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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
& thorough understanding of the mechanical behavior of the rock mass in
which tﬁe waste is to be emplaced. Field obgervations indicate that
welded tuffs are not continuous, but form discontinucus rock masses, con-
taining joints, faults end bedding plenes. These discontinuities would
be a dominant factor in controlling the structural stebility of a mined

repository, &8 well as the permeability of the surrounding rock mass,

Accordingly, an extensive research program has been initiated to determine

the mechanicel and pérmeability properties of discontinuities in welded
tuff,

In this report, the frictionsl properties of simulated (ertificiel)
Joints induced in samples of welded tuff from the Grouse Canyon Member
of the Belted Range Tuff are presented as & function of normal stress,
time of stationary contact, sliding velocity end degree of water
saturatién. Specimens consisted of right-circﬁlar cylinders with e pre-
cut surface oriented at 35° to the cylinder (load) exis. Specimens were
tested in triaxial compression at confining pressures to 4O MPa. The

Thia work was supported by the U, 8. Department of Energy (DOE) under
Contract DE-ACOY4-T6-DPOOT89.
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coefficient of friction of the jJjointed tuff is independent of normal

stress at & given sliding velocity. At & given normal stress, éhear
strength increasses with increasing time of stationary contact and/or
decreasing sliding velocity. The increase in friction with increasing
time of contact and/or decreasing sliding wvelocity is consistent with &
model proposed by Dieterich (1978), which suggests that increased friction
is a result of an increase in the real srea of contact on the sliding
surface by time-dependent esperity creep. Time and veloclity dependence of
friction is enhanced in tuff by increasing water saturation. This be-
havior is attributed to increased asperity creep rate resulting from &
reduction in the surfece indentation hardness by stress corrosion cracking
or hydrolyfic veskening, both of which are enmhenced by the presence of

water.
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FRICTIONAL PROPERTIES OF JOINTED WELDED TUFF
L. W. Teufel
Sendia National laboratories
Albuquerque, New Mexico 87185
INTRODUCTION

Extensive research 15 in progreass to evaluate gseveral different

' geologic media for the design of underground nuclear-weste repositories.

Among the rock types being considered welded tuff, which is abundant at
the Nevada Test Site (NTS) (Byers, et el., 1976), is & primary candidate.
The successful design of any waste repository cannot be achieved‘until the
rock mass is adequately cnaracterized in ferms of lithology, Jjoint systems,
faults, end bedding surfaces; and until the thermomechanicel response of
the emplacement medium under expected conditions cen be predicted reliably.
More than ﬁs_years of laboratory study of the mechanical properties of
intesct, homogeneous, and isotropic rock specimens have centributed greatly
to our understanding of the deformatione_of the matrix of many rock types.
However; preddction of the behavior of these seme in-situ rock types,
where they inherently eonfain Joints, faults, layers of other materials,
or other planes'of potentiel mechanicel discontinuity, which may be either
thermal or tectonic in origin, i1s still very tenuous. Joints ere the

most pervaesive febric element that may potentially create a discontinuity
in the mechanical response of a.rock mass. Welded tuff formations at the
Nevada Test’81te are known to contain & high density‘of‘joints in scme
locations (see, for example, Spengler, et &l., 1979; lysman, et el., 1965).
Thus, one of the first steps in assessing the rock-mass behavior of

velded tuff must be the determination of the mechanicel properties of

Joints under the appropriate envirommental, loading, end boundery conditions.
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In evaluating the potential response of Jointa to an applied load,
engineers generally have considered two extreme types of joints: perfaectly
bonded, which 13 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 atrength of the intact rock. This 13 especially
true of mineralized or healed joints. Compressive normal stress can be
transmitted across any closed jolnt, but the amount of shear stress transg-
mitted across a Joint will depend on the inherent sheur atrength and
frictional properties of the joint and/or joint £illing.

For an unbonded joint, the inherent shear strength is essentially
zero and the shear strength 1s solely dependent on Joint frictional
properties. In this study, we present experimental results on the
frictional properties of simulated, unbonded jointa 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 atress, time of coatact, sliding velocity, and degree
of water saturafion. All tests were conducted at room temperature. The

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

EXFERIMENTAL FPROCEDURE
Joints were simulated in experimental samples.by using right circular
cylinderé with a precut oriented at 35° to ths cylinder (loed) 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 wers L.45 cm
in diameter and 12.70 cm long. The precut angle was ﬁccurate to within
0.5° for each half of the specimen. The ends of the assembled specimen

were within 0.1° of parallelism., The sliding surfaces and ends of the



' gpecimen were surfece ground with an 80-grit wheel." Three Polyolefin
Jackets were used to isclate the specimen from the confining fluid.y
Iubrication in the form of & thin layer of Molykote (Mosa) was epplied
to the specimen-end cep interfaces in order to maintein uniform stress
distribution at the ends of the sample.

Tﬁe specimens, which were laboratory air-dried, oven-dried, or water-
saturated, were deformed in triaxial compression at confining pressures’
‘to 10 MPa and axial displacement rates from 10'2'cm/eec‘to 10'6Acﬁ/sec.
All tests were conducted at room temperature, The tests were carried
out in & 1.8-GN ultra-stiff, electro-hydraulic, servo-controlled testing
epparatus. Rem displacement was used &s the programmed feedback varisble,
Axisl displacement was measured by linear varieble-displacement trans-
ducers mounted at two points along the length of the specimen. Transverse
displacements normsl to the strike of the precut slip surface were meesured
by a disc gage (Schuler, 1978). Both exiel force end confining pressure
were servo-controlled., 'A Digital Equipment Corp. FDP-11 was used to
collect and reduce force, axial and transverse-displecement date, and to
display differentiel gtress vs. axlel strain on & CRT in reel time,
Experimental data were stored on magnetic tepe. RNormal étress,'shear

‘gstress, and shear displacement were calculated from the primary data.

RESULTS

'Effect of Normal Strees .

In order to determine the effect of normel stress on therahear stress
reqnired to 1nitiate slip on & Joint 1n air-dried welded tuff, room tem-
perature teete vere conducted at 5 MIh to ho MIe confining presaure and con-
stant sliding velocity of 1 2 x 10 -4 cm/e. In theee triaxiel compression

tests, the normal stress across the precut sliding eurfece was increasged



by increasing the confining pressure. The shear atrength of the ailmulated

Joints fit the linear relation

TET, v (1)

as shown in Figure 2. In equation (1), T ia the shear strength, T, the
inherent shear strength, M the coefficient of friction, and 0 the normal
stress, Aa indicated by the linearity of ths T, ¢ relation shown in Figure
2, the ccefficient of friction at the initlation of slip is independent of
normal atress, having a valus of 0.6k at this particular sliding velocity.
The independence of the coefficient of friction on normal stress is con-
aistent with the joint-friction litesrature as raviewed by Byerles (1978).
Time-Depandent Friction

Conaideration of the long-term structural atadility of the mined
repository must be included in the design of an underground nuclsar-waste
facility. Accordingly, ths time-dependence of the frictional shear
strength of oven-dried wselded tuff was investigated bty examining the
response of 35° precuts in triaxial compression at a coafining pressure
of 10 MPa., The test procedurs was slightly differént from that used in
the previcus quasi-atatic tests. 1In the tests of time-dependent behavior,
axial lcad was increased until slip occurred along the precut at a eenstﬁnt
sliding velocity of 1.2 x 1073 cm/s. The test was then atopped for a
given tims under load, and then started again at the sams sliding velocit&.
This procedure was repeated at several different durationa of coatact
tinme,

A tracing of the change in shear astress, Ar, as a function of dis-
placement (Figure 3), shows that when a test was stopped and started again

after 60 ssconds, there was an abrupt increase of ~ 0.4 MPa in the shear



_stress necessary fo_r’é].ip,_ and then & drop back-to the former stress level,
as siip continued at the previous eliding velocity of 1.2 x lo.s‘cm/s
(Figure 3). With & longer time of stationary contact (2400 seconds) both
the stress rise required to initiete slip and the corresponding stress

drop were 1argezj; the stress required for stable sliding did not cheange

significantly.

A plot o_f vthe coefficient of friction at peek stress, U, versus the
log time of contact (Figgre L) shows that with increesing time of contact
there was & consistent ::l.n‘cr_ease in the friction required to initiate
sliding. A unear_.'-.fit to this data cen be made using the empirical

equation
M=y, +Alg(Bt+1) G

from Dieterich (1978). 1In this eguation My 1g the friction at constent
| sliding velocity, t is time of staticnary contact in seconds and A end B
are experimentally determined constants. For the oven-dried welded tuff
studled here i is 0.63, A 1s 0.0, end B is 1. Dieterich (1978) found
the constant A to be 0,016, 0.022, 0.020, end 0.012 for joints in send-
stone, granite, quartzite, and'graywacke, ‘respectively. Average values gf
W, in Dieterich's study renged from 0.7 to 0.8 and B vas epproximately
equal to 1. Dieterich found these parameters to be insensitive to
normal stress. Experiments are planned at various normsl stress ¢ondit16ns
to determine 1f the time-dependent frictiocnal properties of tuff ere also
independent of normal stress. ' ' |
Velocity Dependent Friction .

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

oven-dried welded tuff suggests the possibility of a velocity dependencé .
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a3 well, In order to determine if a variation in the aliding velocity
affected the frictional resiatance, a series of testa were conducted in
which the sliding velocity was abruptly changed during sliding. A tracing
of changes in shear stress, Ar, against displacement is shown in Figure 5.

As the velocity was decreased from 1.2 x 10'1+

cm/a to 1.2 x 1072 cm/s,

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 veloeity
for a small amount of displacement and then the 3liding velocity was abruptly
increased to 1.2 x 10-3 cm/s, thers wag a gudden 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 aliding velocity. This critical displacement, dc, was con-
sistent, ranging from 6 to 13 um, with an average value of 8 um.

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 atress, but dependent on surfacé
roughness, An increase in surface roughness requiged a larger critical
displacem2nt, Hence, Dieterich suggested that dc was an intrinsic qnalit&
of the sliding surface.

A plot of the coefficient of friction, U, versus log slidiné valocity
shows that W for the dry joints decreased with increasing velocity toward
an asymptotic value near 0.62 (Figure 6). Following Disterich (1978), an

equation



4 o |
u=u°+Alog(B-v-?-+l) | (3)

can be fit to the data. In equation (3), M, A, end B are the seme con-
stants &g in the previous time-of-contact fit (equation (2)), dc is the
everage criticel displacement, end v is the gliding vélocity; Note theat
equations (2) and (3) are different only in that time, 't,v in (2) hes been
replaced by :‘?c in (3). A detailed explanation of the timeA end velocity
dependent equations is given in the discussion aection'.li

Effect of Water

Current Plens indicate that a repository in welded tuff would be
positione¢ below the water teable. Thus, the potential effects of water on
the frictional properties of jointed tuff need to be evaluated.. Accord-
ingly, a séries of tests w#s conducted on water-saturated 35° precuts at-
~ confining pressures from 5 to 40 MPe and constant sliding velocity of
1.2 x 10 cm/s. As in the case of dry tuff, the coefficient of friction
for wet tuff is 1ndependent‘ of normel stress (Figure 7). The coefficient
of friction, W, of wet tuff is 9 percent greater then dry tuff, having &
valué of 0. 70.- | '.l’hﬁs s at a}given normal stress, & eaturated joint is
slightly stronger than & dry one.

The relative 1ncrease in frictional resistance of doints in welded
tuff due to water saturation is enhanced as the ‘time of stationary con-
fact increases (_F:l.guré 8); As with dry tuff, an empirical fit to the wet
date using equation (2) can be made for the saturated joint with u, equal
to 0.68, A equal to O.d22 end B equal to 1. In this empirical fit, the
increased timé-depen‘dence,of & wet inpt relative to a dry Joint is re-

flected by the parameter A, which is 57 percent greater for the wet tuff,

15




An analogous increased velocity dependence of the coefficient of
friction for a joint in wet tuff relative to dry tuff was alsoc cobservad
(Figure 9). A fit to the wet data can be made using equation (3) with
dc being the same as for dry tuff (8 ym) and My A and B the same as for
the previous time-of-contact fit for water-saturated welded tuff, The
geparation of divergence between the two curves shown in Figure 9 1is
thus a result of differing ccefficient of friction at high sliding
velocities (“b)’ and the differing time-dependent behavior (as reflected

in the constant A).

DISCUSSION

In the design of underground excavations in jJointed rock masses,
engineers have generally assumed that the coefficient of friction of
Joints incrsases only with increaaiﬁg surface roughness (Barton, 1976).
In general, however, the effect of surface roughness has been found tb
be important only at low normal stresses and is a result of interlocking
of saperities on the sliding surface. Quasi-atatic experiments cn a
variety of Jointed rock types with extreme variation in surface roughness
have shown that y can range from o;h to 10 at normal atresses leas than
10 MPa (Barton, 1976). At higher normal streasea, asurface roughness is
not a significant factor, since asperities are sheared off by cataclasis
and incorporated into gouge along the sliding surface, Quasi-static _
test meaéurements of u compiled by Byerlae (1978)-for Jointa of differing
surface roughnesses in a wide variety of rock types indicate a range of
W from O.4 to 1.0 at normal stresses greater than 10 MPB. The results
of this experimental study on aigulated Joints in welded tuff are con-

sistent with this in that the normal stresses across joints were 8-70 MPa,



end ell measured values of W 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 rahge from 1000 to 3000
feet, .

In modeling the long-term stability of e jointed rock mass around an
underground opening, engineers have further essumed that M\ for joints with
- & particular surface raughnegs i8 & constant and that guasi-static
friction measurements of W are sufficient input for modeling purposes.
However, the results of this experimental study have shown that i of
Joints in welded tuff is not a constent, 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 i1s the force required to shear the jJjunctions &t asperity
contacte on the sliding surfece., If the asperity contact deforms by a
creep mechanism.auch that the size of the Junctionshincrease with time,
the resl area of contact and frictional resistance to slip also increase,

Dieterich (1978) extended this frictional mbdei aﬁd estabiished e
common basis for static end siiding friction,fbaﬁed on the intefaction
between time, displa;ement, and velocity dependencé on friction. Dieterich
suggested that; in the éﬁsence'bf time-depeﬁdent friétioﬁ effecte dué to
asperity creep, the static and slidiﬁg coeffic;en£ of friction'are equeal
to the same constant véluE; 'ﬁéwever, as # result of time-dependent creep

of asperity contacts, there is en increase in the coefficient of friction

17
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above this constant value with increasing time of stationary contact and/or
decreased s8liding 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 i3 aimply the time
of statlionary contact., For sliding friction, the population of asperity
contacts 1s continuously changing in response to changes in displacement;
the time of contact i3 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, dc’ in the variable-velocity experiments to represent the dis-
placement required to eliminate the population of contacts characteristic
of a previocus velocity,

Thus, velocity dependent friction is a result of two distinct and
ccmpeting 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 causzses the destruction of older and hence
stronger contacta 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 dc/v, where dc is

the measured critiéal displacement and v 1s the sliding velocity. Con-
sequently, the equations describing the time and velocity dependence for
friction, (2) and (3) respectively, are identical provided that the
parareters, My A and B are the.sams.

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

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



Moreover, in fitting the experimental daéa,tb Dleterich's model, the in-

creased time and velocity dependence in friction for wet Joints relstive
to dry surfaces is solely reflected by & parameter A in equations (2) end

(3). The.parameter A increases from 0.0l for dry tuff to 0.022 for wet
tuff, an increase of 57 percent., It 1s suggested that the enhanced time-
dependent.increase in friction due to the presence of water is & result of
an increase in the creep rate at esperity contacts. It is elso suggested
thet parameter A in equations (2) end (3) is en indirect measure of the
asperity creep rate.

~ Several studies (for example, Scholz end Engelder, 1976; Teufel and
Logen, 1978) have suggested that the mechenism for esperity creep and time-
dependent friction is time-dependent reduction of surfece hardness at
asperity contact junctions by dislocetion mobility end the propagetion of
cracks, Water is known to enhance dislocetion mobility in silicate minerels
by hydrolytic weakening, e mechanism of hydration and breeking of Si-0 bonds
at dislocation cores (Griggs end Blacic, 1965). Studies on stress corrosion
cracking in metals and nonmetallic crystailine golids (including quartz end
calcite) have also indicated & role for water in essisting to break atomic
bonds at eraqk tips end enhance crack propegation (Anderson and Grew, 1977).
Both hydrolytic vweekening end stress-corrosion cracking cean reduce the
failure and yield strength of e materiel end a;so'increase the creep rate.
Olsson (1981) has recently shown & 30 pé:cenx fgductign in the unconfined,
 compressive strength of welded samples from the Grouse Canyon Member of
the Belted_nangg Tuff, due to wgte:‘gaturation. In eddition, Westbrook and
Jorgensen (1965) bave ghown thet the observed reduction of the surface
hardnese of nonmetallic minerals by creep under etmospheric conditions 1is
. caused by ebsorbed water., They have demonstrated that the reduction in

19
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surface hardness is reduced or eliminated when the minerals are tested in
a water-free enviromnment following heating to 300°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. PFurthermore, the work of Westbrook and Jorgensen suggests
that even for oven-dried tuff specimens (100°C 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 1s a critical parameter in reducirng 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 i3 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 13 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



lons, or by organic moleeulee posaessing & high dipole moment. An example

of the effect of chemicelly active surfactanzs on 1ndentation creep (re-

duction in surface hardness) end friction is presented by MacMillien, et el.,

(1974). This study shows that for MgO end soda-lime glass in e chemically
active environment with & higher zeta potential then water, there is en in-
' creese ih»the iime-dependent dislocetion mobility of fhe eﬁrface, end con-
sequenﬁiy & lerger'reduetionrin surfece herdneee‘and a,higher frictionsal
resistance than in e vater environment, Accordingly, these efudiee eugsest
that the meéhenicel end frictional properties of tﬁff in e more chemicelly
active environment than pure water may displey & Iafgerlincrease in time-
dependent friction for Jointed tuff, & larger reduction in the failnre
strength, end en increased creep rate for intact tuff than seen here. It
is aﬁggeeted that future teste be conducted using ground water from &
possible repdsitory hofizdn, in order to better determine site-aﬁecific
 time- dependenx mechanicel propertiea of Jointed end 1ntact welded tuff.

The time-dependence of friction of Joints in welded tuff may not only
affect the strength of jointed tuff, but alsc. the"perﬁeability, since
esperity creep on the aoint surfece may result in Joint healing or closure.
The eritical parameter for Joint permeability i8 the eperture of the Joint.
Joint eperture is generelly considered to be & function only of the Joint
surface roughness and normal stress. For & given surfece roughness, the

eperture decreases with increesing normal stress. However, if joint closure

elso occurs &s & result of time-dependent esperity creep, then the
permeebility of the joint will also decrease with time, Accordingly, it is
suggested that permeability experiments on jointed tuff be conducted es a

function of surfece roughness and normal stress over long time periods (3

2l
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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 1s 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 1s 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: Fhotograph of simulated joint (35° precut) specimen
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