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ABSTRACT

Successful design of an underground nuclear-waste repository in one

of the welded tuff formations at the Nevada Test Site (NTS) will require

a thorough understanding of the mechanical behavior of the rock mass in

which the waste is to be emplaced. Field observations indicate that

welded tuffsa are not continuous, but form discontinuous rock masses, con-

taining joints, faults and bedding planes. These discontinuities would

be a dominant factor in controlling the structural stability of a mined

repository, as well as the permeability of the surrounding rock mass.

Accordingly, an extensive research program has been initiated to determine

the mechanical and permeability properties of discontinuities in welded

tuff.

In this report, the frictional properties of simulated (artificial)

joints induced in samples of welded tuff from the Grouse Canyon Member

of the Belted Range Tuff are presented as a function of normal stress,

time of stationary contact, sliding velocity and degree of water

saturation. Specimens consisted of right-circular cylinders with a pre-

cut surface oriented at 350 to the cylinder (load) axis. Specimens were

tested in triaxial compression at confining pressures to 40 MPa. The

This work was supported by the U. S. Department of Energy (DOE) under
Contract DE-ACo4-76-DPOO789.
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coefficient of friction of the jointed tuff is independent of normal

stress at a given sliding velocity. At a given normal stress, shear

strength increases with increasing time of stationary contact and/or

decreasing sliding velocity. The increase in friction with increasing

time of contact and/or decreasing sliding velocity is consistent with a

model proposed by Dieterich (1978), which suggests that increased friction

is a result of an increase in the real area of contact on the sliding

surface by time-dependent asperity creep. Time and velocity dependence of

friction is enhanced in tuff by increasing water saturation. This be-

havior is attributed to increased asperity creep rate resulting from a

reduction in the surface indentation hardness by stress corrosion cracking

or hydrolytic weakening, both of which are enhanced by the presence of

water.
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FRICTIONAL PROPERTIES OF JOINTED WELDED TUFF

L. W. Teufel
Sandia National Laboratories
Albuquerque, New Mexico 8731S5

INTRODUCTION

Extensive research is in progress to evaluate several different

geologic media for the design of underground nuclear-waste repositories.

Among the rock types being considered, welded tuff, which is abundant at

the Nevada Test Site (NTS) (Byers, et al., 1976), is a primary candidate.

The successful design of any waste repository cannot be achieved until the

rock mass is adequately characterized in terms of lithology, joint systems,

faults, and bedding surfaces; and until the thermomechanical response of

the emplacement medium under expected conditions can be predicted reliably.

More than 45 years of laboratory study of the mechanical properties of

intact, homogeneous, and isotropic rock specimens have contributed greatly

to our understanding of the deformations of the matrix of many rock types.

However, prediction of the behavior of these same in-situ rock types,

where they inherently contain joints, faults, layers of other materials,

or other planes of potential mechanical discontinuity, which may be either

thermal or tectonic in origin, is still very tenuous. Joints are the

most pervasive fabric element that may potentially create a discontinuity

in the mechanical response of a rock mass. Welded tuff formations at the

Nevada Test Site are known to contain a high density of joints in some

locations (see, for example, Spengler, et al., 1979; Lysman, et al., 1965).

Thus, one of the first steps in assessing the rock-mass behavior of

welded tuff must be the determination of the mechanical properties of

joints under the appropriate environmental, loading, and boundary conditions.
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In evaluating the potential response of joints to an applied load,

engineers generally have considered two extreme types of joints: perfectly

bonded, which is equivalent to there being no mechanical discontinuity,

and unbonded, in which there is a complete lack of tensile strength. In

nature, the tensile strength of a joint may not be zero, but rather some

percentage of the tensile strength of the intact rock. This is especially

true of mineralized or healed joints. Compressive normal stress can be

transmitted across any closed joint, but the amount of shear stress trans-

mitted across a joint will depend on the inherent shear strength and

frictional properties of the joint and/or joint filling.

For an unbonded joint, the inherent shear strength is essentially

zero and the shear strength is solely dependent on joint frictional

properties. In this study, we present experimental results on the

frictional properties of simulated, unbonded joints in the welded portion

of the Grouse Canyon Member of the Belted Range tuff, collected in the

G-tunnel complex on the Nevada Test Site (NTS). Results are presented as

a function of normal stress, time of contact, sliding velocity, and degree

of water saturation. All tests were conducted at room temperature. The

effects of elevated temperature will be presented in a future report.

MECP3RDTAL PROCEDHR

Joints were simulated in experimental samples by using right circular

cylinders with a precut oriented at 350 to the cylinder (load) axis

(Figure 1). The long axis of all specimens was perpendicular to bedding,

and all were cored from a single block of tuff. The specimens were 4.45 cm

in diameter and 32.70 cm long. The precut angle was accurate to within

0.50 for each half of the specimen. The ends of the assembled specimen

were within 0.10 of parallelism. The sliding surfaces and ends of the
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specimen were surface ground with an 80-grit wheel. Three Pblyolefin

Jackets were used to isolate the specimen from the confining fluid.

Lubrication in the form of a thin layer of Molykote (MoS 2 ) was applied

to the specimen-end cap interfaces in order to maintain uniform stress

distribution at the ends of the sample.

The specimens, which were laboratory air-dried, oven-dried, or water-

saturated, were deformed in triaxial compression at confining pressures

1-2 -6to 400MPa and axial displacement rates from 10 cm/sec to 10 6 cm/sec.

All tests-were conducted at room temperature. -The tests were carried

out in a 1.8-GN ultra-stiff, electro-hydraulic, servo-controlled testing

apparatus. Ram displacement was used as the programmed feedback variable.

Axial displacement was measured by linear variable-displacement trans-

ducers mounted at two points along the length of the specimen. Transverse

displacements normal to the strike of the precut slip surface were measured

by a disc gage (Schuler, 1978). Both axial force and confining pressure

were servo-controlled. A Digital Equipment Corp. PDP-ll was used to

collect and reduce force, axial and transverse-displacement data, and to

display differential stress vs. axial strain on-a CRT in real time.

Experimental data were stored on magnetic tape. Normal stress, shear

stress, and shear displacement were calculated from the primary data.

RESULTS

Effect of Normal Stress

In order to determine the effect of normal stress on the shear stress

required to initiate slip on a Joint in air-dried welded tuff, room tem-

perature tests were conducted at 5 MEa to 40 MPa confining pressure and con-

stant sliding velocity of 1.2 x 10 cm/s. In these triaxial compression

tests, the normal stress across the precut sliding surface was increased
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by increasing the confining pressure. The shear strength of the simulated

joints fit the linear relation

T TO I 01

as shown in Figure 2. In equation (1), T is the shear strength, T0 the

inherent shear strength, g the coefficient of friction, and a the normal

stress. As indicated by the linearity of the r, a relation shown in Figure

2, the coefficient of friction at the initiation of slip is independent of

normal stress, having a value of 0.64 at this particular sliding velocity,

The independence of the coefficient of friction on normal stress is con-

sistent with the joint-friction literature as reviewed by Byarlee (1978).

Time-Dependent Friction

Consideration of the long-term structural stability of the mined

repository must be included in the design of an underground nuclear-vaste

facility. Accordingly, the time-dependence of the frictional shear

strength of oven-dried welded tuft was investigated by examining the

response of 350 precuts in triaxial compression at a confining pressure

of 10 MPa. The test procedure was slightly different from that used in

the previous quasi-static tests. In the tests of tima-dependent behaviors

axial load was increased until slip occurred along the precut at a constant

sliding velocity of 1.2 x 103 cm/s. The test was then stopped for a

given time under load, and then started again at the same sliding velocity.

This procedure was repeated at several different durations of contact

time.

A tracing of the change in shear stress, &Ts as a function of dis-

placement (Figure 3), shows that when a test was stopped and started again

after 60 seconds, there was an abrupt increase of 0.4 MPa in the shear
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stress necessary for slip, and then a drop back-to the former stress level,

as slip continued at the previous sliding velocity of 1.2 x 10 3-cm/s

(Figure 3). With a longer time of stationary contact (2400 seconds) both

the stress rise required to initiate slip and the corresponding stress

drop were larger; the stress required for stable sliding did not change

significantly.

A plot of the coefficient of friction at peak stress, V,, versus the

log time of contact (Figure 4) shows that with increasing time of contact

there was a consistent increase in the friction required to-initiate

sliding. A linear fit to this data can be made-using the empirical

equation

tA U +.A log (Bt + 1) ,(2)

from Dieterich (1978). In this equation 40 is the friction at constant

sliding velocity, t is time of stationary contact in seconds and A and B

are experimentally determined constants. For the oven-dried welded tuff

studied here g 'is o.63, A is 0.014, and B is 1. Dieterich (1978) found

the constant A to be 0.016, 0.022, 0.020, and 0.012 for joints in sand-

stone, granite, quartzite, and graywacke,-respectively.- Average values of

go in Dieterich's study ranged from 0.7 to 0.8 and B was approximately

equal to 1. Dieterich found these parameters to be insensitive to

normal stress. Experiments are planned at various normal stress conditions

to determine if the time-dependent frictional properties of tuff are also

independent of normal stress.

Velocity Dependent Friction

The time dependence of the static-friction coefficient of joints in

oven-dried welded tuff suggests the possibility of a velocity dependence
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as well. In order to determine if a variation in the sliding velocity

affected the frictional resistance, a series of tests were conducted in

which the sliding velocity was abruptly changed during sliding. A tracing

of changes in shear stress, Arr, against displacement is shown in Figure 5.

As the velocity was decreased from 1.2 x 10 4 cm/s to 1.2 x 10 5 cm/aS

there was a small drop and then an increase in the shear stress required for

stable sliding. When sliding was allowed to occur at this slower velocity

for a small amount of displacement and then the sliding velocity was abruptly

increased to 1.2 x 10 3 cm/,, there was a sudden rise, and then a drop in

the shear stress at stable sliding to a lower level characteristic of the

faster velocity.

When the sliding velocity was changed, the frictional resistance did not

change immediately to the new steady state value. In all cases, as the

velocity was increased or decreased, a small but measurable displacement

was required before the shear stress stabilized at a value characteristic

of the new sliding velocity. This critical displacement, d:, was con-

sistent, ranging from 6 to 13 p=, with an average value of 8 ;m.
Dieterich (1978) also observed this displacement phenomenon in ex-

periments on Westerly granite. He found the critical displacement to be

independent of machine effect and normal stress, but dependent on surface

roughness. An increase in surface roughness required a larger critical

displacement. Hence, Dieterich suggested that da was an intrinsic quality

of the sliding surface.

A plot of the coefficient of friction, A, versus log sliding velocity

shows that AL for the dry joints decreased with increasing velocity toward

an asymptotic value near 0.62 (Figure 6). Following Dieterich (1978), an

equation
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= ' U+ A log(B v +1) (3)

can be fit to the data. In equation (3), P, A, and B are the same con-

stants as in the previous time-of-contact fit (equation (2)), d is the
C

average critical displacement, and v is the sliding velocity. Note that

equations (2) and (3) are different only in that time, t, in (2) has been
d

replaced by v in (3). A detailed explanation of the time and velocity

dependent equations is given in the discussion section.

Effect of Water

Current plans indicate that a repository in welded tuff would be

positioned below the water table. Thus, the potential effects of water on

the frictional properties of jointed tuff need to be evaluated. Accord-

ingly, a series of tests was conducted on water-saturated 350 precuts at

confining pressures from 5 to 40 MPa and constant sliding velocity of

1.2 x 104 cm./. As in the case of dry tuff, the coefficient of friction

for wet tuff is independent of normal stress (Figure 7). The coefficient

of friction, U, of wet tuff is 9 percent greater than dry tuff, having a

value of 0.70. Thus, at a given normal stress, a saturated joint is

slightly stronger than a dry one.

The relative increase in frictional resistance of joints in welded

tuff due to water saturation is enhanced as the time of stationary con-

tact increases (Figure 8). As with dry tuff, an empirical fit to the wet

data using equation (2) can be made for the saturated joint with % equal

to 0.68, A equal to 0.022 and B equal to 1. In this empirical fit, the

increased time-dependence of a wet joint relative to a dry joint is re-

flected by the parameter A, which is 57 percent greater for the wet tuff.
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An analogous increased velocity dependence of the coefficient of

friction for a joint in wet tuff relative to dry tuff was also observed

(Figure 9). A fit to the wet data can be made using equation (3) with

d being the same as for dry tuff (8 U=) and U,0 A and B the same as for

the previous time-of-contact fit for water-saturated welded tuff. The

separation of divergence between the two curves shown in Figure 9 is

thus a result of differing coefficient of friction at high sliding

velocities (UO), and the differing time-dependent behavior (as reflected

in the constant A).

DISCUSSION

In the design of underground excavations in jointed rock masses,

engineers have generally assumed that the coefficient of friction of

joints increases only with increasing surface roughness (Barton, 1976).

In general, however, the effect of surface roughness has been found to

be important only at low normal stresses and is a result of interlocking

of asperities on the sliding surface. Quasi-static experiments on a

variety of jointed rock types with extreme variation in surface roughness

have shown that g& can range from. 0.4 to 10 at normal stresses less than

10 MPa (Barton, 1976). At higher normal stresses, surface roughness is

not a significant factor, since asperities are sheared off by cataclasis

and incorporated into gouge along the sliding surface. Quasi-static

test measurements of i compiled by Byerlee (1978) for joints of differing

surface roughnesses in a wide variety of rock types indicate a range of

gL from 0.4 to 1.0 at normal stresses greater than 10 MPa. The results

of this experimental study on simulated joints in welded tuff are con-

sistent with this in that the normal stresses across joints were 8-70 MPa,
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and all measured values of g were less than 1.0. The confining pressure,

generally 10 MPa, is representative of emplacement at a depth of some 1500

feet. Likely emplacement depths in welded tuff range from 1000 to 3000

feet.

In modeling the long-term stability of a jointed rock mass around an

underground opening, engineers have further assumed that L for joints with

a particular surface roughness is a constant and that quasi-static

friction measurements of . are sufficient input for modeling purposes.

However, the results of this experimental study have shown that P of

joints in welded tuff is not a constant, but increases with increasing

time of stationary contact and/or decreasing sliding velocity.

Two observational studies have attributed time-dependent increase of-

friction in jointed rocks to growth of asperity contacts by creep (Scholz

and Engelder, 1976; Teufel and Logan, 1978). Their observations are

similar to those for friction of metal (Bowden and Tabor, 1954). The

model for time dependence in metals contends that the frictional force

necessary for slip is the force required to shear the junctions at asperity

contacts on the sliding surface. If the asperity contact deforms by a

creep mechanism such that the size of the junctions increase with time,

the real area of contact and frictional resistance to slip also increase.

Dieterich (i978) extended this frictional model and established a

common basis for static and sliding friction, based on the interaction

between time, displacement, and velocity dependence on friction. Dieterich

suggested that, in the absence of time-dependent friction effects due to

asperity creep, the static and sliding coefficient of friction are equal

to the same constant value. However, as a result of time-dependent creep

of asperity contacts, there is an increase in the coefficient of friction
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above this constant value with increasing time of stationary contact and/or

decreased sliding velocity. This increased frictional resistance is

proportional to the logarithm of the time that a population of asperity

contacts on the sliding surface (real area of contact) exists. For static

friction, the lifetime of an asperity contact population is simply the time

of stationary contact. For sliding friction, the population of asperity

contacts is continuously changing in response to changes in displacement;

the time of contact is therefore a function of the sliding velocity and the

critical displacement required to change the population of asperity contacts.

Accordingly, Dieterich interpreted the measured critical displacement

parameter, d c in the variable-velocity experiments to represent the dis-

placement required to eliminate the population of contacts characteristic

of a previous velocity.

Thus, velocity dependent friction is a result of two distinct and

competing factors. First, as a population of contacts ages, the shear

stress required to initiate sliding increases according to equation (2).

The time allowed for this process is inversely proportional to the sliding

velocity. Second, displacement causes the destruction of older and hence

stronger contacts which are then replaced by new and consequently weaker

contacts. Velocity dependent friction is therefore formally analogous to

time-dependent friction with time, t, being replaced by d c/v, where de is

the measured critical displacement and v is the sliding velocity. Con-

sequently, the equations describing the time and velocity dependence for

friction, (2) and (3) respectively, are identical provided that the

parameters, 0, A and B are the same.

The application of Dieterich's friction model to both oven-dried and

water-saturated welded tuff has been highly successful in this study.

18



Moreover, in fitting the experimental data to Dieterich's model, the in-

creased time and velocity dependence in friction for wet joints relative

to dry surfaces is solely reflected by a parameter A in equations (2) and

(3). The-parameter A increases from 0.014 for dry tuff to 0.022 for wet

tuff, an increase of 57 percent. It is suggested that the enhanced time-

dependent increase in friction due to the presence of water is a result of

an increase in the creep rate at asperity contacts. It is also suggested

that parameter A in equations (2) and (3) is an indirect measure of the

asperity creep rate.

Several studies (for example, Scholz and Engelder, 1976; Teufel and

Logan, 1978) have suggested that the mechanism for asperity creep end time-

dependent friction is time-dependent reduction of surface hardness at

asperity contact junctions by dislocation mobility and the propagation of

cracks. Water is known to enhance dislocation mobility in silicate minerals

by hydrolytic weakening, a mechanism of hydration and breaking of Si-C bonds

at dislocation cores (Griggs and Blacic, 1965). Studies on stress corrosion

cracking in metals and nonmetallic crystalline solids (including quartz and

calcite) have also indicated a role for water in assisting to break atomic

bonds at crack tips and enhance crack propagation (Anderson and Grew, 1977).

Both hydrolytic weakening and stress-corrosion cracking can reduce the

failure and yield strength of a material and also increase the creep rate.

Olason (1981) has recently shown a 30 percent reduction in the unconfined,

compressive strength of welded samples fiom the Grouse Canyon Member of

the Belted Range Tuff, due to water saturation. In addition, Westbrook and

Jorgensen (1965) have shown that the observed reduction of the surface

hardness of nonmetallic minerals by creep under atmospheric conditions is

caused by absorbed water. They have demonstrated that the reduction in
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surface hardness is reduced or eliminated when the minerals are tested in

a water-free environment following heating to 3000 C in an argon atmosphere

to remove absorbed water.

These studies support the observations of increased asperity creep

and time-dependent friction of joints in welded tuff in water-saturated

environments. Furthermore, the work of Westbrook and Jorgensen suggests

that even for oven-dried tuff specimens (1000C for 24 hours), there is

sufficient absorbed water on the sliding surface to cause time-dependent

asperity creep and frictional resistance. To further examine the effect

of water on time-dependent friction, time-of-contact friction experiments

are planned in which the specimens will be oven-dried (100 C for 24 hours)

under a vacuum and then flushed with argon gas to eliminate the absorbed

water. If water is a critical parameter in reducing surface hardness and

increasing asperity creep, these tests should show little or no increase

in the coefficient of friction with increasing time of contact.

the effect of water on time-dependent friction and reduction of

surface hardness is only one of the larger class of changes in mechanical

and surface properties induced by chemical surfactants. Several studies

(for example, Westwood, et al., 1967; MacMillian, et al., 1974) have shown

that in chemically active environments there is a direct correlation between

the near-surface zeta potential, material properties (including failure

strength, yield strength, and indentation hardness) and dislocation mobility.

At zero zeta potential, the near-surface dislocation mobility is at a

minimum and the surface and mechanical strength properties are at a

maximum. The zeta potential is the electrical potential at the boundary

between the inner absorbed layer and the outer diffuse layer of ions on

the surface. The zeta potential may be controlled by highly charged complex
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ions, or by organic molecules possessing a high dipole moment. An example

of the effect of chemically active surfactants on indentation creep (re-

duction in surface hardness) and friction is presented by MacMillian, et al.,

(1974). This study shows that for MgO and soda-lime glass in a chemically

active environment with a higher zeta potential than water, there is an in-

crease in the time-dependent dislocation mobility of the surface, and con-

sequently a larger reduction in surface hardness and a higher frictional

resistance than in a water environment. Accordingly, these studies suggest

that the mechanical and frictional properties of tuff in a more chemically

active environment than pure water may display a larger increase in time-

dependent friction for jointed tuff, a larger reduction in the failure

strengths and an increased creep rate for intact tuff than seen here. It

is suggested that future tests be conducted using ground water from a

possible repository horizon, in order to better determine site-specific

time-dependent mechanical properties of jointed and intact welded tuff.

The time-dependence of friction of joints in welded tuff may not only

affect the strength of jointed tuff, but also. the permeability, since

asperity creep on the joint surface may result in joint healing or closure.

The critical parameter for joint permeability is the aperture of the joint.

Joint aperture is generally considered to be a function only of the joint

surface roughness and normal stress*. For a given surface roughness, the

aperture decreases with increasing normal stress. However, if joint closure

also occurs as a result of time-dependent asperity creep, then the

permeability of the joint will also decrease with time. Accordingly, it is

suggested that permeability experiments on jointed tuff be conducted as a

function of surface roughness and normal stress over long time periods (3
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months) in order to determine time-dependent joint permeability. Variations

in water chemistry may also affect asperity creep and joint closure, and

hence, permeability, and should be considered.

CONCLUSIONS

The results of the experiments on simulated Joints in welded tuff from

the Grouse Canyon Member of the Belted Range Tuff warrant the following

conclusions:

1. The coefficient of friction of the joints is independent of normal

stress at a given sliding velocity.

2. The coefficient of friction increases with both increasing time of

stationary contact and decreasing sliding velocity.

3. Time and velocity dependence of friction is due to an increase in

the real area of contact on the sliding surface, caused by asperity creep.

4. Joints in water-saturated tuff show a greater time and velocity

dependence of friction than those in dehydrated tuff.

5. The enhanced time and velocity dependence of friction with water

saturation is a result of increased creep at asperity contacts, which is in

turn due to a reduction in the surface indentation hardness by hydrolytic

weakening and/or stress corrosion cracking.
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Figure 1: photograph of simulated Joint (35Q precut) specimen
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