching lines asymptotic to the peak 

strength envelope as shown in Figure 2.5. A parameter, p, can be 

calculated as: 

p = C j + cr tan elr - T {2.5} 

The slope of the line In(p) plotted against normal stress,cr, is 

then equal to b as shown in Figure 2.5. It should be noted that 

at high normal stress, equation (2.4) reduces to the form: 

T = C j + cr tan 0r (2.6) 

2.3.3 Ladanyi and Archambault's Criterion 

Ladanyi and Archambault [18J also recognized the shortcom

ings of the bilinear failure envelope when applied to joints other 

than those with regularly inclined teeth. They suggested that a 

curved envelope is more appropriate and proposed a gradual transi

tion from dilation at low normal stresses to shearing through 
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asperities at high normal stresses. The following equation for 

peak shear strength, shown graphically in Figure 2.6, was proposed: 

T = a(1 - as) (\I + tan ~m) + as Tr 
1 - (1 - as) v tan 0m 

(2.7) 

in which as is the fraction of the joint surface sheared through 

asperities, v is the dilation rate at peak shear strength (change 

in normal displacement/change in shear displacement), Tr is the 

shear strength of intact rock material, and ~m is the angle of 

frictional sliding resistance along the contact surfaces of the 

asperities. It was suggested that the shear strength for intact 

rock be represented by the criterion proposed by Fairhurst [8J. 

T = C m - 1 (1 + n ~)1/2 
ron Co (2.8) 

in which Co is the uniaxial compressive strength of the asperities, 

n is the ratio of uniaxial compressive to uniaxial tensile strength 

of the asperities, and m = (1 + n)1/2. Hoek and Bray [15, p. 87J 

indicate that n is approximately 10 for most hard rocks. The 

values of as and v are not always readily available. Therefore, 

Ladanyi and Archambault proposed the following empirical relation-

ships based on laboratory test data: 

v = (1 _ ~) k2 (tan i ) 
Co 

(2.9) 

as = 1 - (1 _ ~)kl 
Co 

(2.10) 
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Figure 2.6 Ladanyi and Archambault1s [18J, and Barton1s [3J 
Failure Criteria for Rough Joints. 
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in which k1 is approximately equal to 1.5 and k2 is approximately 

equal to 4 for their 1 aboratory data. It should be noted that at 

very low normal stresses, when no shearing through asperities 

occurs (v = tan i, as = 0), equation (2.7) reduces to the form of 

equation (2.3). Similarly, at very high normal stresses, when the 

asperities are completely sheared (as = 1), equation (2.7) reduces 

to the shear strength of intact rock. 
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2.3.4 Barton's Criterion 

Barton [2J and Barton and Choubey [3J proposed an alter

nate method for predicting the curved shear strength envelope for 

rough joints. The following empirical equation, shown graphically 

in Figure 2.6, was determined from laboratory tests: 

T= crtan [JRC 10910 (JCS/cr) + 0r J (2.11) 

in which JCS is the joint wall compressive strength, usually 

determined from Schmidt rebound hammer tests for natural joints, 

and JRC is an empirical curve fitting coefficient related to the 

joint roughness. JRC varies from about 5 for smooth nearly planar 

joints to 20 for rough undulating joints. Barton and Bandis [4J 

recommend that JRC be determined from tilt or push tests, where 

the normal stress is induced by the self-weight of the specimen. 

The tests should be performed on joints of the natural block size, 

or block size formed by all intersecting joint sets, of a given 

rock mass. Barton and Choubey suggest that equation (2.11) is 

valid as long as the calculated strength does not exceed crtan 70°. 

2.4 Water Pressure and Effective Stress 

The effects of water pressure on the strength of a rock 

joint are usually accounted for by the effective stress law [7, 

11, 15J. The total normal stress acting across the joint is 

reduced by the water pressure, u, to yield the effective normal 

stress. For most hard rocks, the material strength characteris

tics are not significantly affected by the presence of water and 



16 

the reduction in shear strength is almost entirely a result of 

reduced effective normal stress [15J. Goodman and Onishi [10J per

formed undrained direct shear tests on laboratory joint samples. 

At high normal stresses during shearing, the joint water pressure 

was found to increase in the compressing joint, with a net loss in 

strength according to the effective stress law until slip. At the 

point of slip, dilation occurred and the water pressure dropped. 

At low normal stresses, the joints dilated practically from the 

onset of shearing, in some cases inducing negative water pressures. 

2.5 Conclusions 

The shear strength criteria reviewed in previous sections 

are appropriate for the analysis of rock masses under static load

ing conditions. The limit equilibrium approach for the analysis 

of rock masses bounded by planar discontinuities, described in the 

next chapter, utilizes shear strengths of the discontinuities and 

water forses acting normal to them. 

Rather than developing new criteria for the behavior of 

rock joints subjected to dynamic loading, a first approach would 

be to study the deviations from static behavior that occur. This 

approach will be pursued in Chapter IV. 



CHAPTER III 

THREE-DIMENSIONAL LIMIT EQUILIBRIUM ANALYSIS 

3.1 Introduction 

Three-dimensional limit equilibrium analyses are widely 

accepted as one means of studying the stability of rock masses 

such as slopes and dam foundations [7, 11, 15, 20J. The general 

approach is to first identify discontinuities forming potentially 

unstable blocks or wedges. Forces acting on a potentially unstable 

rock mass are then determined. Normal forces acting on potential 

sliding planes are computed and the possibility of sliding along a 

discontinuity or the intersection of two discontinuities under the 

applied loads is checked. The factor of safety against sliding is 

computed by dividing the resistance that may ultimately be devel-

oped on planes with compressive normal forces, by the driving 

component of the resultant force. Thus, the factor of safety 

reflects the resistance that could be developed if failure was 

imminent and not the mobilized resistance under nonfailure condi-

tions. The assumption is made that the rock block or wedge is 

rigid and does not deform under the applied loads. As a result of 

this restriction, no shear resistance is considered to develop in 

the resisting discontinuities transverse to the potential direction 

of sliding (see Figure 3.1). Therefore, the maximum normal force, 

and thus the maximum shear resistance, is considered to develop on 

f ',I , 
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OF POTENTIAL SLIDING 

I 
I 
I 
I 

~ 

I 
I 

I 45 0 

D-

DIRECTION OF 
POTENTIAL SLIDING 

18 

Figure 3.1 Shear Resistance Transverse to Direction of Potential 
Sliding for Two Plane Wedge. 

potential sliding planes. Mahtab and Goodman [21J performed 

three-dimensional finite element studies of rock slopes, repre-

senting discontinuities with planar joint elements. It was found 

that for large ratios of constant joint normal stiffness to joint 



shear stiffness, the calculated normal stresses approach those 

given by the rigid block method as shown in Figure 3.2. Since 

rock discontinuities usually exhibit large normal stiffness 

relative to their shear stiffness, the rigid block method of 

analysis is appropriate in most cases. 
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Three-dimensional analytical solutions to the rigid block 

limit equilibrium problem have been proposed [13, 19, 31J. 

However, most have been adapted to only three potential sliding 

planes. Von Thun [29J suggested a generalized solution to handle 

any number of potential sliding planes. The method, which has not 

been previously documented in detail, will be presented here. 

3.2 Three-Dimensional Vector Description of a Plane 

The orientation of a planar discontinuity can be defined 

by two angles, strike and dip, as shown in Figure 3.3. The strike 

angle, S, is defined by the azimuth angle measured clockwise from 

north to the horizontal projection of the plane [15J. The dip 

angle, D, is measured from horizontal at a right angle to the 

strike, down to the right looking in the direction of the strike. 

For the discussion that follows, the strike and dip vectors are 

defined such that their cross product, defining a vector normal to 

the plane, is directed into the potentially unstable rock block. 

A right hand coordinate system is established such that the x and 

y axes define a horizontal plane and the +z axis is directed 

vertically downward (see Figure 3.3). If g is the clockwise angle 
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+y 

+z 

Figure 3.3 Definition of Strike and Dip of a Planar Discontinuity, 
and Coord in ate Sys tern . 

from north to the +x axis, the direction cosines of the strike 

unit vector (see Figure 3.3) are given by: 

{Cs} ; Csx = cos (S - 9), Csy = sin (S - 9), Csz = 0.0 (3.1) 

The direction cosines of the dip unit vector (see Figure 3.3) 

are given by: 

{Cd} ; Cdx = -Csy cos (D), Cdy = Csx cos (D), Cdz = sin (D) (3.2) 

The cross product of the strike and dip unit vectors results in a 

unit vector normal to the plane: 
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Cnx = ( Cs y) ( Cd z) - (Csz) (Cdy) 

Cny = (Cs z) ( Cdx) - (Csx )( Cdz) 

Cnz = (Csx ) (Cdy) - (Csy) (Cdx) 

or {Cn} = [Cs] x [Cd] (3.3) 

A matrix [C] containing the direction cosines of the strike, dip, 

and normal unit vectors is defined as: 

Csx Csy Csz 

[C] = Cdx Cdy Cdz 

Cnx Cny Cnz 

3.3 Potential Sliding on a Plane 

(3.4) 

The components of water force acting on each pl ane are 

d eterm i ned by: 

rCnx
\ 

= u -<) CnYJ ~ 
LCnz 

(3.5) 

where U is the water force acting normal to the plane. The total 

force components acting on the potentially unstable block, 

including dead load, water loads, and external forces, are summed 

and represented by.a vector: 

(3.6) 
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The resultant force is resolved into components normal and parallel 

to each plane that defines a potentially unstable rock wedge by: 

{ T} = =-[C] {Fr} (3.7) 

where Tl is the force parallel to the strike, T2 is the force 

parallel to the dip, and T3 is the force parall el to the normal 

unit vector as shown in Figure 3.4 (a). The negative sign in 

equation (2.6) results in a positive force being directed out of 

the block, and a compressive normal force is then positive. The 

total shear force acting on the plane is given by: 

(3.8) 

The global components of the shear force, shown in Figure 3.4 (b), 

are then determined as: 

(3.9) 

When the normal force on a plane is compressive, potential sliding 

along that plane is considered, providing the orientation of the 

shear force does not direct movement into another plane. This is 

checked by solving the following equation: 



( a) 

( b) 

/1 
f-I---
I I Fryl 
: ). _ ___ l 

I I 
: I Fr 1/ Frz _______ .Jo 

Figure 3.4 Resolution of Forces on a Plane. 
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(3.10) 

in which C~ contains the direction cosines for the normal of a 

plane potentially blocking movement. If K is greater than zero, 

movement is blocked. However, movement along the intersection of 

two planes is possible. If movement is not blocked the factor of 

safety against sliding is computed as: 

(3.11) 

where Rn is the maximum resisting force based on the shear strength, 

and normal force or average normal stress act ing across the pl ane. 

3.4 Potential Sliding on the Intersection of Two Planes 

The intersection of two planes is defined by the cross 

prod uct of the ir normal s. 

Jx = (Cny) (C~z) - (Cnz)(C~y) 

Jy = (Cnz)(C~x) - (Cnx)(C~z) 

Jz = (Cnx)(C~y) - ( Cny) ( C~x) 

or {J}= [Cn] x [C~J (3.12) 

Since the normals may not be orthogonal, the direction cosines of 

a unit vector in the direction of the intersection are computed by 

normalizng the intersection vector. 



Jxyz = (Jx2 + Jy2 + Jz2)1/2 

Cix = Jx/J xyz 

Ci y = Jyl Jxyz 

Ci z = JzI Jxyz 

or {Ci} = {J} I Jxyz 
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(3.13) 

(3.14) 

A matrix [N] containing the direction cosines of the normals to 

the two planes and their intersection is defined as: 

Cnx Cny Cnz 

[N] = I I I 
Cnx Cny Cnz (3.15) 

Cix Ciy Ciz 

The components of force perpendicular to each plane and along 

their intersection are calculated as: 

(3.16) 

where 01 is the force normal to the first plane, 02 is the force 

normal to the second plane, and 03 is the force along their 

intersection as shown in Figure 3.5. Restraint against movement 

is checked as in the case of sliding along one plane, except that: 

(3.17) 

If movement is not blocked, the factor of safety is computed 

as: 
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(3.18) 

I in which Rn and Rn are the maximum resisting forces for 

the two planes, based on the shear strengths, and normal forces or 

average normal stresses act ing across the planes. 

/ 
I 
I 
I 
I c' 

/ n 

x 

Figure 3.5 Resolution of Forces on Two Planes. 

y 
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If a compressive normal force is not found to ex ist across 

any plane, the rock wedge is considered to be lifted. Similarly, 

if movement is completely blocked, the rock wedge is considered to 

be stable. 

3.5 Displacement Compatibility for Shear Strengths 

Von Thun [28J demonstrated the importance of determining 

shear strengths at compatible shear displacements when considering 

composite sliding planes. The same consideration applies for 

sliding on the intersection of two planes. Consider the shear 

stress vs. shear deformation curves for two discontinuities, shown 

in Figure 3.6. The peak shear strength of the first discontinuity 

occurs at a much smaller shear displ acement than the second. 

Thus, simple addition of peak shear strengths is not appropriate 

for the case of sliding along the intersection of the two discon

tinuities. The shear strengths utilized in an analysis must, 

therefore, be developed in conjunction with compatible shear 

d ispl acements. 

3.6 Conclusions 

The method of analysis described in this chapter can be 

readily adapted to computer solution. If the appropriate forces 

acting on a rigid block are digitized for each time step during an 

earthquake, a response history analysis can be performed for that 

block. The potential mode of instability and factor of safety can 

be computed for each time step during the earthquake, utilizing a 
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computer program. Additional details of this type of dynamic 

analysis will be discussed in Chapter V. 

SHEAR DISPLACE MENT 8 

Figure 3.6 Shear Stress vs. Shear Deformation for Two Joints. 



CHAPTER IV 

DYNAMIC SHEAR BEHAVIOR OF CLEAN ROCK JOINTS 

4.1 Experimental Program 

Crawford and Curran [5J have studied the effects of 

relative velocity on the shear resistance of rock discontinuities 

in the laboratory. A servocontrolled dynamic direct shear machine 

was developed for the research, capable of testing specimens 

approximately 200 mm (8 in) square. The machine has three degrees 

of freedom (two translations and one rotation) with independently 

controlled horizontal and vertical actuators, each having a 

capacity of 250 kN (56 kips). Artificial saw cut joints in four 

rock types, summarized in Table 4.1, were lapped with silicon 

carbide grit and displaced at various constant shear velocities 

under various constant normal loads. Similar research was initi

ated at the University of Colorado, Boulder, Colorado, prior to 

the publication of Crawford and Curran1s results. The experimen

tal program, sponsored by the National Science Foundation and the 

U.S. Bureau of Reclamation, is discussed in the following sections. 

4.1.1 Test Apparatus 

A dynamic direct shear apparatus has been developed in the 

laboratories of the Department of Civil, Environmental, and 

Architectural Engineering at the University of Colorado, Boulder, 



Table 4.1 Summary of Rocks Tested by Crawford and Curran [5J 

Rock Type 

Black syenite 

Grey do lorn ite 

Buff sand stone 

Pink granite 

Un i ax i a 1 Com
pressive Strength 

(MPa) 

97 

142 

198 

160 

Shore Hardness 

68 

47 

80 

62 

Colorado. A detailed description of the apparatus and its per

formance characteristics is given by Gould [12J. The apparatus 

consists of independent servocontrolled horizontal and vertical 

loading actuators, reaction frames, and shear box fixtures as 

shown schematically in Figures 4.1 through 4.3. A sample with 

maximum dimensions of about 200 x 200 x 100 mm (8 x 8 x 4 in), 
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and with a maximum shear area of about 400 cm2 (64 in2), is potted 

in the upper and lower shear box compartments using a sulphur 

capping compound. The shear box compartments are then bolted to 

support plates and the actuators. The upper shear box compartment 

is restrained against horizontal motion by roller bearings on the 

top support plate which rest against the specimen reaction frames. 

The spec imen react ion frames are connected to a st iff and strong 

structural floor with oversize stiff bolts. The bottom support 

plate rests on two rows of roller bearings with seven bearings in 

each row. The applied shear force thus causes horizontal movement 
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of the lower part of the specimen, relative to the top part, in 

the direction of the roller bearings. 

Closed-loop servocontrolled MTS (MTS Systems Corporation) 

actuators are used to apply the shear and normal force. Stiff 

load reaction frames, bolted to the structural floor, permit 

application of the forces to the specimen. The normal force 

NORMAL LOAD 
ACTUATOR 

LOAD CELL 

TOP SUPPORT 
PLATE 

SPECIMEN 
REACTION 
FRA ME 

: I 
I I 
I I 

I 
I I 
I I 
I I 
I I 

~ 

I 

I : BOTTOM 
:: ROLLER 
I I 
:: SUPPORT 
:: SYSTEM 

tIT 

NO RMAL LOAD REACTION 
FRAME 

SPECIMEN 

LOAD CELL 
HORI ZONTAL LOAD ACTUATOR 

HORIZONTAL LOAD 

I lie II I I I 
I I STRUCTURALI, 
I I I I 
I I FLOOR) I I I I I I 
I til 

II H 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
: I 

Figure 4.1 Dynamic Direct Shear Apparatus (Side View Schematic). 
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HORIZONTAL LOAD 
REACTION FRAME 

I.-I---HORIZONTAL LOAD ACTUATOR 

_1-'--LOAD CELL 

NORMAL LOAD 
REACTION FRAME 

NORMAL LOAD 
A CTUATO R 

SPECI MEN REACTION TIME 
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Figure 4.2 Dynamic Direct Shear Apparatus (Schematic Overhead View). 



Figure 4.3 Dynamic Direct Shear Apparatus (Assembled with 
Control Unit). 

actuator has a capacity of 736 kN (165 kips) and the shear force 

actuator has a capacity of 156 kN (35 kips). Each actuator is 

equipped with a load cell for measuring the applied force and an 

internal LVDT (linearly varying differential transducer) for 
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monitoring stroke. Several loading patterns are possible through 

the use of a digital function generator. Each actuator can be 

operated in the load controlled or displacement controlled mode. 

Realistically, frequencies up to 10 Hz can be applied. With the 

normal actuator in load control, the apparatus has four degrees of 

freedom. These include vertical translation, horizontal transla-

tion in the direction of shearing, rotation about a horizontal 

axis perpendicular to the direction of shearing, and rotation 
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about a horizontal axis parallel to the direction of shearing. In 

addition, slight horizontal translation perpendicular to the 

direction of shearing is allowed. The shearing load and specimen 

reaction are applied co-linear with the shearing plane, thus 

reducing moments applied to the specimen. 

4.1.2 Sample Preparation 

Dynamic direct shear tests were performed on homogeneous 

Loveland Sandstone. The ~niaxial compressive strength of the 

rock, measured from five NX core specimens according to ASTM 

(American Society for Testing Materials) standards ranged from 

136 to 168 MPa (19 700 to 24 400 lb/in2) and averaged 156 MPa 

(23 000 lb/in2). Artificial joints were created in the laboratory 

for testing under controlled conditions. Six-inch-diameter cores 

were fractured by the Brazilian split cylinder method to create 

rough tension joints. The fractured cores were then cut into 

4-inch cubical shaped blocks with the fracture surface parallel 

to one set of the cube's faces. Four cubical blocks were glued 

together with epoxy to form a 200 x 200 x 100 mm (8 x 8 x 4 in) 

specimen with a nominal shear area of 400 cm2 (64 in2) as shown 

in Figure 4.4. Care was taken when joining the cubical shaped 

blocks to assure a common shearing plane with perfectly mated 

upper and lower surfaces. Smooth joint surfaces were prepared by 

gluing four unfractured cubical blocks together and subsequently 

sawing and grinding smooth a 400-cm2 (64-in2) shear surface. The 

lower edges of the shear plane perpendicular to direction of 



Figure 4.4 Typical Direct Shear Sample. 

shearing were beveled for all samples to prevent tensile failure 

near the edge and keep the nominal normal stress constant. 

However, a nominal shear area greater than 325 cm2 (50 in2) was 

maintained. Additional details of the samples are discussed by 

Gould [12J. 

4.1.3 Monitoring System and Data Acquisition 

The normal load and shear load are monitored during a 

dynamic test using the load cells on the MTS actuators. The 

vertical translation is monitored with the internal LVDT of the 

normal load actuator. However, because of the small flexibility 

of the shear force transmission system, LVDTls are attached 
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directly to the top and bottom of the sample, as shown in 

Figure 4.5, to measure the relative shear deformation. 

The normal load, normal displacement, shear load, and 

relative shear displacement are recorded with an HP (Hewlett 

Packard) data acquisition system controlled by an HP desk top 

computer. The equipment, shown in Figure 4.6, is capable of 

scanning and recording at the rate of 400 readings per second. 

The desk top computer records the data on magnetic cassette 

tape for postprocessing data reduction. Additional details 

of the monitoring and data acquisition system are discussed by 

Gould [12]. 

Figure 4.5 LVDT's for Measuring Shear Deformation. 

37 
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Figure 4.6 Data Acquisition System. 

4.1.4 Test Program 

Initial tests were conducted in shear displacement control 

under relatively constant normal stresses on dry joint samples. 

Sinusoidal shear displacements were applied to the samples at 

various amplitudes and frequencies under various normal stresses. 

The test schedule for each specimen is illustrated in Table 4.2. 

The sequence of testing is shown by the numbers in parentheses. 

Five rough samples labeled A, S, C, 0, and E were tested in the 

main test program. Typical plots of shear stress vs. shear 

displacement are shown in Figures 4.7 through 4.11. Small fluctu

ations in normal stress were accounted for by the working assump

tion that the shear strength varies linearly with normal stress, 
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within the range of normal stress fluctuation. The shear stress 

was normalized to the assumed constant normal stress by the 

rel ationship: 

°test 
°actua 1 

(4.1) 

where 0test is the assumed constant normal stress, 0actual is the 

actual normal stress, and Tm is the measured shear stress. The 

tests at 0.069 MPa (10 lb/in2) normal stress had very large 

percentages of normal load fluctuation and may be of limited 

value. Similarly, tests at 10 Hz could not be completely recorded 

by the data acquisition system. One group of tests at 10 Hz was 

recorded with a Honeywell visicorder strip chart recorder, and the 

data were reduced manually. 

4.2 Velocity Effects 

Crawford and Curran [5J concluded that in general the 

shear resistance of harder rocks decreases with increasing veloc-

ity greater than a variable critical velocity, and the shear 

resistance of softer rocks increases with increasing shear 

velocity up to a critical velocity. Data from the testing of 

Crawford and Curran [5J are shown in Figures 4.12 and 4.13. The 

average strength at a given velocity is normalized with respect to 

the II static ll strength, or strength at the lowest velocity for a 

given sample and normal stress. The normalized strength is then 

plotted against shearing velocity. Only the tests on dolomite 

indicate that the shearing velocity effects are normal stress 
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dependent. The other tests indicate an increase or decrease in 

strength with increasing shear velocity that is relatively inde

pendent of the normal stress. Crawford and Curran [6] propose a 

velocity dependent shear strength model that is independent of 

normal stress. Changes in shear strength are assumed to occur 

only beyond a critical velocity. The shear strength is assumed 

to vary linearly with the logarithm of velocity beyond this 

critical velocity. 

48 

The relative shear displacement for the samples tested at 

the University of Colorado under displacement control is given 

by: 

d = dm ax sin (2 rr f t + 8 ) (4.2) 

where dmax is the displacement amplitude, f is the test frequency, 

t is time, and 8 is the phase angle. The relative velocity is 

given by: 

_ dd _ 
v - df - dmax 2 rr f cos (2 rr ft + 8 ) (4.3) 

The maximum velocity occurs when cos (2 rrft + 8) = 1 or where the 

slope of the displacement vs. time curve (see Figure 4.14) is 

steepest at displacement = O. Thus: 

vmax = dmax 2 rr f (4.4) 

The average shear strength at maximum velocity, normalized with 

respect to the average "static" shear strength 'Nhich occurs at 
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Figure 4.14 Displacement vs. Time for Displacement Controlled 
Tests (Conceptual). 

maximum velocity and a frequency of 0.01 Hz, is plotted in 

Figures 4.15 through 4.17 for the rough samples [12J. Normaliza-

tion was performed independently for each displacement amplitude 

and normal stress. Results presented by Gould [12J indicate that 

there is essentially no loss in strength of the samples due to 
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degradation. This allows a close examination of the shearing rate 

or velocity effects. 

The results from the testing at the University of Colorado 

indicate deviation from the "static" strength at somewhat lower 

velocities than those presented by Crawford and Curran [5J. 

Excluding tests at 0.069 MPa (10 lb/in2) normal stress, samples C 

and 0 show the most consistent results. The results from sample C 

indicate that the velocity effects may be normal stress dependent 

(Figure 4.15). However, if the two tests showing increasing 

strength at 0.207 MPa (30 lb/in2) normal stress are considered, 

the dependency on normal stress is less obvious. In addition, the 

results from sample 0 indicate that velocity effects are relatively 

independent of normal stress (Figure 4.16). Trends are not apparent 

in samples A, B, and E. 

shown in Figure 4.17. 

The data from all five rough samples are 

Although, in general, the strength of the 

samples seems to increase with increasing shear velocity, the 

scatter in the data is relatively large. For tests conducted at 

approximately 2.54 mm (0.1 in) displacement amplitude, there are 

about the same number of tests showing decreasing strength as 

increasing strength, as the shear velocity increases. These tests 

should be the most consistent since the samples have been displaced 

under the same normal stress but a smaller displacement amplitude 

beforehand, and the samples should approach a steady-state condi

tion. The indicated changes in strength with velocity, therefore, 

are probably also influenced by properties of the test and sample 

geometry. This can be further substantiated by examining the 
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results from a smooth sample. Although a complete series of tests 

was not performed on a smooth sample, some results are plotted in 

Figures 4.18 and 4.19. They indicate that the shear strength 

increases slightly with increasing shear velocity. This is 

similar to the average response of the rough joints and is not 

inconsistent with the results of Crawford and Curran. Based on 

uniaxial compressive strength, the Loveland Sandstone used in the 

University of Colorado tests is in the middle range of hardness of 

the rocks tested by Crawford and Curran. 

The velocity dependent model proposed by Crawford and 

Curran [6J therefore seems to be appropriate for the average 

response of clean rock joints. An increase or decrease in shear 

strength with respect to the static shear strength can be made 

according to: 

for v ~ Vc ld = lS (4.5) 

for v > Vc ld = lS [1 + m (10910 v - 10910 vc)J 

in which v is the relative velocity across a sliding joint, Vc is 

the critical velocity, ld is the dynamic shear strength of the 

joints, lS is the static shear strength of the joint, and m is the 

change in increase or decrease of shear strength divided by the 

change in 10910 (velocity), defined by the slope of a line similar 

to those shown in Figures 4.15 and 4.16. 
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Typical Shear Stress vs. Shear Displacement Curves 
for Smooth Sample 3. 
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CHAPTER V 

DYNAMIC LIMIT EQUILIBRIUM ANALYSIS 

5.1 Response History Analysis 

The three-d imens ional 1 imit equi 1 ibri urn approach described 

in Chapter III can be readily extended to study the stability of 

rock masses subjected to time-varying forces, such as those cre

ated by an earthquake, if these forces are digitized at discrete 

time steps. At each time step during the earthquake, three

dimensional time-varying forces, such as dynamic loads from a dam 

and inertia forces acting opposite to the ground acceleration, are 

added to the stat ic forces. Force resol ut ion is performed and a 

factor of safety computed at each time step as appropriate. The 

large number of time steps usually encountered in a dynamic 

analysis necessitates the use of a computer program, such as that 

described in the Appendix. 

As an example, consider the potential localized instabil

ity created by a powerpl ant excavation at the base of an arch dam 

as shown in Figure 5.1. Two diverging fault planes cross the 

foundation from upstream to downstream. A prominent and con

tinuous joint set dips slightly downstream and daylights in the 

powerplant excavation between the fault planes. A potentially 

unstable rock wedge including a plane contacting the heel of the 



A ~7" 

POWERPLANT 
EXCAVATION 

PLAN 

STER EOGRAPH IC PRO J ECTION 
(LOWER HEMISPHERE) 

--wr---
3 

- - -..Ioo!::'-_ 

SECTION A-A 

POWERPLANT 
EXCAVA TION 

Figure 5.1 Example of a Potentially Unstable Rock Mass. 
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dam and daylighting at the base of the powerplant excavation can 

be considered as a worst case. An isometric view of the resulting 

potentially unstable rock mass is shown in Figure 5.2. The orien

tations of the planes forming the rock mass are summarized in 

Table 5.1 along with shear strengths and water forces. The static 

forces acting on the block are summarized in Table 5.2. The shear 

strength of the fault planes is approximated by the nonlinear 

failure envelope shown in Figure 5.3. In reality, the water 

forces acting normal to each plane are dependent on the stresses 

transmitted by the dam. An increase in stress closes the discon

tinuities and changes the seepage characteristics of the rock 

mass. However, coupled stress-flow problems are difficult to 

solve, particularly when there are a large number of discontinui

ties where flow can occur, such as a jointed rock mass. There

fore, a more practical approach utilizes an equivalent continuum 

seepage analysis with anisotropic permeability to represent 

preferred directions of flow. The water forces shown in Table 5.1 

were determined in this manner. 

In addition to the static forces, the dam is subjected to 

a Richter Magnitude 6.5 earthquake represented by three synthetic 

accelerograms shown in Figure 5.4 [27J. Three-dimensional forces 

acting on the potentially unstable rock mass are computed at each 

time step during the earthquake from a finite element analysis of 

the dam utilizing the method described by Scott and Dreher [24J. 

The resulting histories of forces are shown in Figure 5.5. 

Inertia forces acting on the rock wedge opposite to the directions 



60 

Figure 5.2 Isometric View of Example Wedge. 
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Figure 5.3 Nonlinear Shear Strength Envelope. 
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6 

Tab 1 e 5.1 Summary of Planes for Exampl e Rock Mass 
(See Figure 5.2) 

Strike Di p Water Force Area Shear 
(MN) (m2) Strength 

N5rE 90° 225 111 o = 45° 

N300W 90 ° 202 408 Figure 5.3 

N57°E 8°SE 1606 4617 JRC = 15 
JCS = 86 MPa 
o = 30° 

N58°E 90 ° 0 0 

N35°W 90 ° 94 552 Figure 5.3 

Hori zontal 0 0 

Table 5.2 Static Forces Acting on Example Rock Mass 

Dam 

Weight 

Cross Canyon* 
(MN) 

-574 

Upstream/ Downstream* 
(MN) 

4893 

Vert ical 
( MN) 

8363 

1134 

61 

* NOTE: +x is directed in the cross canyon direction toward 
the left abutment (looking downstream) and +y is directed 
downstream. 
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of ground acceleration are also computed for each time step by 

multiplying the values of acceleration by the mass of the rock 

block and changing the sign of the resulting force. 

63 

The potential mode of sliding as determined from force 

resolution at each time step, is plotted against time in Figure 

5.6. The potential mode of instability changes during the earth

quake due to the time-varying forces. The factor of safety 

against sliding of the example rock mass is plotted against time 

in Figure 5.7. The factor of safety drops below 1.0 twice during 

the earthquake. However, the total time the factor of safety is 

below 1.0 is less than 0.1 second, and it may not be reasonable to 

assume complete failure. 

5.2 Permanent Cumulative Displacement 

The permanent displacement of a rock mass can be estimated 

when the factor of safety against sliding is less than 1.0 for a 

period of time. Von Thun and Harris [30J describe a method for 

estimating cumulative permanent displacements of slopes subjected 

to time-varying forces in two directions. The material shear 

strength is assumed to follow rigid-perfect plastic behavior, 

ignoring elastic shear deformation. Movement is considered to 

occur only when the shear strength of the resisting plane is 

exceeded. 

This method can be extended to three dimensions to esti

mate permanent deformations of rock masses. Displacement occurs 



f'0 
0.... 

0.00 1.25 2.50 3.75 5.00 6.25 7.50 8.75 10.00 

TIME - SECONDS 

Figure 5.6 Modes of Potential Instability vs. Time - 123 Repre
sents Sliding on the Intersection of Planes 2 and 3, 
P3 Represents Sliding on Plane 3, and 135 Represents 
Sliding on the Intersection of Planes 3 and 5 (See 
Fig ur e 5.2). 
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Figure 5.7 Factor of Safety Against Sliding vs. Time. 
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only when the factor of safety drops below 1.0. Linear interpo-

lation between input time steps may be utilized to find the exact 

time at which movement initiates, if it does not occur at an even 

time step, as shown in Figure 5.8. The time of impending motion, 

>-
~ 
W t::,T 
I.J... 
<l: 
(j) 

I.J... 
0 

0 -
a::: 
0 
~ 
L) 
<l: 
I.J... 

I I I 
----T-- -~-----r---

I I I I 
1 6t l I I 
~r--~~ I 
I I 

TIME 

Figure 5.8 Linear Interpolation Between Input Time Steps. 

when the factor of safety is just equal to 1.0, is determined by: 

(5.1 ) 

liT (5.2) 

in which the factor of safety at time T1 is greater than 1.0, the 

factor of safety at time T2 is less than 1.0, lIt1 is defined in 
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Figure 5.8, and ~T is the time between T1 and T2. When the safety 

factor drops below 1.0, the unbalanced force acting on the unstable 

rock mass at any time step is given by: 

Fu = 0 - R (5.3) 

in which 0 is the driving force and R is the resisting force, both 

of which vary with time. Movement occurs in the direction of the 

driving force. For the case of sliding on a single plane, the 

resisting force is a function of the normal stress and shear 

strength of the single plane, and the driving force is represented 

by the magnitude and direction of the shear force in the plane. 

In the case of sliding on an intersection, the resisting force is 

a function of the normal stress and shear strength for both planes 

forming the intersection, and the driving force is the component 

of the resultant force in the direction of the intersection. In 

case of lifting, the resisting force is zero and the driving force 

is the total resultant acting on the wedge. 

When sliding occurs, the effects of post-peak shear 

strength behavior must be considered. Thus, residual strengths 

should be used to estimate resisting forces once movement begins. 

In addition, if sliding occurs along the intersection of two 

planes, the shear strengths utilized in the analysis must be 

developed at compatible displacements. 

The relative acceleration between the unstable mass and 

the underlying rock at a particular instant in time is given by: 
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Fu 
a=M (5.4) 

where M is the mass of the unstable rock. Assuming the accelera

tion varies linearly between input time steps: 

(t) = (T ) a(Tn) - a(Tn-I) t 
a a n-I + t.T (5.5) 

where t.T is the time step between Tn-I and Tn' and t varies from 

o to t.T. The relative velocity for each time step, calculated by 

integration of the relative acceleration is: 

(5.6) 

Another integration yields the relative displacement for the time 

step. 

d(Tn) = d(Tn-I) +ft.:Jt.: a(t) dt 

, [ t 2 a(T n) - a(T n-I) t3] t.T 
= d(Tn-ll + v(Tn_I)t + a(Tn-I) "2 + t.T "6 0 

t.T2 
= d(Tn-I) + v(Tn-I) t.T + [2a(Tn_I) + a(Tn)] -6- (5.7) 

Movement stops when the relative velocity becomes zero. The exact 

time that movement stops, as shown in Figure 5.9, may be determined 
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by quadratic interpolation between input time steps, since velocity 

is a quadratic function of time. Inserting t.t2 (see Figure 5.9) 

into equation (5.6), setting the equation equal to zero, and 

solving by the quadratic formula yields: 

= -a(Tn-I) ± 

(5.8) 

The solution which lies in the interval between 0 and t.T is used 

to calculate the time at which movement stops. The total displace-

ment magnitude and direction is determined by vector addition of 

6T 6T ,. -I .. I 

I I I 
:>- I 1 
~ 

1 u I 
1 I 

0 I ...J I 1 I UJ _-1 __ 
> 0 -----r--- -1-----,---

I 
I I I 6 t 2 1 

I I- -! 
I 1 I 

T T2 T Tn I n- ! 

TIME 

Figure 5.9. - Quadratic Interpolation Between Input Time Steps. 
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the displacements at each time step. The direction of movement at 

each time step is determined by the direction cosines of the shear 

force. In the case of sliding on a single plane they are given 

by: 

{ em} ={~:} = -2",.----:::2,..-1-c,-=-2
S 
z-) 1-/2 {: ::} 

(Fsx + Fsy + 
Cmz Fsz 

(5.9) 

In the case of sliding along the intersection of two planes the 

direction cosines of the movement are given by (see Chapter III): 

(5.10) 

The process is repeated for each cycle in which the factor of 

safety drops below 1.0, and displacements are accumulated vec-

torally. The displacement calculated in this manner is approximate 

and only appropriate for small displacements, since the mode of 

instability is assumed to change instantaneously without reposi-

tioning of the block. 

5.3 Effects of Dynamic Material Behavior 

The method described in the previous section results in 

calculation of the relative velocity for sliding planes at each 

time step during a dynamic analysis. Shear strengths can, there-

fore, be revised during the analysis according to the relative 

velocity calculated for the previous time step, and the velocity 

dependent shear strength criteria described by equation (4.5). 
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For the example problem described in previous sections, cumulative 

displacements were calculated considering no change in strength 

with velocity. Values of critical velocity and m which envelope 

the results from the University of Colorado dynamic direct shear 

tests conducted at displacement amplitudes of 2.54 mm (0.1 in) 

were also considered for plane 3 only. The results, shown in 

Table 5.3, indicate that velocity effects can be an important 

consideration in estimating cumulative permanent displacements of 

potentially unstable rock masses. 

Table 5.3 Velocity Effects on Cumulative Permanent Displacements 
of Example Rock Mass 

Critical Velocity 
(mm/s) 

0.3 

0.2 

m 

o 

0.119 

-0.052 

Cumulative Permanent 
Displacement (mm) 

10.6 

0.5 

51.1 

The example problem is based on work performed for Auburn 

Dam. However. details were modified for illustration purposes. 



CHAPTER VI 

SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FURTHER STUDY 

The behavior of rock discontinuities under static loading 

conditions has received much attention and research in recent 

years. Research into the behavior of such discontinuities sub

jected to dynamic loading is just beginning. Crawford and Curran 

[5J studied the effects of shear velocity on the shear strength of 

clean rock joints utilizing a sophisticated servocontrolled 

dynamic direct shear apparatus. A similar machine was developed 

at the University of Colorado as described by Gould [12J. The 

results from testing in both machines indicate that shearing 

velocity can have a pronounced effect on discontinuity shear 

strength. The effects seem to be independent of the normal stress 

across the discontinuity. The strength appears to increase or 

decrease 1 i nearl y with the log arithm of velocity beyond a crit ical 

threshold velocity. However, there is a relatively large amount 

of scatter in the data, and further verification work is warranted. 

The approach adopted in this research has been to examine changes 

from static behavior of rock joints, when they are subjected to 

dynamic loads. Although this is probably a good first approach, 

further research may lead to comprehensive material models for 

dynamic loading. 
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When evaluating the effects of earthquakes is important, 

response history analyses for rock masses can be performed. The 

three-dimensional limit equilibrium approach is a cost effective 

means of performing such analyses for masses bounded by planar 

discontinuities. If the dynamic loads and accelerations are 

digitized for each time step during an earthquake, analytical 

computer techniques can be utilized. At each time step during 

the earthquake, an analysis is performed. Dynamic and static 

forces, including water forces acting normal to the discontinui

ties, are summed and resolved. The potential mode of instability 

and factor of safety against sliding are determined. If the 

factor of safety drops below 1.0 for short periods of time during 

the earthquake, cumulative permanent displacements can be esti

mated by double integration of the relative acceleration. The 

effects of relative shearing velocity can be included and appear 

to have a significant effect on the estimated displacement. 

The rigid block analysis is appropriate when the poten

tially unstable rock mass is bounded by planar discontinuities. 

The ratio of normal stiffness to shear stiffness of the discon

tinuities must also be large, which is usually the case in nature. 

Localized stress concentrations cannot be considered using this 

method. The permanent displacement calculated for dynamic analyses 

is approximate and only appropriate for small displacements, since 

the mode of instability is assumed to change instantaneously 

without repositioning of the block. The major weakness in the 

analytical approach is the treatment of water forces. Currently 
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they are assumed to be constant throughout the earthquake. 

However, it is reasonable to expect that the dynamic loads may 

cause an increase in stress in certain areas of the rock, result

ing in closing of discontinuities and an increase in water pres

sure. Similarly, once movement starts, the discontinuities can be 

expected to dilate, thus reducing water pressures. 

Research is continuing at the University of Colorado to 

examine changes in water pressures and effects of water during 

dynamic shearing of sandstone joints subjected to constant normal 

stress. The effects of cycling in load control rather than 

displacement control are also being studied. Different rock types 

may behave differently, and dynamic studies of joints in several 

rock types are warranted. Joints containing infilling may also 

behave differently and should be studied under dynamic loading. 

In reality, the normal load acting across a discontinuity is not 

constant during an earthquake. Further testing where the normal 

load is cycled at various phase angles to the shear load are also 

justified. 

Research into the behavior of jointed rock masses during 

dynamic earthquake loading is just beginning. It is hoped that 

the need for such research is realized and that further work can 

be performed. 
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APPENDIX - COMPUTER PROGRAM 

A. User's Guide 

Consistent units must be used throughout the input tapes. 

Input for PROGRAM RIGID from TAPE5 

Card 1 FORMAT (5AlO, 5X, A5, 15) 

Column V ar i ab 1 e 

1-50 JOB 

56-60 IBLOCK 

61-65 IPROBN 

Card 2 FORMAT (3011) 

Column V ar i ab 1 e 

1 lOC (1) 

2 lOC (2) 

3 IOC(3) 

Description 

Title information to be printed on 
output. 

Identification for rigid block being 
ana 1 yzed. 

Nonzero problem identification 
number. 

Description 

Input 0 for static analysis. Input 
1 for dynamic analysis with input 
time-varying loads and accelera
tions on TAPE4. 

Input 1 for extra output. Input 0 
for standard output (0 should be 
specified for large dynamic runs). 

Input 1 if cumulative permanent 
displacements of unstable rock 
masses are to be estimated. This 
can only be specified for dynamic 
analyses. Input 0 to suppress this 
opt ion. 

7/ 
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Card 3 FORMAT (5FlO.0) 

Co 1 umn V ar i ab 1 e Description 

1-10 WT Weight of rigid block (positive) . 

11-20 BMASS Mass of rigid block. 

21-30 QX External static force act ing on 
rigid block in x-direction. 

31-40 QY External static force acting on 
rigid block in y-direction. 

41-50 QZ External static force acting on 
rigid block in z-direction. 

NOTE: The program uses a right hand cartesian coordinate system 
with x and y forming a horizontal plane and +z directed 
vertically downward. 

Card 4 FORMAT (2FI0.0) 

Column 

1-10 

11-20 

Vari ab 1 e 

CC 

TPHIC 

Description 

Cohesion of treatment concrete. 

Tangent of the friction angle of 
treatment concrete in the planes of 
discontinuities. 

NOTE: Treatment concrete can only be considered if the area of 
the plane is also specified (see card 6A). Resistance due 
to concrete treatment will only be considered if a positive 
normal force acts on the treated plane. In dynamic analyses, 
the concrete cohesion will be set to zero once the factor 
of safety drops below 1.0. 

Card 5 FORMAT (F5.1) 

Column V ar i ab 1 e 

1-5 XAXIS 

Description 

Clockwise angle (degrees) from 
north to +x axis. 

One set of cards 6A through 6H for each plane forming the 
block (up to 19 planes may be input). 
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Card 6A FORMAT (15, 2F10.0, 15, 4F10.0) 

Column Variable 

1-5 I 

6-15 STRIKE(I) 

16-25 DIP(I) 

26-30 IPHI(I) 

31-40 UP(I) 

41-50 AREA(I) 

Description 

Plane identification number (sequen
tial - no missing numbers). 

Clockwise angle (degrees) from north 
to strike direction vector. 

Dip angle (degrees) measured down to 
the right from horizontal looking in 
the direction of the strike vector. 

Shear strength code. Input 1 if 
shear strength for plane I is to be 
represented by cohesion and a 
friction angle. 

Input 2 if the shear strength is to 
be represented by a normal stress 
vs. shear strength curve. 

Input 3 if Barton's shear strength 
criterion is to be used. 

Input 4 to use Ladanyi and 
Archambault's criterion for clean 
rough joints. 

Input 5 to use Ladanyi and 
Archambault's criteria for filled 
joints1. 

Input 6 to use Jaeger's criterion. 

Water uplift force acting normal to 
plane I. 

Area of planar face of plane I 
(needed if cohesion, Barton's param
meters, Ladanyi and Archambault's 
parameters, Jaeger's criterion, or 
shear strength curve is specified) 
including concrete treatment area. 

1Ladanyi, B., and G. Archambault, "Shear Strength and 
Deformability of Filled Indented Joints," Int. Symposium on the 
Geotechnics of Structurally Complex Formations, Capri, Vol. 1, 
1977, pp. 317-326. 



Column V ar i ab 1 e 

51-60 AREAC( 1) 

61-70 PHIR(1) 

71-75 IVEL (1) 
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Description 

Area of treatment concrete in plane I 
(may be specified only if AREA(I) is 
also specified). 

Residual friction angle (degrees) to 
be used once movement initiates. 
Input only if IOC(I) and IOC(3) are 
1. Input 0 if strength is to remain 
unchanged. 

Input 1 if effects of velocity on 
shear strength are to be considered 
when estimating permanent cumula
tive displacements. Input 0 to 
suppress this option. 

NOTE: The strike and dip must be described such that the plane 
normal is directed into the block. The normal direction is 
found by crossing the strike vector into the dip vector 
through an angle of 90 0

• The strike must be changed by 
180 0 if the normal is not directed into the block, and the 
dip must be changed appropriately. 

Skip card 6B if IPHI(I) is not equal to 1. 

Card 68 FORMAT (2FI0.0) 

Column 

1-10 

11-20 

Variable 

PHI ( I) 

COHESN(I) 

Description 

Friction angle (degrees) for plane I. 

Cohesion value for plane I (units 
must be compatible with area units). 

Skip cards 6C and 60 if IPHI(I) is not equal to 2. 

Card 6C FORMAT (15) 

Co 1 umn Variable Description 

1-5 NSSP Number of points used to describe 
shear strength curve for plane I. 

Cards 60 FORMAT (2F10.0) 

One card for each of NSSP points. 



Column Variable 

1-10 SIG(J,I) 

11-20 TAU(J,I) 

Description 

Normal stress for shear strength 
point J, plane I (units must be 
compatible with area units). 

81 

Shear strength (stress) for point J, 
plane I (units must be compatible 
with area units) . 

Skip card 6E if IPHI(I) is not equal to 3. 

Card 6E FORMAT (3FI0.0) 

Column Vari able 

1-10 FJRC( I) 

11-20 FJCS(I) 

21-30 PHI (I) 

Description 

Joint roughness coefficient, JRC, 
for Barton1s shear strength criterion. 

Unconfined compressive strength of 
joint wall rock, JCS, for Barton1s 
shear strength criterion. 

Residual friction angle (degrees) of 
joint for Barton1s shear strength 
criterion. 

Skip card 6F if IPHI(I) is not equal to 4. 

Card 6F FORMAT (3FI0.0) 

Co 1 umn V ari ab 1 e 

1-10 PHI ( 1) 

11-20 FJCS (1) 

21-30 FIA( 1) 

Description 

Friction angle (degrees) of asperi
ties for Ladanyi and Archambault1s 
shear strength criterion. 

Compressive strength of joint wall 
rock for Ladanyi and Archambault1s 
shear strength criterion. 

ilill angle (degrees) of asperities 
for Ladanyi and Archambault I s shear 
strength criterion. 

Skip card 6G if IPHI(I) is not equal to 5. 



Card 6G FORMAT (4FI0.0) 

Column V ar i ab 1 e 

1-10 FJRC(I) 

11-20 AM( I) 

21-30 COHESN(I) 

31-40 PHIU(I) 

Description 

Thickness of filled joint for 
Ladanyi and Archambault's shear 
strength criteria. 
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Amplitude of roughness of filled 
joint for Ladanyi and Archambault's 
shear strength criteria. 

Undrained cohesion of infilling 
material for Ladanyi and Archambault's 
shear strength criteria. 

Undrained friction angle (degrees) 
of infilling material for Ladanyi 
and Archambault's shear strength 
criteri a. 

Skip card 6H if IPHI(I) is not equal to 6. 

Card 6H FORMAT (3FI0.0) 

Column Variable Description 

1-10 COHESN( I) Cohesion of asperities for Jaeger's 
criterion. 

11-20 PHI (I) Residual friction angle (degrees) of 
wall rock for Jaeger's criterion. 

21-30 AM( 1) Exponent b for Jaeger's criterion 
(positive value). 

Skip card 7 if IVEL(I) is not equal to 1. 

Card 7 FORMAT (2FI0.0) 

Column Variable 

1-10 CRITV( 1) 

11-20 SLOG( I) 

Description 

Critical velocity. No change in 
shear strength occurs below this 
relative velocity. 

Slope of line defining change in 
shear strength with increasing 
velocity, defined as (change from 
static strength)/(lo910 velocity). 
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The input for plane description cards must end with 20 in 
columns 4 and 5. 

Card 8 FORMAT (2011). 

Enter a 1 in each column corresponding to the plane 
identification number of any plane that can contribute no resist
ance to sl iding. 

Another problem may be started here. Otherwise terminate 
the run with a blank card. 

Input for PROGRAM RIGID from TAPE4 

TAPE4 is used to supply time-varying forces and ground 
accelerations for response history dynamic analyses. 

Card 1 FORMAT (215) 

Column V ar i ab 1 e 

1-5 NTS4 

6-10 IB 

Card(s) 2 FORMAT (7El4.6) 

Column V ar i ab 1 e 

1-14 TIME 

15-28 FX 

29-42 FY 

43-56 FZ 

57-70 AX 

71-84 AY 

85-98 AZ 

Description 

Number of time steps with forces and 
accelerations on TAPE4 (It is recom
mended that each time step be less 
than or equal to about 0.02 second). 

Block identification number. 

Need NTS4 cards 

Description 

Time during the earthquake. 

x-d irec t i on force at time TIME. 

y-d irect ion force at time TIME. 

z -d i r ec t ion force at time TIME. 

x-direction ground accel erat ion at 
time TIME. 

y-direction ground accel erat ion at 
time TIME. 

z-direction ground acceleration at 
time TIME. 



Files used by PROGRAM RIGID 

TAPE4 - File containing time-varying forces and ground 
accelerations representing earthquake loading. 

TAPE5 - File containing program input. 

TAPE6 - Printer formatted ouput file. 

TAPE7 - Formatted output file containing information that 
can be used for plotting. Consult listing of 
SUBROUTINE SRBFS for further details. 

PROGRAM RIGID was developed on a CDC CYBER/170 computer 
and is written in FORTRAN. Modifications may be required to run 
the program on other machines. The program can be run in time
share or batch modes using the NOS operating system. 
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